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Thesis Abstract

The ability to precisely evaluate tissue pathologies and their functional correlates has been
an ongoing challenge in patients with multiple sclerosis (MS). MS pathology is complex; however,
much of them start from or are mediated by a demyelinating event. In this thesis, | have studied 2
common models of MS: a cuprizone mouse model, and an optic neuritis (ON) human model. |
have particularly focused on the investigation of the potential of novel advanced magnetic
resonance imaging (MRI) techniques including neurite orientation dispersion and density imaging
(NODDI), diffusion tensor imaging (DTI), and MRI texture analysis. The first model evaluates the
ability of these methods to assess the time course and regional preference of MS-like pathology
following induced demyelination and spontaneous remyelination in mouse brain. The second
model tests the feasibility of select imaging measures for detecting structural changes in the optic
nerves and correlating clinical measures in acute optic neuritis (AON) as part of a clinical trial of
high dose vitamin D. Through a focused study of the corpus callosum over an extended time series,
the animal study shows that all MRI metrics have detected the expected changes over the de- and
remyelination periods, consistent with histology quantified using a texture method, structure tensor
analysis. The NODDI metric neurite density index is specific to myelin integrity, NODDI
orientation dispersion index to axonal changes, and texture angular entropy specific to both myelin
and axonal changes. Moreover, early de- and remyelination seems to occur in the genu of corpus
callosum featuring relatively thin and high-density axons and early demyelination but relatively
late repair in the splenium showing large caliber and comparably low-density axons. All NODDI
metrics appear to outperform DTI metrics. In a clinical setting, the advanced imaging measures
have successfully detected the structural changes in the affected versus non-affected optic nerves
and angular entropy correlates with patient disability. Collectively, this thesis suggests that
advanced MRI measures are powerful indices of MS-like pathology and could be used clinically

for monitoring disease development and treatment responses, deserving further validation.

1



Preface
This thesis is the original work of the author, Md. Shahnewaz Hossain, prepared in the
manuscript style format.

Chapter Two is an expanded version of a review in preparation at the time of this thesis

submission

The data contained in Chapter Three make up a research manuscript in preparation for

publication at the time of this thesis submission:

Chapter Four is part of an ongoing study and the basis of a future manuscript.
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CHAPTER 1

Introduction

1.1 Overview of Multiple Sclerosis

Multiple sclerosis (MS) is a chronic inflammatory demyelinating and neurodegenerative
disease of the central nervous system (CNS), affecting over 2.5 million individuals worldwide!3.
~80% of the people start MS at 20-40 years of age and when their disease course still experiences
recovery after an inflammatory demyelinating attack also known as relapsing-remitting MS
(RRMS)*. However, many RRMS patients have already started to experience loss of neurological
functions, making MS the most common cause of non-traumatic disability in young adults®. 10-15
years after disease onset, over 50% of RRMS patients follow a progressive course when physical
disability increases relentlessly (secondary progressive MS)8. About 10-15% of MS patients
experience disease progression directly from diagnosis (primary progressive MS)’.

MS is the leading cause of non-traumatic neurological disability in young individuals. The
prevalence of MS is 290 per 100,000 people in Canada, the so-called ‘MS capital of the world’8,
affecting a total of 93,500 people; in fact, the prevalence rate in the prairies of Canada (Alberta,
Saskatchewan, Manitoba) is the highest in the world, around 350 per 100,000 peoplel. MS is
alarmingly on the rise and causes severe impact on individual health, social status, and economic
stability.

MS patients present with a wide array of signs and symptoms affecting several parts of the
body, vital to everyday function. Common MS deficits include vision problems, pain and spasms,
muscle weakness, dizziness, tingling and numbness, fatigue, bladder issues, sexual dysfunction,
and cognitive impairment®. The exact cause of the disease remains unknown. However, multiple

factors may contribute!® including latitude (i.e. distance from the equator/UV exposure), gender,
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viral infection, low vitamin D level, and genetics!!. Low serum vitamin D is thought to increase
the susceptibility of MS in part in association with two genes, CYP27B1 and CYP24A1, which
encode an enzyme that decreases serum vitamin D2, HLA-DRB1, considered as the strongest
genetic predictor of MS risk, is also regulated by vitamin D*3. People with MS typically have a
mean serum 25(OH)D level of roughly 50 nmol/L, which is considered insufficient, and is lower
than the values seen in the normal population (75-125 nmol/L) .

MS pathologically present either as both focal lesions® and diffuse abnormalities in the brain
and spinal cord. The neurodegenerative changes in MS are thought to be in part due to
inflammatory demyelination, axonal transection, and neuroaxonal loss in lesion and non-lesion
areas. Much of The pathological change seen in MS are felt to be secondary to an autoimmune
process targeting white matter which leads to an accumulation of astrocytes and microglia around
the oligodendrocyte. Oligodendrocyte differentiation is then initiated through the release of
cytokines and myelin sheath is damaged which results in neural signalling slowing or conduction
block followed by glial scarring. If this damage occurs in an eloguent location, the patients will

experience neurological deficits'® (Fig. 1.1).
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Fig. 1.1: MS pathology. A simplified schematic of pathological changes underlying MS (Image
adapted from Henstridge CM et al*®). Diagram showing lineage of oligodendrocyte and astrocytes

leading to activation of microglia which aggravates neurodegeneration of axons.

Demyelination may occur early and be present throughout the disease process'®’, causing
ongoing axonal injury and disruption of any potential repair processes such as remyelination>18,
Demyelinated axons may remyelinate spontaneously after resolution of edema and inflammation,
but is expected to only occur primarily during the early stages of the disease'®; early repair may be
enhanced by candidate treatments®®. Remyelination is one of the critical repair processes in MS,
allowing the reestablishment of structural integrity and protecting axons from
neurodegeneration?°, As the disease progresses, remyelination becomes increasingly incomplete

and unpredictable due to the dynamic nature of MS?.. Within an MS lesion, several pathological
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processes may exist spontaneously including inflammation, demyelination, remyelination, and
axonal changes®>?3, These changes may interact with each other at any time, but when and how
that occurs is unclear and unpredictable.
1.2 Overview of Research

Precise measurement of the dynamic processes including demyelination and remyelination
is challenging in MS due to the complexity of the lesion environment and the unpredictability in
timing and location of occurrence of disease processes. There are four different patterns of
demyelination in MS. Pattern | and Il exhibit T-cell mediated autoimmune encephalomyelitis and
patterns Il and IV involve oligodendrocyte dystrophy without autoimmune component of MS
pathology?*; all patterns exhibit different pathophysiology?. Pattern Il demyelination
distinguishes itself from other patterns by the relatively lesser degree of inflammation and
considerable demyelination through extensive macrophage/microglia activation with
oligodendrocyte apoptosis®*, which is the pattern of demyelination observed in the cuprizone
mouse model and replicates demyelination in humans?. Histological analysis is able to provide
informative snapshots of tissue pathologies, but these static manifestations lack the ability to fully
describe ongoing dynamic processes?’. Serial histological studies may help provide insight into
disease development patterns and serve as a means for validating the in vivo measurements such
as those derived from non-invasive imaging techniques.

Magnetic resonance imaging (MRI) plays a crucial role in the diagnosis and management
of MS?. MRI permits non-invasive investigations of MS pathology. Conventional MRI methods
have been successfully used in detecting lesions in MS and other demyelinating neurological
disorders in the central nervous system (CNS), but conventional imaging methods are

pathologically nonspecific?®?°. Advanced MR imaging methods have shown improved specificity
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to the pathological substrates of MS. While still under development, several MRI techniques
warrant further validation. Example techniques that demonstrate the potential to detect both myelin
and axonal properties include diffusion-based MRI such as diffusion tensor imaging (DT]I), high
angular resolution diffusion imaging (HARDI) based on neurite orientation dispersion and density
(NODDI), and advanced image post-processing methods such as image texture analysis. Diffusion
imaging indirectly measures the microstructural properties of a tissue using the random movement
characteristics of water molecules; water moves more freely in tissue with fewer barriers such as
along the long axis of axons and within damaged structures, leading to higher diffusivity*’. Image
texture analysis evaluates the distribution pattern of image pixels, which can be influenced by the
integrity and organization of tissue structure. As such, this method highlights tissue properties
more macroscopically than microscopically3'32,

Given the complexity of MS pathology, relying completely on novel techniques may not be
able to address all challenges, including the role of structural changes on patient function. In this
regard, the use of pertinent disease models may help. There are couple of well-established animal
models developed to probe the characteristics and evolution of MS pathology. One is the cuprizone
model which results in demyelination of specific parts of the brain including both white matter
tracts and grey matter and exhibits ongoing concurrent remyelination. Advantages of this model
include ongoing axonal injury detection along with inter-relationship between remyelination and
axonal survival in addition to studying demyelination whereas limitations include lack of
inflammatory changes detection using this model®®. Demyelination is achieved by feeding mice
0.2-0.3% cuprizone for 6 weeks to study acute demyelination and 12 weeks to study chronic
demyelination®. This model features primarily de- and remyelination, but it also involves axonal

loss, along with minimal inflammation3-%". Alternatively, optic neuritis (ON) in patients may
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represent a robust model for understanding the consequences of inflammatory demyelination.
Given the unique anatomy and anatomical location of the optic nerves and the accessibility of the
afferent visual pathway, ON may also serve as a candidate model for interrogating the structural
and functional relationships associated with MS. ON is a neuroinflammatory demyelinating
disease of the optic nerves that occurs in around all MS patients and is the first presenting feature
in 20-21% of MS patients®3°, Post-mortem studies of MS patients have revealed detectable optic
nerve lesions in 94-99% MS patients*®*!. Therefore, a study that includes both models may provide
invaluable complementary information for understanding mechanisms associated with MS.
1.3 Hypothesis, Goals, and Specific Aims

The overall goal of this thesis is to identify and evaluate proof of concept that these new
imaging techniques NODDI and texture angular entropy can qualify and possibly quantify tissue
injury and repair in demyelinating diseases using the cuprizone and ON models of MS. | adapted
multi-shell diffusion-weighted NODDI and MR Fourier transform (FT) power spectrum angular
entropy texture measures to assess their ability to detect the structural integrity of nerve fibers in
diffuse white matter areas in the CNS with variable degrees of de- and remyelination over time. |
also investigated the presence and timing of pathological events such as de- and remyelination in
different anatomical locations of corpus callosum, namely the genu, body, and splenium using
NODDI and texture metrics, and compared them with conventional MR1 measures. | validated my
findings with a directly transferrable directionality based histology method, structure tensor
analysis, in addition to conventional staining methods, using a toxin-induced mouse model of MS.
| investigated the sensitivity of NODDI and texture angular entropy measures compared to
conventional DTI measures. Finally, | tested the validated advanced imaging metrics in ON

patients by determining whether they are able to detect the structural integrity of optic nerve.
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My overarching hypothesis was that high angular resolution diffusion imaging NODDI and
MRI texture analysis indices will bring additional information about de- and remyelination above
and beyond current conventional MRI methods, and behave predictably, with regards to the
structural properties of demyelinated lesions.
My specific aims are:
Aim 1: To evaluate if advanced MRI methods NODDI and texture angular entropy correlate with
existing MRI methods and histological changes in the murine cuprizone model of MS with regard
to de- and remyelination.
Aim 2: To evaluate the quality of information provided by novel and validated MRI measures of
structural integrity and injury within the afferent visual pathway of patients with acute optic
neuritis (AON).
1.4 Thesis Organization

Chapter one gives a brief overview of MS, the research goals, hypothesis, specific aims,
and the structural organization of the thesis.

Chapter two is literature review describing the animal models commonly used in MS, and
a systematic review of ON as a model of MS. This systematic review in this chapter includes
currently available conventional and advanced MRI imaging techniques used in ON and MS and
in measuring tissue injury and repair in general, followed by emerging MRI techniques and image
post-processing methods including NODDI, along with its acquisition and application in
demyelinating diseases. The review of image post-processing methods particularly highlights the
utility of image texture analysis techniques, including a tissue directionality-based measurement
approach known as structure tensor analysis, a promising method for gquantitative analysis of

histology images used to validate MRI. Prior to the MR imaging techniques, this chapter also

8



provides a brief overview of the methods commonly used for ON patients such as visual evoked
potentials (VEPS) and optical coherence tomography (OCT).

Chapter three focuses on the effort to evaluate the ability of advanced MRI methods in
characterizing evolving tissue pathology using the cuprizone model of MS. This study focuses on
diffusion-based NODDI outcomes and the use of MR texture angular entropy in detecting de- and
remyelination-driven pathological processes occurring in a distinct white matter structure, the
corpus callosum. This chapter also correlates the findings of advanced imaging metrics with
structure tensor analysis outcomes derived from myelin and axon stained images. The relationship
between tissue morphology, such as axonal density and diameter in different corpus callosum
regions, and MRI metrics is also explored. In addition, the chapter describes the sensitivity of
advanced MRI metrics to myelin and axonal status, in comparison it with conventional MRI
metrics.

Chapter four investigates the feasibility of advanced MRI and image texture analysis
methods to detect the structural integrity of the optic nerves in patients with AON. The texture
analysis is performed on clinically viable anatomical MR images of ON patients focusing on the
lesion and non-lesion areas of the optic nerve, and the outcomes are compared between techniques.
In addition, the chapter further investigates different MR sequences for their ability to detect brain
lesions in ON patients and correlates MRI metrics with available clinical measures.

Finally, Chapter five summarizes the key findings of this thesis, briefly discusses future
directions to further enhance the utility of the thesis findings, and highlights the importance of this

work in understanding disease progression in demyelinating diseases including MS and ON.



CHAPTER 2

Overview of the modeling and measurement strategies in MS

The use of dedicated models may help overcome some of the challenges in characterizing
MS, thereby enhancing our understanding of disease mechanisms. Animal models can provide
further insight into specific processes of MS pathology including de- and remyelination, and
axonal injury®. In contrast, the ON model may be unprecedented in advancing our understanding
of the consequences of inflammatory demyelination and the structural and functional relationships
in MS. This chapter will present an overview of these two modeling approaches and the
measurement methods associated with these models, and CNS de- and remyelination in general.
2.1 De- and Remyelination in MS

Inflammatory changes in the CNS can result in damage to the protective myelin sheath of
neuronal axons known as demyelination, causing multiple areas of scar tissue around the nerve
fibers and is the hallmark of MS°®. Myelin is the protective layer of axons and is responsible for
saltatory conduction across axonal nerve fibers!® and provides trophic and ultrastructural support
to the axons®3, This protective myelin sheath layer and myelin forming cells (oligodendrocytes and
their precursor cells) are damaged during demyelination, which in turn can lead to axonal
injury!”42. Demyelination is observed throughout the CNS and both grey and white matter are
affected!’ but typically white matter changes are looked upon due to the harder assessment of grey
matter changes. Demyelination leads to impaired conduction of nerve impulses along the nerve
fibers and is associated with a variety of neurological symptoms*3. Ex-vivo, demyelination can be
evaluated using a variety of histochemistry measures. These measures involve quantifying

histology sections through myelin-specific staining such as eriochrome cyanine R (EC) or myelin
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basic protein (MBP) and using ultrastructure imaging. But histology measures are site and time
specific, limiting its ability to detect heterogeneous, dynamic pathology or a large region of interest
(ROI)?’. Non-invasive MRI has been used to qualify and quantify these pathological processes.
Several advanced MRI metrics have shown sensitivity to specific pathological processes
underlying MS*,

MS pathology in the CNS is thought to involve inflammatory demyelination, axonal
transection, and neuronal loss in the lesion and surrounding areas. There is also an early
degenerative aspect of MS that is less well understood. Spontaneous remyelination is often seen
in patients with acute MS attacks*>*6, Spontaneous remyelination is hampered if axons are severely
damaged after demyelination or are transected due to direct injury (Fig. 2.1)*. Oligodendrocyte
precursor cells (OPC) may accumulate at the lesion site following demyelination and differentiate
into mature oligodendrocytes (Fig. 2.2), creating functional myelin sheaths and facilitating
myelination repair*’. Macrophages can infiltrate the lesion site to clear out myelin debris prior to
remyelination for optimal OPC survival*. Remyelination can be measured ex-vivo using specific
stains or quantitative indices such as g-ratio. G-ratio quantifies the ratio between the axonal
circumference to the remyelinated axonal circumference and is always less than 1. The smaller the
g-ratio, the higher the degree of myelination (Fig. 2.3)?>*°. Remyelinated axons are almost always
shorter and thinner than healthy axons. Remyelination varies across tissues according to disease
mechanisms, and it becomes insufficient, and eventually fails at later stages of the disease*’. Earlier
recovery/remyelination thus plays a vital role in enhancing functionality and neurological recovery
of MS patients. Given the heterogeneity of pathological events underlying MS, non-invasive
biomarkers are highly sought after. MR imaging measures validated through specific animal

models may help in this regard®.
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Fig. 2.1: De- and remyelination in MS. A simplified pictorial demonstration of de- and

i
I

remyelination. Remyelination status is dependent on the mode of injury incurred by the axons.
Injury to axons followed by oligodendrocyte dystrophy undergoes spontaneous remyelination
after removal of tissue insult but permanent damage such as transected axons shows relatively

low or no concurrent remyelination following injury (Diagram adapted from Lubetzki et al.*3).

2.2 Animal Models of MS

Animal models are very suitable for investigating MS pathology, particularly in terms of
white matter lesion injury and repair®®. Although experimental autoimmune encephalomyelitis
(EAE) is one of the most commonly used methods to study MS pathophysiology®?, comprehensive
investigation of dynamic processes like de- and remyelination is challenging due to the
unpredictability of the occurrence and location of demyelination®2. Toxin-induced animal models
are frequently used as preclinical models to study MS pathophysiology due to their ability to
capture focal de- and remyelination, as they specifically target oligodendrocytes without affecting

other cells, and they are established for studying processes related to de- and remyelination over

12



time?®>!, Most commonly used toxic models of MS are cuprizone, lysolecithin, and ethidium
bromide models. The cuprizone and lysolecithin models are more established to study both acute
and chronic demyelination and progressive remyelination and the latter is commonly used to study

chronic inflammatory demyelination and axonal loss®.

Corpus Neuron
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Remyelination depletion accumulation
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Fig. 2.2: MS pathogenesis in cuprizone mouse model. A schematic of the mechanisms of de- and
remyelination after cuprizone induction in C57BL/6 male mice (Image adapted from Praet J et al.>
and Gudi V et al.*®). Cuprizone administration facilitates lineage of mature oligodendrocyte
depletion leading to accumulation of microglia and release of cytokines, leading to demyelination.
Removal of cuprizone from diet initiates accumulation of oligodendrocyte precursor/progenitor

cells resulting in differentiation of oligodendrocyte progenitor cells and remyelination is seen.
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Fig. 2.3: Myelin g-ratio. A schematic of myelin g-ratio (Image adapted from Zaimi A et al.*).
G-ratio gives information on myelin status from ratio of axon diameter compared to myelinated

axon diameter. lower the g-ratio, higher the myelination.

2.2.1 The Cuprizone Model

Copper chelating agent cuprizone (bis-cyclohexanone-oxaldihydrazone) acts as a neurotoxin
in murine animal models, which can induce tissue injury (i.e. demyelination) in a controlled way
in distinct anatomical regions, most eminently within in the corpus callosum. This is typically
followed by spontaneous remyelination after elimination of neurotoxin?>**. The pathology

followed by cuprizone ingestion in a specific mouse strain (C57BL/6) is well defined and highly
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reproducible®. Although the exact pathology behind cuprizone-induced demyelination is not
known, it may be due to innate immune responses brought on by the toxic effects of cuprizone
itself. Cuprizone inhibits copper-dependent mitochondrial enzymes, cytochrome and
monochrome oxidase, leading to apoptosis of mature oligodendrocytes in the CNS and inducing
demyelination®°". The mechanism underlying cuprizone-induced demyelination is thought to
involve depletion of mature oligodendrocytes by the copper chelator cuprizone through direct
killing. This leads microglia and astrocytes to accumulate around the affected oligodendrocyte and
cytokines such as tumor necrosis factor (TNF), Interferon y, and Interleukin 1p are released
resulting in pro-inflammatory demyelination of axons. After removal of cuprizone from the diet,
oligodendrocyte precursors accumulate around the affected axons and spontaneous remyelination
is observed (Fig. 2.2). Almost complete remyelination can be seen in demyelinated brain regions
after removal of the toxin following cuprizone induction for 5 - 6 weeks which follows concurring
remyelination even after continuation of cuprizone feeding®®. Thus, cuprizone is induced for 6
weeks to see acute demyelination and up to 12 weeks to see chronic demyelination®*. Cuprizone
is an ideal and one of the most widely used model to study de- and remyelination, as this model
produces these pathological events with minimal inflammation and keeping the blood-brain-
barrier intact®>>*. Disruption of the blood-brain barrier activates multiple contributing factors such
as T-cell activation and creates a complex pathological process®, not confined to de- and
remyelination. Thus, it has widely been used for studying de- and remyelination and axonal
changes®. The corpus callosum is also a major diseased area in MS, as this area shows lesions in
more than 90% of the patients®. Although the corpus callosum is the primary target area to see
pathological processes associated with de- and remyelination in this model, other white matter
structures such as the dorsal hippocampal commissure and gray matter cortex have also shown

15



demyelination due to ingestion of cuprizone in mouse models®*6152, C57BL/6 is the commonest
strain used in the cuprizone mouse model, and male mice have been generally used in almost all
studies conducted using this model®. Cuprizone is usually fed to 8 week old mice for a period of
6 - 12 weeks to detect acute and chronic demyelination, with a dosage of 0.2 - 0.3% (w/w)
cuprizone mixed with normal rodent chaw. Spontaneous remyelination is observed immediately
after cessation of cuprizone from the diet, and complete remyelination is thought to occur 8 weeks
after®*. This model enables well-characterized timelines for MRI to study tissue injury and repair
simultaneously in a comprehensive way. The pros of cuprizone model includes ongoing axonal
injury detection along with de- and remyelination which helps identify the relationship between
axon and myelin in neurodegeneration®4. The cons of cuprizone model includes higher induction
time and effort to successfully implement this model in animals regardless of sample size and
ongoing futile remyelination with concurrent demyelination which can lead to missed
remyelination and faulty prediction of demyelination®. Also the involvement of immune system
in MS is overlooked in cuprizone mouse model, thus, misses genetic aspects of complex MS
pathogenesis®®.
2.2.2. Other Animal Models of MS

Lysolecithin (Lysophosphatidyl choline) is a commonly used toxin to induce robust focal
demyelination in white matter, which is followed by spontaneous remyelination®®. Lysolecithin
causes focal demyelination in any white matter tracts regardless of age, gender, strain, and type of
animal used®. Lysolecithin has successfully induced demyelination at the dorsal column of the
thoracolumbar level of the spinal cord in mouse, rat, rabbit and cat, and has demonstrated de- and
remyelination within 30 days of administration®’. Focal demyelination has also been generated in

the ventral aspect of the spinal cord white matter at the thoracic (T3 - T4) level using lysolecithin.

16



Alternatively, it is effective in the brain white matter tracts by introducing 0.5 pl of 1% lysolecithin
in combination with other pharmacological/chemical compounds or alone by stereotaxic
instrument, to see disease mechanisms and potential translational therapeutics for MS!%°2, In either
the brain or spinal cord, demyelination can be observed 1 - 3 days’ post lysolecithin injection, and
extensive demyelination is seen 7 - 10 days after. Remyelination in this model becomes prominent
at 21- 28 days post-injection®>®8, Lysolecithin causes active demyelination by administering a
detergent effect of the toxin directly over the myelin sheath. However, lysolecithin does not affect
the oligodendrocytes initially. Spontaneous accumulation of glial progenitor cells and their
differentiation results in progressive remyelination®. Recruitment of T and B cells along with
macrophages at the affected injury site after induction of lysolecithin also plays a positive role in
the promotion of remyelination®’. The spatiotemporal predictability of lysolecithin lesions has
made this model advantageous for studying acute focal changes. Nevertheless, the challenges
associated with producing injury at a specific site due to involvement of stereotaxic surgery and
operator variability has limited its usage’.

The experimental autoimmune encephalomyelitis (EAE) is probably the most commonly
used animal model of MS due to its detection of complex autoimmune inflammation nature of the
disease along with detection of concurrent demyelination and axonal loss®. EAE is initiated by
either active immunization with myelin-derived proteins (myelin oligodendrocyte glycoprotein or
myelin basic protein) or peptide in adjuvant, or by passive immunization by transferring activated
myelin-specific CD4+ T lymphocytes®!. Advantages includes similarities in inflammatory injury
between EAE and MS and limitations includes flawed detection of remyelination repair with

ongoing inflammation®,

17



2.3 The ON Model of MS

ON is an inflammatory demyelinating disease of the optic nerve, followed by various degrees
of axonal injury, gliosis, and repair’. In MS, ON is typically unilateral, whereas, in conditions
such as neuromyelitis optica, it can be bilateral”. In either case, the afferent visual system is the
main pathological target ranging from the retina, optic nerve, optic tracts, to the optic radiation,
and visual cortex’®. Common optic nerve involvement includes neuroretinitis of the optic disc,
papillitis affecting the orbital optic nerve, retrobulbar neuritis affecting optic nerve behind the
eyeball, and perineuritis that affects the optic nerve sheath.

The symptoms and signs of ON can present as a range of dysfunction. Central visual acuity
loss is the hallmark of ON"*, likely due to conduction block of the optic nerve resulting from
inflammatory demyelination, particularly during the acute phase”™. Other symptoms include loss
of color vision, pain during eye movement, and transient flashes of light®. In 1/3 of ON patients,
there are also aberrant contrast sensitivity and visual field defects’®. In unilateral ON, a relative
afferent pupillary defect (RAPD) is commonly detected on exam’®. The prevalence of ON is high
in Caucasian, adult females, and those living in temperate regions, which also describes the
prevalence of MS as well?®. Recovery is often relatively rapid (within a matter of weeks) and often
leads to a return to normal vision, likely due to remyelination and compensatory neuronal
recruitment’’, and many people recover irrespective of treatment received’®,

ON can serve as a useful and relatively manageable model of MS, as both are impacted by
inflammation, de- and remyelination, and axonal changes?>?3. In AON, injury to the optic nerve
corresponds to acute injury that impacts areas of the brain that subserve vision downstream®.
Likewise, ON is the first presenting feature in 20 - 21% of MS patients*81%2 and >90% of MS

patients show optic nerve lesions based on postmortem evidence®3. Involvement of retrochiasmal

18



pathways is also common in MS*. Currently, various assessment tools exist in MS; however, it is
difficult to correlate specific changes in structure to function. The optic nerve is the most
approachable site of the CNS, which allows for a reliable and independent measurement of both
structural and functional consequences of inflammatory demyelination’#84, Further, signs and
symptoms of ON recover much faster than many other manifestations of MS, so it is also possible
using this model to develop new therapies for both ON and MS patients®. In any case, a precise
assessment of tissue injury and repair in ON is critical.
2.4 Measurement Strategies for ON

Investigations of ON focus on both acute diagnoses and disease monitoring. ON diagnosis
requires thorough ophthalmic and neurological examination in addition to a detailed history,
particularly for those with danger signs such as pain during eye movements and severe visual
impairment, to exclude other diseases®®”. Ophthalmic examination includes pupillary and color
vision assessment, evaluation for vitreous cells, dilated retinal examination, visual acuity, contrast,
and field®. Neurological examination can detect evidence of involvement of other parts of the
CNS, or systemic features that would suggest an alternative diagnosis®. In addition, screening for
conditions such as sarcoidosis, neuromyelitis optica, anti-MOG disease, and collagen vascular
disease requires serum and possibly cerebrospinal fluid (CSF) testing®. Improved and
sophisticated imaging techniques have provided a unique opportunity for precise characterization
of disease mechanisms and progression in ON, namely MRI approaches’*®’. The visual pathway
is one of the most understood and accessible parts of the CNS. Characterizing injury and repair
mechanisms of ON, therefore, offers a unique opportunity for evaluating the consequences of

inflammatory demyelination as commonly seen in MS. Several imaging metrics generated by
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different imaging modalities suggests diverse pathological changes in ON and MS associated with
underlying pathophysiology (Table 2.1).
2.5 Clinical Imaging Measures of Injury and Repair Associated with ON
25.10CT

OCT is a non-invasive ocular imaging technique that has become instrumental in assessing
microstructural changes in ON, such as those in the retinal nerve fiber layer (RNFL) and ganglion
cell layer (GCL)%. As these areas are nearly devoid of myelin, OCT serves as an ideal tool for
dissociating the relationship between myelin and axons®. Acutely, there is often an increase in
RNFL thickness in OCT with ON due to inflammation, followed by thinning secondary to
atrophy’>%3%_ Similarly, OCT has also shown sensitivity for detecting retinal ganglion cell
dissociation in the macula after ON, equivalent to gray matter atrophy in MS®%. Alternatively,
visual recovery in patients with ON correlates to improvement in OCT-detected RNFL and GCL
thickness®”%8, There are two types of OCT available: time-domain OCT and spectral-domain OCT.
Spectral-domain OCT has several advantages over time-domain OCT including better image
resolution®®. Spectral-domain OCT images of retinal layers correspond very well with disease
progression of ON%, In addition, OCT can detect changes in RNFL thickness in the contralateral
eye as early as two months after ON'%*. Therefore, given the promise of OCT, it has been used
extensively in both clinical and research studies of ON. Nonetheless, due to the mechanism of
OCT of passing light waves and collecting scans, it cannot detect underlying disease pathology
precisely if the passing medium is opaque, which is common in acute conditions like AON due to
underlying inflammation®. Previously, most of the OCT images were from time-domain OCT,
and now most OCT images are spectral domain; as retinal RNFL thickness measured by these two

modalities are not comparable, a significant number of data cannot be compared®*%2,
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Table 2.1: Imaging metrics generated by different imaging modalities in ON and MS and their

pathophysiological associations (adapted from Kolappan et al.’®® and Burton EV et al.?%4).

Imaging Changes in metrics reflecting the
Imaging
Metrics/measures in ON pathophysiology
Modality
and MS Optic nerve Brain
Acute state of the
Hypointense lesion Demyelination, edema disease
T1-weighted Conversion from
Resolution of
MRI hypointensity to isointensity Repair
inflammation
of lesions
Atrophy through
Brain volume Atrophy
thalamic measurements
Gadolinium-enhancement Neurodegeneration Inflammation
Active disease
Inflammation, visual
Hyperintense lesion status, inflammation,
Contrast- deficit
and relapse
enhanced T1-
) Cessation of
weighted MRI
enhancement over time scan ) )
Repair Repair
Edema,
T2-weighted Neuronal loss, loss of
Hyperintense lesion inflammation,
MRI visual acuity

demyelination, axonal
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Imaging Changes in metrics reflecting the
Imaging
Metrics/measures in ON pathophysiology
Modality
and MS Optic nerve Brain
loss, and gliosis
Measurement of
Brain volume
atrophy
Neuronal loss,
Neuronal loss
STIR imaging Hyperintense lesion decreased optic nerve
around CSF
thickness
Neurodegeneration Cortical and white
Hyperintense lesion ,decreased macular matter
FLAIR imaging volume neurodegeneration
Hyperintense optic nerve
Inflammation
sheath
Brain Parenchymal
Atrophy
Fraction (BPF) decrease
MTI MTR decrease Axonal degeneration,
Axonal loss
demyelination
MTR increase Myelination, repair Remyelination
MD increase Inflammation Inflammation
Axonal damage, Axonal damage,
DTI AD decrease, RD

increase, and FA decrease

demyelination,

neurodegeneration

demyelination,

neurodegeneration
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Imaging Changes in metrics reflecting the
Imaging
Metrics/measures in ON pathophysiology
Modality
and MS Optic nerve Brain
ODl increase, NDI Neurite dispersion, Neurite dispersion,
decrease demyelination, axonal demyelination, axonal
NODDI loss loss
ODI decrease, NDI Repair,
Repair, remyelination
increase remyelination
BOLD signal decrease Diminished visual
function and reduced Neurodegeneration
fMRI neuronal input
Visual recovery and
BOLD signal increase Repair
adaptation
Neurodegeneration,
NAA, NAA/Cr decrease Axonal loss
inflammation
'H-MRS
Recovery, resolution
NAA, NAA/Cr increase Recovery
of inflammation
For FT power spectrum: Demyelination, tissue Demyelination,
Texture

Analysis from T2-

Angular entropy increase

injury

tissue injury

Remyelination,

weighted MRI Angular entropy decrease Remyelination, repair
repair
RNFL thickness decrease Recovery of visual
OCT function, repair

RNFL thinning increase
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Imaging Changes in metrics reflecting the
Imaging
Metrics/measures in ON pathophysiology
Modality
and MS Optic nerve Brain
Axonal loss, visual
function deficit
VEP amplitude and Neuronal loss,
latency decrease neurodegeneration
VEP
VEP latency and
Repair, visual recovery
conduction increase

Short tau inversion recovery (STIR), Fluid-attenuated inversion recovery (FLAIR), Magnetization
transfer imaging (MT]I), Diffusion tensor imaging (DTI), Neurite orientation dispersion and density
imaging (NODDI), Functional MRI (fMRI), Magnetic resonance spectroscopy (*H-MRS), Fourier

transformation (FT), Optical coherence tomography (OCT), Visual evoked potential (VEP)

2.5.2 VEP

The VEP tests the functional integrity of the visual pathway and is recorded by electrodes
placed on the scalp over brain centers responsible for visual activities'®1%, There are two types
of VEPs: conventional VEP and multifocal VEP. Multifocal VEP is more frequently used due to
its higher spatial resolution, more accurate detection of ON/MS, and more reliable detection of
underlying pathology due to a higher coverage over multiple directional orientation?”1%, The

waveform of the multifocal electroretinogram signal generates latency and amplitude information
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when passing from the unmyelinated retinal ganglion cell axons to the myelinated portion of the
optic nerve (post-lamina cribosa)*®°.

VEPs can provide information on both myelin integrity and RNFL thickness in the visual
field*°. For example, latency prolongation and amplitude decline of the main VEP waveform
highlights conduction delay or block, representing demyelination. In addition, reduced VEP
amplitude from conduction block may also reflect axonal damage, as shown by a study suggesting
that early prolongation of VEP latency predicts acute degeneration of demyelinated axons
occurring during acute inflammation, consistent with evidence from OCT®L. The ability of VEP to
measure electrophysiological activity of both eyes makes it an essential tool for diagnosis and
monitoring of ON. VEP may be more effective than OCT in measuring clinical and subclinical
ON in some cases. In one study, the sensitivity of VEP was 21% higher than OCT in measuring
RNFL after ON in the affected eye. In the same study, VEP showed a 75% accuracy in detecting
subclinical abnormalities of ON in the affected eye, in contrast to OCT which was accurate in less
than 1/5th of patients'!. Many other studies have found similar trends where disease status was
better predicted by VEP compared to OCT and VEP assessed remyelination given its measures on
latency and dispersion'*2®, Nonetheless, similar to OCT, the VEP lacks the ability to evaluate
other parts of the visual pathways such as the optic radiation and cortex. This calls for imaging
modalities that have the ability to examine both the anterior and posterior afferent pathways, such
as MRI.

2.6 MRI Measures of Injury and Repair in ON and MS

MRI is the modality of choice for the diagnosis and monitoring of MS?8114115 The use of

MRI in ON varies. Historically, MRI for ON faces some challenges including artifacts from

uncontrolled eye movement, the small size of the optic nerve, and signal interference from
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surrounding tissues such as fat, bone, and CSF'%311¢ With the development of new MRI pulse
sequences and the use of fast imaging technologies, high-quality MR imaging for ON is possible.
Clinically, MRI can help make a differential diagnosis of ON and assess for evidence of MS-like
lesions or other possible etiologies using sequences covering both the brain and optic nerves!!’ 18,
Various studies suggest that the risk of developing MS in ON patients who have brain white matter
lesions (Fig. 2.4) can be three times greater than those who do not*°, even in AON where there is
only mild optic disc edema as determined by OCT?, In fact, if there are >1 MS-like lesions in
the brain at the time of first ON episode, the risk of subsequent MS over the next 15 years becomes
~70%%. In research studies of ON and MS, MRI has shown an increasingly important role. In
particular, a variety of MRI methods have demonstrated the potential to measure tissue injury and
repair following ON and MS in both focal lesions and the lesion-free areas. MRI methods can be
divided into three categories: 1) conventional; 2) advanced, and 3) emerging new MRI and image
analysis techniques, as detailed below.
2.6.1 Conventional MRI Methods
2.6.1.1 T1-weighted Imaging

Typically, the generation of MRI signal relies on the properties and amount of protons
(hydrogen nuclei of water molecules) in the local environment of a tissue, in addition to the
characteristics of the external magnetic field that (Bo) that interacts with the protons'?t. MRI
signals of tissues are generally determined by the constant spinning (Larmor frequency, o) of
protons in their local environment which have their own magnetic fields, and are randomly
oriented outside of strong magnetic fields. Thus, MR signal is generated?>'3, Applying a
radiofrequency (RF) pulse to a tissue in a magnetic field will excite the protons into an unstable

status. When an external magnetic field Bo is applied, a fraction of protons aligns positively or
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negatively with the Bo field generating a net magnetization vector (Mz) (green arrowed). When a
RF pulse is applied, protons matching the frequencies (w) of the RF pulse move to the higher
energy orientation relative to Bo shifting longitudinal (Mz) to transverse magnetization (Mxy).
After removal of the RF pulse, protons lose energy shifting towards Mz from Mxy. The time
constant that is associated with the time required by the protons to recover 63% of its maximum
Mz value is called T1-relaxation time or T1, also referred to as longitudinal or spin-lattice
relaxation?*. To maximize T1 contrast between tissues in T1-weighted MRI, use of both short TE
(time of echo) and short TR (repetition time)'% is preferred. In ON lesions, tissue injury including
demyelination, axonal injury, and inflammation can all cause T1 prolongation, and decreased
number of protons left to recover their magnetization vector in affected tissue leads to hypointense
signal intensity compared to the healthy tissues on T1-weighted MRI*?5128 However, this change
in T1 MRI signal intensity can be misleading as it can be due to the resolution of edema besides
tissue repair'?®, and the evaluation of signal change is primarily done visually.

Another important use of T1-weighted MRI is the measurement of tissue atrophy. For
example, measurement of volume loss in the thalamus with or without ON, which is a key relay
structure of the afferent visual pathway, is predictive of cerebral volume fraction in both RRMS
and SPMS using high-resolution T1-weighted MRI and OCT. Similarly, there is a strong
correlation between thalamic volume and GCL thickness in MS patients'®, Nonetheless, similar
to other conventional imaging, T1-weighted MRI suffers from 1) lack of specificity to lesion
pathology®!, 2) only moderate correlation between T1 lesion volume and patient disability, and
3) persistence of lesions even after the acute state of ON32133,

Gadolinium is a paramagnetic contrast agent!3* which will shorten T1 and brighten the signal
in areas with blood-brain barrier leakage'®*. In ON and MS, this sequence identifies acute
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lesions suggesting active inflammation®®"1%, In 94% of AON cases, gadolinium-enhanced
imaging successfully intensifies lesions, but it is not equally useful in the case of chronic recurrent
ON. The detection of acute lesions in the optic nerve with ON can be increased to 96% with
increased dosage of gadolinium®®®. The acquisition of gadolinium-enhanced MRI is
straightforward. It takes around 5 minutes, typically 3-5 minutes after the collection of the pre-
contrast T1-weighted MRI**°, accompanied by fat saturation to distinguish the enhancing areas.
2.6.1.2 T2-Weighted Imaging

The T2-weighted MRI sequence highlights differences in the T2-relaxation time of different
tissues'?®, which characterizes the transverse or spin-spin relaxation of the net magnetization
vector'?!, The time required for 37% of the initial magnetization value to remain after application
of RF pulse is called T2-relaxation time or T2-decay. T2-decay can result from the longitudinal
relaxation of the T1 and spin-spin interaction of protons. In contrast to T1-weighted MRI, it
requires long TR and TE for best acquisition'?®. In T2-weighted MRI, ON and MS lesions appear
hyperintense compared to the surrounding tissue'*"*#?, and this sequence is widely used to identify
the number and volume of clinically silent lesions!#*44, T2 hyperintense lesions may represent
any of the tissue changes including edema, inflammation, demyelination, axonal loss, and gliosis,
or their combination®*145, T2 lesion load is shown to correspond with visual acuity; the more
lesion load, the greater the visual dysfunction®'46, Conversely, a decrease in lesion volume may
indicate ~ repair  or  neurodegeneration  mitigation,  while  increases  suggest
neurodegeneration!?:147148 |n addition, T2-weighted imaging is also used for determining the
cross-sectional area of the nerve and the thalamus to assess disease status, as volume decrease due
to tissue atrophy following the loss of myelin and axons’'*°, Limitations of T2-weighted imaging

are similar to T1-weighted MRI regarding specificity and sensitivity**®'% and clinical
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correlates!!

. Moreover, the signal generated by the surrounding CSF and fat may be challenging
in imaging the optic nerve using T2-weighted MRI, as the signal intensity increases with increase
in T2-weighting, creating partial volume artifacts'®>2, Consequently, several fat suppression
sequences such as short tau inversion recovery (STIR) and selective partial inversion recovery
(SPIR) have been developed® 153,
2.6.1.3 STIR Imaging

With the potential of suppressing fat and other surrounding structures, STIR is commonly
used in ON imaging. Similar to T2-weighted MRI, STIR uses a long TR and TE, which can
efficiently negate the short T1 bearing fat signal*>*1°, Specifically, STIR utilizes a 180-degree RF
pulse prior to applying the excitation pulse to invert the net magnetization. A short inversion time
is then used so that the lipid signal is approximately zero whilst other tissues continue to give a
negative signal. So, when the 90-degree excitation pulse is applied, the magnetization vector in
these tissues will be flipped whereas the lipid signal will remain zero'?. Arguably, STIR is the
only method that can be used in a magnetic field with inhomogeneity and in low magnetic fields*®®.
However, it requires a relatively long acquisition time due to long TR, and long TE leads to low
signal-to-noise ratio (SNR) for which tissue contrast may be affected?>%’
2.6.1.4 Fluid-attenuated inversion recovery (FLAIR) Imaging

FLAIR imaging is equivalent to T2-weighted MRI with the exception of darkening the free
water components, such as CSF'?. FLAIR is very sensitive to tissue abnormalities and is
particularly useful in detecting lesions near the ventricles or CSF in MS and ON*¥241, To reduce
acquisition time and minimize partial volume effects in acquiring high-resolution images, there
have been new multiple hybrid sequences developed including the fat-suppressed, fast spin echo

(fsFSE) and SPIR, with or without FLAIRY This fast T2-weighted inversion recovery
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sequence can detect lesions in or near the cerebral cortex in MS patients beyond suppressing the
CSF8, In a study comparing STIR, SPIR and SPIR-FLAIR in ON patients, SPIR-FLAIR was
shown to be the most sensitive in detecting optic nerves abnormalities>®. Lesion length was also
the longest in SPIR-FLAIR, in the absence of the fsFSE sequence in that study. However, as part
of the conventional imaging techniques, these sequences are either limited by sensitivity to tissue
microstructure or specificity to pathology, highlighting the importance of more advanced MRI.
2.6.2 Advanced MRI Methods

2.6.2.1 Magnetization Transfer imaging (MTI)

Apart from mobile protons, there is another pool of protons in tissues which are bound to
macromolecules such as proteins and lipid membranes that are rich in myelin and axons. Selective
saturation of these bound protons creates a rapid exchange between them and the free protons,
resulting in the transfer of magnetization. The magnitude of this exchanging effect is quantified as
the magnetization transfer ratio (MTR)*%°, and thus MTR is an indirect measure of macromolecular
content®®, Indeed, abundant evidence has shown that damage to myelin and axonal membranes
leads to reduced MTR2-164 MTI can assess new, stable and resolved lesions, thus potentially
improving our ability to monitor tissue damage and repair'®®, including the treatment of myelin
repairing and neuroprotective agents®®. Advantages of MTI include further enhancement of focal
changes in the contrast-enhanced T1-weighted and T2-weighted MRI of lesions in ON and MS
patients, by suppressing surrounding tissue signal intensities'®’. Moreover, MTI can detect early
demyelination or protein destruction earlier then routine MRI sequences'®®!%, put it has limited
use in a routine clinical setting as the technique is susceptible to motion-related artifacts, and MTR
changes with disease stage®®®. Though MTI is widely used in assessing tissue injury and repair, it

is not the focus of our research as MTI focuses mainly on myelin changes whereas we wanted to
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detect axon and myelin interplay and region-wise structural changes more evident in NODDI and
texture measures.
2.6.2.2 DTI

Diffusion-weighted imaging (DWI) is a sensitive method for detecting microstructural
changes, particularly those in white matter tracts. DWI works based on the principle of the random
movement of water molecules®. Changes in the diffusion pattern of water molecules compared to
healthy tissue can signify disruption of the blood-brain barrier and suggests alterations in tissue
microarchitecture!’®'"*, Traditional DWI requires a minimum of three gradient directions to
acquire, but it lacks the ability to reveal the directionality of diffusion. DTI resolves this issue by
applying at least six gradient directions that allow the formation of a 3-D tensor matrix at each
voxelt’2173, In white matter tracts such as the optic nerve, nerve fibers are highly packed’,
resulting in greater diffusion along the long axis of the tracts and limited diffusion in the
perpendicular direction. This restriction to diffusion is disturbed when there is a pathological
process like demyelination, causing increased diffusivity and disruption of the directional
selectivity (anisotropy) of diffusion along the fibers®®. Several metrics from DTI have shown
promise in detecting de- and remyelination and axonal injury, including fractional anisotropy (FA),
axial diffusivity (AD), and radial diffusivity (RD). FA evaluates the amount of directionality in
which water is being restricted on a zero to 1 scale'’”®. DWI detects microstructural damage that is
not visible with conventional techniques (Fig. 2.4). This imaging technique is used for a better
understanding of ON pathophysiology due to sensitivity to fiber architecture!’®. FA, AD, and RD
of the affected optic nerve correlates with OCT and VEP measures of RNFL thinning and
multifocal VEP amplitude in ON patients, indicative of axonal integrity disruption, and correlates

well with clinical outcomes!’"8, FA predicts alterations in the optic radiation, and differentiates
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healthy optic nerve from both affected and contralateral optic nerve in ON patients with MS*8L,
DTI detects white matter microstructural alterations not only in lesion areas in MS patients but
also in the surrounding normal-appearing white matter, suggesting decreased axonal density’3182,
Limitations of DTI include poor correspondence of the diffusion-weighted signals to fiber
arrangement that don't fit a Gaussian distribution, such as crossing fibers!®2-184 Consequently,
multi-shell diffusion techniques have been developed, including NODDI (Fig. 2.5), and composite
hindered and restricted model of diffusion (CHARMED), both of which use multi-compartment
HARDI and can generate reliable surrogate markers of microstructural white matter
abnormalities'®®8, Other advanced DWI techniques such as diffusion kurtosis imaging uses
alterations in the normative pattern in diffusion, diffusion spectrum imaging uses diffusion spectra
to enable the resolution of intervoxel heterogeneity of diffusion, and Q-ball imaging uses spherical
deconvolution and measures intervoxel fiber orientation and have also been used recently in a few

MS studies®187-18 Al of the above-mentioned DWI techniques can prove beneficial for

evaluating microstructural changes in ON and patients.
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Fig. 2.4: Changes in ON patient MRI. Example DWI images of (A) FA, (B) MD, and (C) ODI
maps at baseline showing decreased FA, increased MD, and increased ODI in affected optic nerve
(red arrowed) compared to contralateral optic nerve (green arrowed) indicating tissue injury. (D)

FA, (E) MD, and (F) ODI maps of the same patient at 12 months MRI show similar signal intensity
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on affected and contralateral optic nerve indicating repair. Axial DIR images showed
hyperintensities of (G) active lesion (yellow arrowed) on affected optic nerve and optic tracts
(purple arrowed ), (H) affected versus contralateral optic nerve, and (1) active lesions at brain WM

suggesting neurodegeneration.
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Diffusion tensor Three-compartment tissue model
Three orthogonal axes of diffusion Tissue (Grey & white matter) Non-tissue (CSF)
Vi Intra-cellular (Axons & dendrites) Extra-cellular (cell bodies)
s ‘ erpendicular
= Parallel diffusivity
diffusivity
X Isotropic diffusion tensor
(sphere)
‘ )) (( free diffusion (Non Tissue)
Anisotropic diffusion tensor
Sticks (cylinder)
restricted diffusion hindered diffusion
1

Fig. 2.5: NODDI and DTI principles. A diagram showing principles of diffusion tensor (DTI) and
advanced multi-compartment model (NODDI) showing a Gaussian distribution problem in DTI
and compartmentalization of different tissue signals in NODDI to overcome the issue (image was

adapted from Barritt A. W. et. al.'** and Tariq M. et al.*%).
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2.6.2.3 Functional MRI (fMRI)

fMRI allows mapping of neural activity by assessing the metabolic activity of brain cells
based on blood oxygen level dependent (BOLD) contrast*®2. The BOLD signal changes with the
performance of different tasks that activate different brain areas of a subject during imaging.
Monitoring changes in the visual cortex following eye stimuli appears to be an indirect means of
assessing tissue injury and repair in the afferent visual pathway!%*1%, Reduced activation of visual
cortex has been reported in patients with either acute or previous ON, relative to controls, possibly
representing reduced neuronal input following pathological changes in the optic nerve such as
edema, inflammation, demyelination and axonal loss'®. Conversely, decrease in BOLD signal in
ON patients compared to controls correlated with both reduced Snellen’s visual acuity score and
increased angles in visual field defects in Arden contrast sensitivity measurements %, There is
also increasing evidence for compensatory brain plasticity after the onset of ON, likely indicating
repair in the visual pathway, although the location, timing and role of the contralateral optic nerve
are still to be elucidated. Moreover, this detection can be technically challenging as it often relies
on minimal changes of a low SNR signal*®’. In addition, outcomes of fMRI may be influenced by
task performance, particularly in ON and MS patients, most of whom present with some form of
disability'®®. As our aim one focused on cuprizone preclinical model of MS which does not induce
visible functional disability, fMRI was not the focus of our research.
2.6.2.4 Magnetic Resonance Spectroscopy (*H-MRS)

!H-MRS is a non-invasive tool to measure the concentration of metabolites in the CNS, and
is mainly performed for indirect evaluation of the visual system. Metabolites include N-acetyl
aspartate (NAA), Choline (Cho), Inositol (Ino), Lactate (Lac), Creatinine (Cr), and lipidst®2%,

Changes in NAA in ON or MS, in particular, may provide visual pathway-specific
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neurodegenerative information?°2%2, For an example, the RNFL thickness in ON has shown a
significant correlation with visual cortex NAA concentrations but not with normal-appearing white
matter NAA, whereas multiple *H-MRS studies in MS patients have shown decreased metabolite
concentrations in the normal-appearing white matter compared to healthy tissue®®2%2%, NAA
concentrations in the visual cortex are also lower in patients with previous ON than patients with
AON?* NAA concentrations in the optic chiasm, a major component in the anterior visual
pathway, was lower in ON patients compared to the healthy optic chiasm?®. These findings
suggest a potential benefit of *H-MRS in illustrating the relationship between injury from the
anterior and posterior visual pathways?®. Disadvantages of 'H-MRS include poor spatial
resolution, low reproducibility, and unclear accuracy in some cases, and thus it is mainly used as
a research tool?%,
2.7 Emerging MR Imaging and Analysis Techniques

In addition to the conventional and advanced imaging methods mentioned above, there are
multiple potentially new approaches that may help improve the measurement of injury and repair
associated with ON or MS. This includes both new acquisition-driven MRI technologies and
methods based on image postprocessing.
2.7.1 A New MRI Acquisition-driven Method: NODDI

NODDI is a relatively new DWI modality, free from some inherent limitations of DTI by
using a three-compartment model of diffusion, namely intracellular restricted diffusion inside
nerve fibers, extracellular hindered diffusion in between nerve fibers, and fast isotropic diffusion
in the free CSF®. DTI measures crossing fibers in the CNS using a Gaussian diffusion model.
These measurements naively estimate nerve fiber bundle diffusion without considering the

presence of axonal membranes and myelin sheaths?"?%, Higher-order diffusion modelling used
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by NODDI produces less equivocal metrics than DTI for characterizing microstructural changes.
It produces complementary axonal density maps and the derived findings match electron
microscopy fiber density values in both mouse and human brains and spinal cords**?%°. NODDI
has been used in several human and animal models of MS#4181:209-214 NODDI can assess axonal
degenerative changes in lesional, perilesional, and normal-appearing white matter in MS

patents'®

. Orientation dispersion and fiber orientation changes in both lesion areas and normal-
appearing white matter have been observed using NODDI in MS patients?®®?'2, NODDI generated
neurite dispersion results indicative of demyelination in MS spinal cord explicitly match with
histological findings**. Axonal neurite microstructure in the cervical spinal cord of MS patients
shows decreased neurite density and increased dispersion in lesion areas compared to the
surrounding global white matter and correlates with clinical outcomes?'. ldentification of cortical
lesions along with microstructural myelin, axonal integrity disruption in MS patients indicative of
gray matter pathology has been detected by NODDI. Moreover, one of its metrics orientation
dispersion index (ODI), shows moderate correlation with clinical outcomes?*3. NODDI thus has
potential in ON and MS, to further understand microstructural changes underlying tissue injury in
the visual system and brain?'°.
2.7.2 Image Postprocessing Methods

Image postprocessing methods, such as MR texture heterogeneity, could also be used in MS
and ON studies as it can foresee the extent of recovery of vision in AON?¢, Image postprocessing
comprises of different analysis methods that allow for extracting additional, valuable information
from the acquired images. Unique features of tissue are associated with specific distributions of
image pixels, also known as image texture?'”2!8, Advanced texture analysis methods have shown

promise to evaluate myelin and axonal integrity. Texture can be measured through quantifying the
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distribution of image pixels or frequency content of an image?'"?!8, Texture features from MRI
have detected neuroaxonal changes in brains and spinal cords of MS patients and have reported
detection of remyelination in an animal model of MS?1%-22L_ Texture analysis of MRI correlates
with tissue pathology underlying MS, using routine clinical MRI in lesions, normal-appearing
white matter, and in healthy tissues??>%2*, Therefore, texture analysis is a potential candidate for
evaluation of pathological processes underlying disease progression in MS. Angular entropy,
another texture measure, is derived from the raw power spectrum of spectral domain information
from an image through FT as an inverse measure of axon alignment. Texture angular entropy
distinguishes controls, RRMS, and secondary progressive MS (SPMS) cohorts
successfully??. Texture features detect neurodegenerative changes in MS brains and spinal cord
and significantly correlate with disability?**2?°, Texture analysis not only detects tissue injury, but
repair such as remyelination as demonstrated in a study of an animal of MS?2L, One promising
technique for characterizing image texture is the FT, which evaluates the integrity of a tissue
structure through quantifying the frequency content of an image. Specifically, the power spectrum
of the FT has shown the ability to detect demyelination and axonal injury in MS through analysis
of the alignment of a tissue using angular entropy?2*. This may suggest the potential of such image
postprocessing techniques for measuring injury and repair in ON and MS. However, the specificity
of these methods is subject to further confirmation. Moreover, using a multi-scale, localized
version of the FT, other researchers have also found that the texture heterogeneity of T2-weighted
MRI of the optic nerve predicts visual function following AON?%6:225,
2.8 Structure Tensor Analysis

Structure tensor analysis is a promising image post-processing technique that has recently

been used to evaluate tissue injury and repair in demyelinated lesions in MS??6, Structure tensor
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analysis relies on variations in pixel intensities in tissue to estimate the structural properties such
as tissue directionality, organization, and distribution?*"-??’, Roughly speaking, it is also a type of
texture analysis method. Structure tensor measures the 2-dimensional tensor matrix f (x, y) of an
image in x and y directions and calculates different organizational properties of tissue by
determining its dominant and minimal directions??®. Structure tensor quantifies the predominant
directions of gradients in a specified tissue and measures structural organization as coherency,
dispersion of nerve fibers as energy, and local distribution differences between nerve fibers as
orientation (Fig. 2.6)??®. Budde et al.??® quantified the orientation of brain microstructure in the
CNS using structure tensor analysis of histology samples to validate their DTI findings and showed
a strong positive correlation between these two measures. Circular variance as a substrate of
orientation of axonal nerve fibers (Fig. 2.6) has recently been used to validate NDI in MS spinal
cord and can be a potential biomarker of neurite dispersion®, but needs further validation in other

tissues such as the white and gray matter.
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Axial circulation
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Fig. 2.6: Structure tensor analysis outcomes. Structure tensor analysis showing outputs such as
orientation, coherency, and energy maps generated from different tissue directional properties.
Circular variance, a measure of angular variability is measured from orientation maps in all the

directions from +90° to -90° (image is adapted from Rezakhaniha R. et al.?%8),

Although there is a strong association between ON and MS, not all patients with ON develop
MS3%2%0_In addition, histological validation of advanced non-invasive MRI measures in MS is
also warranted to detect de- and remyelination specific metrics. Region-wise timing and
prevalence of pathological processes such as de- and remyelination and their association with
axonal pathology is scarce in MS research, using both advanced MRI and histology measures.

Evaluation of advanced NODDI metrics in detecting additional microstructural changes in ON has
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also not been attempted. These techniques are thus the focus of my thesis, and | used two well
defined models of MS to identify and discover new imaging measures for assessing and
understanding tissue injury and repair in demyelinating diseases for future development of new

neuroprotective and reparative agents for MS patients.
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CHAPTER 3
Investigating the value of advanced MRI in understanding the

changes in MS-like pathology using a cuprizone mouse model

3.1 Introduction

Myelin and axonal changes are critical pathological manifestations in MS; however, the
exact evolution of these pathological processes are unclear. Specifically, when and how myelin
and axons repair after a demyelinating insult, and whether that presents in a specific region is
difficult to determine in vivo, especially given the heterogeneity of MS pathology both within and
between patients. Moreover, the density and diameter of axons vary widely between anatomical
locations, even within the same neurological structure. Thick axons are wrapped with thick myelin
sheath and seem to be more susceptible to pathological injury than thin axons according to prior
studies?*!. Therefore, understanding the timing, injury and repair pattern of myelin and axons has
critical implications for both disease monitoring and treatment.

Animal models serve as promising tools to understand disease mechanisms and validate in
vivo measures. One such candidate is the cuprizone model. It is a toxicant-induced model of MS
achieved through continued feeding of copper chelator cuprizone (bis-cyclohexanone-
oxaldihydrazone) causing accelerated demyelination circumventing the autoimmune factor of the
disease. This model features primarily demyelination initially through direct killing of mature
oligodendrocytes, with minimal inflammation®%" and has widely been used for studying myelin
and axonal changes similar to that occurring in pattern 11l MS lesion pathology®. The corpus
callosum is a majorly target area in this model, as in MS, where more than 90% of the patients®°

232

show lesions in this structure=><. Multiple studies show that the axonal diameter is small but density
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is high in the genu of the corpus callosum whereas the body and splenium contain mainly large
caliber axons with less density?**2%*® making corpus callosum a favorable anatomical location in
MS to study region-wise pathology?>2¢-2°, The anatomical preference for such pathological
changes in the corpus callosum is not well understood. Moreover, in spite of achieving highly
reproducible pathology following cuprizone toxicity in most male mice, the degree of
demyelination varies amongst animals (male mice are more susceptible to cuprizone damage than
females®3249),

Several advanced MRI methods have shown the potential for assessing myelin and axonal
properties in vivo, including diffusion-based techniques. DTI has the advantage of providing
potential insight into the microstructural changes underlying tissues pathophysiology and has been
widely used in both MS and its animal models®723.241242 DT| parameters such as AD, RD, and
FA have shown correlations with axonal damage, myelin integrity, and overall injury, respectively
in multiple MS studies*?2%:2%_ But several studies have concluded that DTI metrics are sensitive
but not necessarily specific to myelin and axonal changes, confounded by the impact of the co-
localizing inflammation and the inherent limitations of poor fitting of diffusion signal in the
presence of crossing fibers!®?18 The new HARDI-based sequences such as NODDI may be of
increased promise. NODDI outcomes like neurite density index (NDI) can inform about density
of neurites and ODI about neurite (axonal) integrity. Axons and dendrites are together known as
neurites®*3 but some suggest NDI may be sensitive to myelin integrity along with neurites*4244
making it a potential marker for myelin pathology. The complexity of the orientations and density
of neurites is specific to axonal pathology** and has been used in several studies to detect
microstructural changes underlying MS*+185210213 - However, further histological validation is

required to confirm their utility.
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Advanced texture analysis methods have also shown the promise in evaluating myelin and
axonal integrity in various diseases including MS. Texture refers to the distribution of image
pixels?7218_ Angular entropy is a relatively new texture measure, which is derived from the power
spectrum of the FT and acts as a measure of tissue alignment, including that associated with myelin
and axons®??%5_ Angular entropy detected the differences in tissue alignment of the corpus
callosum between RRMS, and SPMS, and control cohorts successfully??3, Structure tensor analysis
is another novel texture analysis method. Structure tensor refers to the predominant directions of
gradients in a specified tissue, and therefore this method focuses on the detection of alignment
organizations of a tissue. Primary outcomes of structure tensor analysis include: coherency
(directionality of nerve fibers and similar to anisotropy), energy (dispersion of nerve fibers), and
orientation distribution??, Structure tensor analysis has shown success in validating DTI outcomes

previously??®

and the ability to detect changes in myelin and axonal integrity and quantify subtle
pathological changes in a lysolecithin model of MS following de- and remyelination in MRI and
histology?®. Alternatively, circular variance as a measure of dispersion of axonal nerve fibers has
recently been used to validate NDI in MS spinal cord** histologically but this metric needs further
validation for its ability to detect changes in other tissues such as brain.

In this study, we investigated the feasibility of using NODDI and novel texture analysis
methods in comparison with DTI for assessing the time course and regional preference of myelin
and axonal changes using a cuprizone model of MS. Specifically, we characterized: a) MRI
diffusion and angular entropy changes in the corpus callosum of mouse brain 6 weeks on and 8

weeks off of cuprizone feeding; b) how these changes compare between the genu, body, and

splenium of the corpus callosum; and 3) how MRI changes compare with quantitative histological
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outcomes. Angular entropy calculations used T2-weighted MR images. Histological measures
included circular variance and those from structure tensor analysis.
3.2 Materials and Methods
3.2.1 Animal Model

Twenty-nine 8-week-old male C57BL/6 mice (Charles River Laboratories, Quebec, Canada)
were examined. All animals were allowed one week to adapt to their new environment prior to the
experiment. All procedures conducted were in accordance with the guidelines of the Canadian
Council on Animal Care and the University of Calgary Animal Care Committee. As one of the
effective protocols®#24® for induction of demyelination, 27 mice were fed ad libitum diet of 0.2%
cuprizone (Sigma-Aldrich, Ontario, Canada) mixed with crushed up standard rodent chow for 6
weeks to induce progressive demyelination. All cuprizone mixed chow were stored in a vacuum
sealed container at 4°C. Food was changed every alternate day, and food and water intake were
monitored daily. The diet was changed to normal rodent chow pellets for an additional 8 weeks
after 6 weeks cuprizone feeding, to investigate spontaneous remyelination repair. The remaining
2 mice were fed normal chow for 12 weeks and kept as controls.
3.2.2 MRI Protocol

All animals were scanned with a 9.4T ultra-high field MR1 scanner (Bruker BioSpin GmbH,
Ettlingen, Germany) using a 35-mm H transmit-receive volume coil. The mice were stabilized
under 4% isoflurane for induction and 2.5% for maintenance of anesthesia throughout the scan.
Prior reports focused mainly on the remyelination course in this model, and so assessments were
performed at 2 and 5 weeks, or 3 and 6 weeks after the cessation of cuprizone feeding®34. To
obtain comprehensive understanding of both de- and remyelination, we imaged the animals over
an extended time course at 7 sequential time points: at week 2 on cuprizone diet to evaluate
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initiation of demyelination, week 4 for progression of demyelination, week 6 for peak
demyelination, and then at week 1, week 3, week 6, and week 8 after removal of cuprizone from
the diet to detect spontaneous, progressive remyelination. MRI for one animal after week 3 could
not be completed due to severe respiratory distress, likely resulting from anesthetic complications.
After imaging session at each time point, 3-7 mice were sacrificed immediately for histological
correspondence except for week 4 on cuprizone diet due to scheduling issues. Five mice were
imaged throughout the 7 time points to observe true sequential changes in tissue pathology, and so
were only sacrificed at the end of the experiment (longitudinal cohort). Two control mice fed a
normal diet were also imaged at two time points; 2 weeks on and 6 weeks after cuprizone diet
corresponding to the expected de- and remyelination time points of the cuprizone-fed mice. See

Table 3.1 and Fig. 3.1 for experimental details and mice availability per time point.

On CPZ diet After removal of CPZ from diet
[ M Week s
Beginning of Week 6 Removal of CPZ Week 6 — :-‘; "
0 ee. o i L 1V sacrirce
CPZ feeding Week 4 1sMRT + Ssacri ﬁceﬁ om fec;dlng Week 3 10MRI + Ssacrifice
Week 2 SMRI Week 1 15MRI + Ssacrifice

14MRI + 4sacrifice 13MRI+3sacrifice

Week 0 Week 6 Week 14

Fig. 3.1: Experimental plan. Experimental time points for toxicant-induced cuprizone mouse
model of MS with the number of mice involved in MRI and histology to assess de- and

remyelination.

46



Table 3.1: Experimental time points and number of animals involved at each time point
including the control animals: number of MRI, number of perfusions, number of animals used
in histology, and number of animals used in TEM. Abbreviations: CPZ=Cuprizone;

MRI=Magnetic Resonance Imaging; C=Control; TEM= Transmission Electron Microscopy.

Experimental No. of mice MRI No. of mice No. of mice for No. of mice
time points scans Sacrificed histology for TEM
Wk2 on CPZ 14 (2C) 04 (1C) 04 (1C) -
Wk4 on CPZ 05 - - -
Wk6 on CPZ 15 05 05 -

1Wk after CPZ 12 (1C) 03 03 -

3Wk after CPZ 15 05 05 -
6WKk after CPZ 10 (1C) 05 (1C) 02 03 (1C)

8WKk after CPZ 07 07 04 03

Total 78 (4C) 29 (2C) 23 (1C) 06 (1C)

Imaging sequences consisted of a 2D anatomical high-resolution rapid imaging with
refocused echoes (RARE) T2-weighted MRI for lesion confirmation as well as texture analysis,
and a multi-shell HARDI sequence acquired using 2D echo-planar imaging for NODDI and DTI
assessment. Imaging parameters for T2-weighted images were: echo time (TE)/ repetition time
(TR)=48/4000 ms, slice thickness=0.5 mm, matrix size=256x256, field of view (FOV)=1.28x1.28
cm?, acceleration factor=4, number of slices=18. The 2-shell HARDI parameters were: b-value =
1000 and 2000 s/mm?, with 15 and 30 diffusion weighting directions, 5 b0 volumes/unweighted

scans, TE/TR=30/5000 ms, slice thickness=0.5 mm, metric size=128x128, FOV=1.28x1.28 cm?,
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pixel size=100 um?, and number of slices=18. Total acquisition time was approximately 90
minutes.
3.2.3 MRI Processing

MRI images first underwent several pre-processing steps. Initially, the raw MR images were
converted into a NIfTI-1 format using ImageJ (NIH, Bethesda, MD, U.S.) for use in the subsequent
image processing pipeline. Then, manual skull-stripping was performed for both the T2 and
diffusion images to enhance image quality, reliability, and reduce computation time. Manual skull-
stripping was done due to the inability of the available software such as FSL (FMRIB Software
Library, Oxford, UK) for processing mouse images. Next, the metadata file from the Bruker source
protocols was used to extract the required information for calculating diffusion metrics, diffusion
weighting and gradient directions (bval and bvec), using DSI-Studio (Yeh, Fiber Tractography
Lab, Pittsburgh, U.S.). Diffusion data were further pre-processed using FSL and DSI-Studio for
correcting potential eddy current-induced distortions and subject motion.

Conventional DTI data analysis was performed with FSL using only the b=1000s/mm?shell.
Both FA & mean diffusivity (MD), two of the commonest maps were obtained. Only the low b-
value data were considered for DTI due to ill-fitting of b-value data above 1500s/mm? with the
DTI model?*’. Concatenated diffusion data from both shells were used to generate NODDI
parameters using an open-source NODDI toolbox (UCL, England) in Matlab (Mathworks, Natick,
MA, U.S.). Two of the most commonly used metrics, NDI and ODI, were calculated. To ensure
comparability across outcomes both within and between time points, we performed the following
enhancing procedures. Diffusion parametric maps generated from DTI and NODDI were co-
registered to the T2-weighted images at the same time point to ensure the maximum comparability

between all imaging outcomes. The longitudinal diffusion maps were subsequently co-registered
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to their first available time point T2, after over-time co-registration of the T2 images to ensure
position alignment between time points. All the aforementioned image co-registration procedures
were done using the FLIRT linear registration tool of FSL. FLIRT works by transforming images
of different datasets in different planes into one coordinate system to achieve spatial alignment
without significant data loss?*8. Specific settings used at the co-registration steps were: rigid body
transformation with 6 degrees of freedom; correlation ratio as a cost function for inter-modal and
normalized correlation for intra-modal registration; and Hanning window sinc interpolation (Fig.
3.2).

Image texture analysis was done using a reported method built in-house??®. Prior to
quantification, histogram standardization was done for the T2-weighted images after skull-
stripping to reduce potential intensity variations between scans across time points and to match
tissue spatial information?* using a standardized procedure built in Matlab. Angular entropy
calculation was based on the FT power spectrum using a method implemented with Eclipse
(Eclipse Foundation, IDE Inc., Canada). Briefly, this method computes 1) the total content of the
frequencies of a selected image area with different aligning directions by identifying the dominant
aligning angle of the nerve fibers; 2) the corresponding power spectra of dominant alignment of
frequency information in a polar coordinate system according to the tissue organization and
pattern; 3) the distribution of frequencies based on the anatomical trajectories of the nerve fibers
by angle (-90 to +90)°?°, This provided a spectrum of alignment strength for each potential
aligning directions of a tissue. As previously tested using the corpus callosum at human brain in
both healthy and MS subjects, tissues with highly aligned white matter tracts show higher

anisotropy than those with low alignment as expected in MS or its models??,
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Reference T2
Wk2 on CPZ

registration

Cross-sectional

registration

Longitudinal
registration

Follow-up T2
Wk4 on CPZ

Fig. 3.2: Image registration steps. Example image registration between different MRI outcomes in
the same CPZ mice. Cross-sectional image registration was done using high-resolution T2-
weighted images of that experimental time point as the reference image for spatial alignment of
diffusion outcomes. Longitudinal registration included co-registration of the cross-sectionally
registered diffusion metrics to the first available experimental time point T2-weighted image of the

same animal.
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3.2.4 MRI Analysis

Outcome analysis focused on the corpus callosum, the largest interhemispheric white matter
brain structure wherein the fiber tracts are highly organized and is easily identifiable on MRI%.
Regions of interest (ROIs) were drawn within the corpus callosum over the genu, body, and
splenium. ROIs used in DTI and NODDI metrics were drawn initially over the T2-weighted
images with reference to the corresponding location to the histology. To ensure ROI confidence
and to identify the distinct anatomical regions of the corpus callosum, the Allen Mouse Brain Atlas
(Allen Institute for Brain Sciences, U.S.A.) and the Waxholm Space Atlas of the C57BL/6 Mouse
Brain (Duke University Medical Center for in Vivo Microscopy, U.S.A.) were used. Slice numbers
9, 14, and 15 out of 18 showed the best representations of the splenium, body, and genu (Fig. 3.3)
on MRI respectively, so these 3 slices were analyzed to quantify diffusion indices at the
corresponding regions from DTI and NODDI. The averaged values were used for group analysis.
To minimize cross-image variability, all the diffusion indices were normalized according to the

following formula:

(ROI generated corpus callosum value — intraslice 3rd ventricle value)

Normalized value = - -
Intraslice 3rd ventricle value

The 3rd ventricle was used as it is a region of the mouse brain in this model where no
pathology-associated changes are expected. The texture measurement was performed in slice
number 17 of the T2-weighted images where the corpus callosum presents as a blob over the genu,
and was the only MR slice sufficient to draw a reasonably sized ROI (6x6 pixels or more) to allow

enough tissue structural content for calculating angular entropy?23.
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Fig. 3.3: ROI selection over corpus callosum. Example ROIs in cuprizone animal model for
quantifying MRI outcomes. Corpus callosum (white arrowed) at (A) slice 9 representing
splenium, (B) slice 14 representing body, and (C) slice 15 representing genu were identified to
validate ROIls. (D) Corpus callosum is seen as a blob (arrowed) and was used for texture
analysis. ROIs were then drawn over corpus callosum at (E) slice 9, (F) slice 14, (G) slice 15,

and (H) slice 17 to assess MRI outcomes.

3.2.5 Histological Preparation

A total of 3 - 7 mice were sacrificed immediately after each imaging time point through
transcardial perfusion. Specifically, the mice were perfused with 4% paraformaldehyde (PFA) for
primary fixation of tissues under anesthesia using 0.625 ul/gm of ketamine+xylazine injected
intraperitoneally. Mice brains were then harvested, post-fixed in 4% PFA at 4°C overnight,

cryoprotected with 30% sucrose at 4°C for 3 days, embedded in optimal cutting temperature
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compound (Fisher Scientific, EDM, Canada), and rapidly frozen in dry-ice cooled 2-Methylbutane
prior to preserving the samples finally in an -80°C freezer for histology. 20-um coronal sections
were cut on a cryostat, 3 sections per slide, region matched with MRI, and stored at -20°C freezer
prior to staining.

Fixed, frozen brain sections were stained for myelin with EC (Sigma-Aldrich Canada Co., ON,
Canada) resulting in light blue appearance of myelinated brain regions and counterstained with
1% Neutral Red (Avantor, EDM, Canada) for cell nuclei visualization®. Oil Red O (ORO)
(Sigma-Aldrich Canada Co., ON, Canada) staining was done on brain samples to visualize myelin
debris to evaluate the degree of demyelination?. To detect signals against myelin, a rat monoclonal
antibody to MBP (Abcam, MA, U.S.) was used. To visualize healthy phosphorylated axons, rabbit
polyclonal antibody to Neurofilament heavy (NF-H) (ENCORBIO, FL, U.S.) was used. MBP
(1:100) and NF-H (1:500) used as primary antibodies were diluted with an antibody dilution buffer
and incubated overnight to stain for myelin and phosphorylated axons. Corresponding secondary
antibodies Alexa Fleur 488-conjugated donkey anti-rat 1gG and Alexa Fleur 594-conjugated
donkey anti-rabbit 1gG (Jackson Immuno Research, PA, U.S.) to MBP and NF-H in 1:400 dilutions
were mixed with nuclear yellow (Abcam, MA, U.S.) in 1:800 dilutions for 1 hour in dark room at
room temperature after adding secondary antibodies®®.

For TEM, transcardial perfusion was done using a cocktail of ice-cold 2.5% glutaraldehyde
(EMS, PA, U.S) and 4% PFA. The brains were post-fixed in a fixative containing 2.5%
glutaraldehyde and 2% PFA for 1 hour. A 1-mm? thick section from midline splenium of the corpus
callosum was segmented for TEM analysis after further fixation of the tissue in 2.5%
glutaraldehyde + 4% PFA in 4°C overnight. Finally, brain sections were post-fixed in 1% osmium

tetroxide (OsOs4) in 0.1M cacodylate buffer.
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3.2.6 Histological Analysis

Brain sections were digitized using an Olympus VS120 virtual slide scanner for further
evaluation. Based on anatomical location and similarity, histological images were matched to the
MRI slices and the same number of histology slices were analyzed per animal to the MRI slices.

Quantitative assessment was performed using structure tensor analysis (OrientationJ,
Biomedical Image Group, Switzerland) implemented as an ImageJ plugin. The EC and ORO color
images were downsized and histogram equalized prior to quantitative analysis. generating
coherency, orientation, and energy maps??®. Downsizing was done to achieve relatively high-

226 while maintaining reasonably low computation time. To balance the

resolution parametric maps
two, an image size of 7168x4579 was chosen. Histogram equalization was done to reduce staining
intensity inhomogeneity using a standardized procedure (saturation threshold of 0.3%) for all the
RGB images®2. The downsized color images were split into 3 gray-scale image channels (red,
green, and blue) and then, the gray-scale image with the highest contrast (red for EC and green for
ORO staining) was chosen to generate structure tensor maps®3. Immunostained images only
underwent downsizing and histogram equalization as they were generated as 16-bit mono-color
images by default. The ROIs were drawn manually over the corpus callosum complementing the
ROIls used in the MRI, and their values were averaged for statistical analysis. For analyzing
orientation maps, directional statistics were used from circular variance to observe predominant
orientational changes over time.

Further evaluation of myelin and axons was performed through TEM image analysis, done
at week 6 and week 8 after removal of cuprizone from the diet. A total of 5 cuprizone fed mice
and 1 control mouse was used for TEM image analysis. The post-fixed 1 mm? sampled tissue

sections mentioned above were dehydrated in ascending concentration of alcohol series and
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embedded in epoxy resin prior to TEM image collection and analysis prior to semi-thin sectioning
(2 um) of the tissues using a microtome. Cut section of tissues were then lightly stained with
Toluidine Blue and visualized under a light microscope (Olympus BX43) to detect desired
anatomical location of the corpus callosum. Ultrathin sections (500 nm) of midline splenium were
prepared thereafter. TEM images were captured on an electron microscope (Hitachi H-7650, 120
kV, Japan) and analyzed using ImageJ for g-ratio calculation. This was done at 2 time points over
the remyelination period focusing on the splenium of corpus callosum where large caliber axons
are expected to optimize calculation accuracy. The g-ratio is a unique measure of myelination

status of axons calculated as the ratio between the axonal diameter and myelinated axonal

Axon Diameter

diameter: g — ratio = . Lower g-ratio indicates greater myelin thickness.

(Myelin+Axon) Diameter
Remyelinated axons show relatively higher g-ratio suggesting thinner, immature myelin?>*,
3.2.7 Statistical Analysis

Data analysis used averaged ROI values from the whole corpus callosum or from different
locations: genu, body, or splenium. All results were expressed as mean + standard error (SE). The
corpus callosum as a whole provided an overall trend and the sub-regions for location-specific
analysis. Over time differences in MRI parameters were determined using the non-parametric
Wilcoxon rank-sum test followed by the Holm-Sidak's test to correct for multiple comparisons
either overall or longitudinally. Region-wise and location-specific analyses in MRI and histology
along with overall histology were done using the non-parametric Kruskal-Wallis test followed by
Dunn's test to correct for multiple comparisons due to the relatively low sample sizes, and the same
applies to the assessment of TEM outcomes. Linear regression analysis was done to evaluate
relationships between MRI and histological metrics. This was done for all the stained images after

matching of animals who had both MRI and histology samples available at that time series. To
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further determine the correlation between MRI and histology metrics, coefficient determination
between MRI and histology measures was done using linear regression. In addition, to determine
the specificity of MRI metrics to histology, multivariate regression with exhaustive search was
performed with every possible permutation. Specifically, this analysis focused on the coherency
measure in histology given its promise shown previously?®. All the statistical analyses were
performed using GraphPad Prism 6 (GraphPad Software, San Diego, CA, U.S.). A p-value <0.05

was considered statistically significant.
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with associated trends (arrowed).

Table 3.2: Overall percent changes across de- and remyelination time points in MRI metrics

Time Points

Overall Percent (%) Difference between time points

FA

MD

NDI

ODI

Angular entropy

Week 2 to

week 4 on

diet

(31 4)%)

@81 = 8)%}

(15 = 5)%,

41 =3)%*

(50 = 14)% 1

Week 4 to

week 6 on

diet

(20 £3)%),

(17 = 1%

Q7= 1)%,

@2+ 3)%"

s4=9%*

Week 6 to

1week after

diet

(16 = 6)%"

Gx1)%)

G=1)%*

(51 6)%),

(1112 27)%)

1week to

3week after

diet

24 £ 5)%"

P

©=1)%"t

(19 £3)%),

T2 11)% |,

3week to

6week after

diet

19 = 6%

12+ 1)%]

6=1)%"

(16 £5)%),

33£10)%)

6week to

8week after

diet

22+ 6)%

(15 = 4)%]

10 £ 2)%}

(12 = 4)%),

24£10)%)
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Table 3.3: Longitudinal animal percent changes across de- and remyelination time points in

MRI metrics with associated trends (arrowed).

Longitudinal cohort (%) Difference between time points

Time Points
FA MD NDI ODI Angular entropy

Week 2 to
weekdon | 2423)%)| ©3222% | 325%)| @2za%t| 631wt

diet

Week 4 to
week6on | 20£9)%) | @2x5)%t | @55l @=n%t| @G8=8)%t

diet

Week 6 to
tweek after | 21£8)%F| (11xD%, | G=D% 1| (G4210)%] | (600+89)%)

diet

1week to
3week after | (17 = 5)%T 4£2)% l, 2+0)% T (30« 14)%¢ (105 + 39)%¢

diet

3week to
6week after | (18 = 3)%T (CER VA i B+£1)% T (11 = 4)% i (18 +£9)% i

diet

6week to
8week after | (19 + 5)%T (13« 4)%¢ (11 = 3)%T (13« 9)%¢ (68 £9)% L

diet
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3.3 Results
3.3.1 Sample Characteristics

Demyelination was successfully induced in all 27 mice fed with cuprizone. Lesions were
seen in the corpus callosum over multiple slices of MRI while on the cuprizone diet in each animal,
followed by progressive remyelination and axonal recovery after cessation of cuprizone diet for a
sample animal (Fig. 3.4, 3.5, 3.6, 3.7, 3.8). None of the 2 control mice show any pathological
changes at any imaged time point. This observation revalidates the reliability of the cuprizone
model in successful induction of de- and remyelination.
3.3.2 MRI of the Whole Corpus Callosum Detected Changes Associated with De- and
Remyelination over Time and Across all the Animals

We first examined the overall trend of tissue injury and repair in the cuprizone model using
different MRI metrics (FA, MD, NDI, ODI, and angular entropy), quantified over the whole corpus
callosum. Overall, all normalized diffusion and texture metrics showed significant changes
(p<0.05) over multiple time points. FA and NDI decreased whereas MD, ODI, and angular entropy
increased during demyelination time points relative to week 2 on diet. The opposite trend was
observed across all the metrics at remyelination time points (Fig. 3.9). In addition, when observing
changes over the 5 longitudinal animals imaged throughout the study period over all 7 time points,

the similar pattern of changes was detected in all MRI metrics (Fig. 3.10).
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Control Week 2 diet Week 4 diet Week 6 diet

Fig. 3.4: Changes in signal intensity on T2 MRI. Example MRI metrics showing changes in
signal intensity of corpus callosum region splenium (arrowed) over time. T2-weighted images
showed increase in signal intensity over corpus callosum on cuprizone diet and gradual decrease

in signal intensity after cessation of cuprizone from diet.
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Control Week 2 diet Week 4 diet Week 6 diet

A8

Fig. 3.5: Changes in signal intensity on DTI metric FA. FA showed gradual signal intensity
decrease (arrowed) on cuprizone diet and increase over time after cessation of cuprizone from

diet.

Control

-

Week 2 diet Week 4 diet Week 6 diet

»

6 week after 8 week after

(e

Fig. 3.6: Changes in signal intensity on DTI metric MD. MD signal intensity increased on

cuprizone diet (arrowed) and decreased after cessation of cuprizone from diet.
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Control Week 2 diet Week 4 diet Week 6 diet

Fig. 3.7: Changes in signal intensity on NODDI metric ODI. ODI signal intensity increased on

cuprizone diet (arrowed) and decreased after removal of cuprizone from diet.

Control

Fig. 3.8: Changes in signal intensity on NODDI metric NDI. NDI signal intensity decreased on

cuprizone diet (arrowed) and increased gradually after cessation of cuprizone from diet.
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Specifically, FA decreased by (51 + 7)% from week 2 to week 6 on cuprizone diet across all
the animals; (44 + 12)% decrease in the longitudinal mice. After cessation of cuprizone from diet,
FA increased (16 + 6)% after 1 week, and (65 + 16)% from 1 week to 8 weeks; (75 + 21)% in the
longitudinal mice (Table. 3.2, 3.3) (Fig. 3.9A, 3.10A). Likewise, for all and the longitudinal
cohorts respectively, the MD increased by (98 + 9)% and (115 + 27)% from week 2 to week 6 on
cuprizone diet, and decreased by (35 + 7)% and (37 + 8)% after cessation of cuprizone (Table. 3.2,
3.3) (Fig. 3.9B, 3.10B).

In a similar trend, from week 2 to week 6 on cuprizone diet, the decrease in all and
longitudinal mice respectively was (42 +6)% and (38 £ 1)% in NDI, (63 £6)% and (71 + 11)%
increase in ODI, and (104 + 23)% and (141 + 19)% increase in angular entropy. Conversely, after
removal of cuprizone from diet, there was an increase in the mice that was (28 +5)% and
(23+£5)% in NDI, (98 + 18)% and (108 + 37)% decrease in ODI, and (240 +£58)% and (7
1+ 146)% decrease in angular entropy for all and longitudinal cohorts respectively (Table. 3.2,

3.3) (Fig. 3.9C, 3.9D, 3.9E, 3.10C, 3.10D, 3.10E).
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Fig. 3.9: Overall MRI trend in corpus callosum across all animals. MRI metrics by quantifying corpus

callosum as a whole over time detected demyelination with axonal changes on cuprizone diet (WOD)

and remyelination with axonal recovery after removal of cuprizone from diet (WAD) in FA (A), MD

(B), NDI (C), ODI (D), and Angular entropy (E).
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Fig. 3.10: Overall MRI trend in corpus callosum across longitudinal animals. MRI metrics by
quantifying corpus callosum as a whole over time series to detected axonal changes with de- and
remyelination in FA (A), MD (B), NDI (C), ODI (D), Angular entropy (E) and showed similar changes

as all.

3.3.3 Histological Structure Tensor Analysis and TEM Measures Corresponded to Advanced MRI
Metrics

De- and remyelination status over the whole corpus callosum on structure tensor analysis
outcomes showed similar changing patterns to that from MRI, and this was consistent across all

stained images: EC, ORO, MBP, and NF-H. There was a gradual decrease in coherency and an
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increase in energy and circular variance values in mice during the period of cuprizone diet. An
inverse relationship in all the maps across all the staining was seen after cessation of cuprizone
from diet. All the structure tensor maps showed significant changes (p<0.05) over multiple time
points. Visually, the EC and MBP showed progressive loss of myelin staining during the
demyelination time points and gradual resolution of myelination status over remyelination time
points. The NF-H staining showed the similar pattern of changes in axons of the corresponding
regions of the corpus callosum. The ORO suffered the most tissue distortion and bubbling as
compared to the other staining methods, the pattern of presence and removal of myelin debris
appeared to support the time course of de- and remyelination (Supp. Fig. 3.1 - 3.4).

Quantitatively, the EC coherency decreased by (15 +2)% from week 2 to week 6 on
cuprizone diet across all the animals and increased (16 + 5)% after cessation of cuprizone from
diet (Fig. 3.11A). Likewise, the ORO decreased by (21 + 4)% from week 2 to week 6 on cuprizone
diet and increased by (39 + 5)% after cessation of cuprizone (Fig. 3.11B). In a similar trend, from
week 2 to week 6 on cuprizone diet, the decrease in all mice respectively was (11 + 3)% in MBP
and (19 + 3)% in NF-H. Conversely, after removal of cuprizone from diet, there was an increase
in the mice that was (12 + 4)% in MBP and (29 + 4)% in NF-H coherency (Fig. 3.11C, 3.11D).
Coherency maps in all the staining showed significant changes across multiple remyelination time
points; with the MBP map showing the least change.

The EC energy increased by (108 + 8)% from week 2 to week 6 on cuprizone diet across all
the animals and decreased (33 +27)% after cessation of cuprizone from diet (Fig. 3.15A).
Likewise, the ORO increased by (91 + 36)% from week 2 to week 6 on cuprizone diet and

decreased by (58 + 45)% after cessation of cuprizone (Fig. 3.15B). In a similar trend, from week
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2 to week 6 on cuprizone diet, the increase in all mice respectively was (6 + 9)% in MBP and
(107 + 26)% in NF-H. Conversely, after removal of cuprizone from diet, there was a decrease in
the mice that was (14 + 21)% in MBP and (26 + 35)% in NF-H energy (Fig. 3.15C, 3.15D). MBP
energy maps in both de- and remyelination time points did not show significant changes.

The EC circular variance increased by (30 + 14)% from week 2 to week 6 on cuprizone diet
across all the animals and decreased (24 + 19)% after cessation of cuprizone from diet (Fig.
3.19A). Likewise, the ORO increased by (45 + 14)% from week 2 to week 6 on cuprizone diet and
decreased by (41 + 20)% after cessation of cuprizone (Fig. 3.19B). In a similar trend, from week
2 to week 6 on cuprizone diet, the increase in all mice respectively was (16 + 14)% in MBP and
(17 £9.0)% in NF-H. Conversely, after removal of cuprizone from diet, there was a decrease in
the mice that was (40 + 21)% in MBP and (34 £+ 15)% in NF-H circular variance (Fig. 3.19C,
3.19D).

Based on TEM analyses, the mean + standard error myelin g-ratio was 0.8206 + 0.0509 in
cuprizone-fed mice 6 weeks after cessation of cuprizone diet, and 0.7357 + 0.0285 in control mice
at the same time point. At 8 weeks after cessation of cuprizone diet, the g-ratio was 0.7543 +
0.0383 in the cuprizone mice, decreased by (8 + 1)% from 6 weeks after in these mice. Compared
to controls, the cuprizone-fed mice showed a (12 + 2)% and (3 + 1)% increase in myelin g-ratio at

6 and 8 weeks after cessation of cuprizone diet respectively (Fig. 3.23).
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Fig. 3.11: Overall structure tensor coherency changes. Histology structure tensor coherency

maps in corpus callosum showed decrease in coherency on cuprizone diet and increase after

removal of cuprizone from diet in EC (A), ORO (B), MBP (C), and NF-H (D) over time.
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Fig. 3.12: Region-wise coherency changes in genu. Histology structure tensor coherency

maps over genu showed similar trend as overall in EC (A), ORO (B), MBP (C), and NF-H

(D).
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Fig. 3.13: Region-wise coherency changes in body. Histology structure tensor coherency

maps over body showed similar trend as overall in EC (A), ORO (B), MBP (C), and NF-H

(D).
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Fig. 3.14: Region-wise coherency changes in splenium. Histology structure tensor coherency

maps over splenium showed similar trend as overall in EC (A), ORO (B), MBP (C), and NF-H

(D).
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Fig. 3.15: Overall structure tensor energy changes. Histology structure tensor energy maps in
corpus callosum showed increase in energy on cuprizone diet and decrease after removal of

cuprizone from diet in EC (A), ORO (B), MBP (C), and NF-H (D) over time.

72



_ 0107 P=N§ - 0.107 P=0.0284*
=1 iy
g 0.08- T é‘lo.os- =
| |
006 = = £ 0.06- I
s - : =
= - -
Lﬂl0.04 l -} 2 0.04 n j-_L I
O 0.2 200 _
O
0.0{} 6 IQ 1 ] 1 | 0-0(} | ] 1 | 1 ]
LS NV NN
O I S g\
v ) ~ - o >
C D
g 0.067 PZNi = 0.08- P=NS
5| = %06— T
M TTUTH ¢ | =20
2 T = 3 0.041 i +
21002 - =~
5 To T
7
0.0{} | 1 I ] 1] || {]-0{} | ] 1] 1 1 |

Fig. 3.16: Region-wise energy changes in genu. Histology structure tensor energy maps over

genu showed similar trend as overall in EC (A), ORO (B), MBP (C), and NF-H (D).
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Fig. 3.17: Region-wise energy changes in body. Histology structure tensor energy maps over

body showed similar trend as overall in EC (A), ORO (B), MBP (C), and NF-H (D).
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Fig. 3.18: Region-wise energy changes in splenium. Histology structure tensor energy maps

over splenium showed similar trend as overall in EC (A), ORO (B), MBP (C), and NF-H (D).
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Fig. 3.19: Overall structure tensor circular variance (CV) changes. Histology structure tensor
CV maps in corpus callosum showed increase in variance on cuprizone diet and decrease after

removal of cuprizone from diet in EC (A), ORO (B), MBP (C), and NF-H (D) over time.
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Fig. 3.20: Region-wise CV changes in genu. Histology structure tensor CV maps over genu

showed similar trend as overall in EC (A), ORO (B), MBP (C), and NF-H (D).

77



0.3+ P=NS 0.25- P=0.0292*
T

= % 0.20-
g T 2 - x
@ 021 0151 I
8 = 5 =
© = =3 Yoo -
' 0.17 'f g
= 5 0.05

0.0 L | 1 L | 1 0.00 1 1 1 1 1 1

() ~ ™~ o L]
C D

0.257 P=N§ 0.301 P=N§
> >
-g 0.20" .|- -g 0.25_
30.15__:[_ _ T _ :| —
0 == 0 0201L

10.10- = ' i —
: 7 E
2 0.051 s 0.15 =

0.0{} | | | 1 1 1 | | 0.1{} 1 1 1 1 ] 1

Fig. 3.21: Region-wise CV changes in body. Histology structure tensor CV maps over body

showed similar trend as overall in EC (A), ORO (B), MBP (C), and NF-H (D).
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Fig. 3.22: Region-wise CV changes in splenium. Histology structure tensor CV maps over

splenium showed similar trend as overall in EC (A), ORO (B), MBP (C), and NF-H (D).
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Fig. 3.23: Myelin g-ratio. Example TEM image of control, cuprizone-fed mice at 6 WAD, and
8 WAD showed remyelination of cuprizone-fed mice over time. Control animal splenium had
uniform myelin sheath around axons (A), 6 WAD animal had axons with variable degree of
remyelination (B), and 8 WAD animal had relatively higher myelinated axons (C). Control
animal g-ratio was lower indicating healthy myelinated axons whereas cuprizone-fed animals

had higher g-ratio indicating remyelinated axons (D). Scale bar represents 500 nm.
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3.3.4 The Genu Showed Early De- and Remyelination and The Splenium Showed Early
Demyelination but Relatively Late Repair

Region-wise analysis of MRI in the genu, body, and splenium of the corpus callosum showed
trends consistent with analysis of the whole corpus callosum in all except MD (Fig. 3.24, 3.25,
3.26). The map results showed significant changes (p<0.05) over multiple time points in each
region but the NODDI metrics NDI and ODI (p<0.0001) showed more significant changes at
demyelination time points than DTI metric, FA (p<0.01). The genu had a (20 + 4)% decrease in
NDI compared to (9 +2)% decrease in the body and (13 + 3)% decrease in the splenium from
week 2 to week 4 on cuprizone diet. The genu, body, and splenium had a further (27 + 1)%,
(20 £ 1)%, and (36 + 1)% decrease in NDI respectively from week 4 to week 6 on diet. The genu
had an (8 + 1)% increase in NDI from week 6 on cuprizone diet to 1 week after diet whereas body
and splenium had a (3 + 1)% and (7 + 2)% increase (Fig. 3.24C, 3.25C, 3.26C). The genu had a
(51 £ 8)% increase in ODI compared to (35 + 6)% increase in the body and (37 + 4)% increase in
the splenium from week 2 to week 4 on cuprizone diet (Fig. 3.24D, 3.25D, 3.26D). The genu,
body, and splenium had a further (19 +5)%, (12 +4)%, and (38 +4)% increase in ODI
respectively from week 4 to week 6 on diet. The genu had a (45 + 6)% decrease in ODI from week
6 on cuprizone diet to 1 week after diet whereas the body and splenium had a (67 + 3)% and
(46 + 3)% decrease.

FA values gradually decreased in all the corpus callosum regions while on cuprizone diet
with a (20 +31)%, (32+30)%, and (12 + 25)% decrease in the genu, body, and splenium
respectively from week 4 to week 6 on cuprizone diet (Fig. 3.24A, 3.25A, 3.26A). The genu had

an (8 +23)% increase in FA at 1 week after diet compared to week 6 on diet, the body had a
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(20 £ 47)%, and the splenium had a (12 + 43)% increase in FA over the same time period. FA
values progressively increased in all the corpus callosum regions after removal of cuprizone from
diet but the increase of FA in the genu (p<0.05) was lower than the body (p<0.01) across
remyelination time points (Fig. 3.24A, 3.25A, 3.26A). MD showed variable changes and was least

sensitive across de- and remyelination time points (Fig. 3.24B, 3.25B, 3.26B).
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Fig. 3.24: Region-wise changes in MRI on genu. DWI metrics over time detected significant
changes over multiple time points in FA (A), MD (B), NDI (C), and ODI (D) in corpus

callosum genu and similar trend as overall.
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Fig. 3.25: Region-wise changes in MRI on body. DWI metrics over time detected significant

changes over multiple time points in FA (A), MD (B), NDI (C), and ODI (D).
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Fig. 3.26: Region-wise changes in MRI on splenium. DWI metrics over time detected

significant changes over multiple time points in FA (A), MD (B), NDI (C), and ODI (D).
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Fig. 3.27: FA correlation with histology structure tensor maps. Linear regression of FA showed

strong correlation with histology structure tensor EC coherency map (A), moderate to low

correlation with energy maps (B), and circular variance maps (C).
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Fig. 3.28: MD correlation with histology structure tensor maps. Linear regression of MD

showed strong correlation with histology structure tensor EC coherency map (A), moderate to

low correlation with energy maps (B), and circular variance maps (C).

86



=
(=)

=
un
1

Coherency
=
=

=

(%]
1
-
-

=
(3=

07 06 -5 -04

NDI
-+ R¥=(.7078 = R*=0.6061
-+ R¥=(.7099 =~ R2=0.6278

05
NDI

-0.4

0.3

- RE:=0.6058* R2=0.5630
= RE:=0.0095 R=0.3226

0.3
0.2
>
@)
0.1
0-3 T T 1 1
07 06 05 04 -03
NDI

-+ R2=0.4845 = R2=0.5716
-+ R2=(.5389 =~ R2=0.5674

Fig. 3.29: NDI correlation with histology structure tensor maps. Linear regression of NDI

showed strong correlation with histology structure tensor EC and MBP coherency maps (A),

energy maps (B), and moderate correlation with circular variance myelin maps (C).
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Fig. 3.30: ODI correlation with histology structure tensor maps. Linear regression of ODI

showed strong correlation with histology structure tensor NF-H coherency map (A), moderate

correlation with energy maps (B), and strong correlation with circular variance axon map (C).
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Fig. 3.31: Angular entropy correlation with histology structure tensor maps. Linear regression
of angular entropy showed strong correlation with histology structure tensor ORO coherency

map (A), moderate correlation with energy (B), and circular variance myelin debris map (C).
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Fig. 3.32: Multivariate logistic regression of MRI metrics with histology structure tensor
coherency maps. After exhaustive multivariate regression of all MRI metrics with every possible
permutation in coherency maps, NDI showed strongest mean rank to myelin specific EC (A)
and MBP (B) maps, ODI showed strongest mean rank to axon specific NF-H (C) map, and

angular entropy showed strongest mean rank to myelin debris specific ORO (D) map.

3.3.5 Histology Structure Tensor Maps Complemented MRI on Region-Wise Analysis

Region-wise analysis of the corpus callosum using structure tensor maps in histology showed

trends consistent with MRI. The mapping results showed significant changes (p<0.05) over

multiple time points for the genu, body, and splenium but the graphical observation of coherency

and circular variance showed more pronounced changes than energy in the region-wise maps (Fig.



3.12, 3.13, 3.14, 3.16, 3.17, 3.18, 3.20, 3.21, 3.22). Coherency values gradually decreased in all
the corpus callosum regions while on cuprizone diet. On the EC map, there was a (23 + 7)%
decrease in the genu between week 2 to week 6 on diet (p<0.05). The body and splenium
coherency maps showed a similar trend as compared to the genu between the same time point but
did not achieve significance (p>0.05) (Fig. 3.12A, 3.13A, 3.14A). Coherency maps progressively
increased after cessation of cuprizone from diet. The splenium had a (12 + 9)% increase at 8 weeks
after diet compared to week 6 on diet and was statistically significant (p<0.05) whereas the genu
and body showed increases within the same remyelination time point but did not prove statistically
significant (p>0.05) (Fig. 3.12A, 3.13A, 3.14A). Moreover, the ORO (p>0.05) and NF-H
coherency maps (p<0.05) decreased over week 2 to week 6 on cuprizone diet and increased from
week 6 on diet to 8 weeks after diet (p<0.01) (Fig. 3.12B, 3.13B, 3.14B, 3.12D, 3.13D, 3.14D).
MBP coherency maps also showed a similar trend in remyelination time points across regions but
did not achieve significant changes (p>0.05).

Energy gradually increased in all the corpus callosum regions while on cuprizone diet and
decreased after removal of cuprizone from diet but the changes were lesser than those seen in
coherency and circular variance maps. The splenium EC energy map showed a significant
difference between week 2 on diet to 1 week after diet and was statistically significant (141 + 26)%
(p<0.05) (Fig. 3.16A, 3.17A, 3.18A). The ORO energy map showed an average (442 +67)%
increase from week 2 to week 6 on diet. The body and splenium ORO energy maps showed a
similar trend as compared to the genu ORO energy map between the same time point but did not
achieve statistical significance (p>0.05) (Fig. 3.16B, 3.17B, 3.18B). NF-H energy in the body and
splenium increased by (133 +27)% and (117 + 19)% respectively between week 6 on diet to 8

weeks after diet and showed statistical significance (p<0.05) whereas genu energy showed a
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similar trend over the same time period but the changes were not statistically significant (p>0.05)
(Fig. 3.16D, 3.17D, 3.18D). MBP energy values progressively increased in all the corpus callosum
regions on cuprizone diet and decreased after removal of cuprizone from diet but did not achieve
statistical significance (p>0.05) (Fig. 3.16C, 3.17C, 3.18C).

Circular variance gradually increased in all the corpus callosum regions while on the
cuprizone diet and decreased progressively after cessation of cuprizone from diet but did not
achieve statistical significance (p>0.05) in either EC or ORO over any time points (Fig. 3.20A,
3.21A, 3.22A, 3.20B, 3.21B, 3.22B). The genu showed a significant difference in both the MBP
(39 £ 18)% and NF-H (22 + 6)% maps at remyelination time points between 1 week to 8 weeks
after diet whereas the splenium (37 £11)% only showed significant changes (p<0.05) at
remyelination time points from week 6 on diet to 8 weeks after diet in NF-H circular variance map
whereas the genu and body showed a similar trend but neither was statistically significant (p>0.05)
(Fig. 3.20D, 3.21D, 3.22D).

3.3.6 NODDI Metrics Appeared to be More Specific to Pathological Changes than DTI Metrics

Linear regression was performed to determine the correlations between MRI and histology
structure tensor analysis metrics. FA strongly correlated to EC coherency maps (R2=0.7151)
whereas moderately correlated (R2= 0.51 - 0.52) to other coherency maps (Fig. 3.27A). MD also
strongly correlated to EC coherency maps (R2=0.6598) whereas it had a low to moderate
correlation to other coherency maps (R2= 0.27 - 0.46) (Fig. 3.28A). Angular entropy showed a
strong correlation with ORO (R2=0.6644) and EC (R2=0.6111) coherency maps and a smaller,
though still moderate correlation to the other coherency maps (R2= 0.48 - 0.57). NDI showed
strong correlation with all the coherency maps, MBP (R2=0.7099) and EC (R2=0.7078) to be the

strongest. ODI showed strong correlation with all the coherency maps, ORO (R2=0.7438) and NF-
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H (R2=0.7218) to be the strongest, except for the moderate correlation with MBP coherency maps
(R2=0.5756) (Fig. 3.30A). Correlation of MRI metrics with histology energy maps showed low
correlation except for the ODI and NDI which correlated moderately to strongly with EC and ORO
energy maps. EC energy map strongly correlated to NDI (R2=0.6058) as did ODI to ORO energy
maps (R2=0.6020) (Fig. 3.29B, 3.30B). Angular entropy correlated relatively strongly to ORO
stained coherency, energy, and circular variance maps compared to the DTI metrics FA and MD.
ODI strongly correlated to NF-H (R2=0.7068) and ORO (R2=0.6865) circular variance maps
whereas NDI and FA moderately correlated to all the circular variance maps, NDI ((R2= 0.48 -
0.57) correlated strongly than FA (R2=0.41 - 0.49) (Fig. 3.27C, 3.29C, 3.30C).

Multivariate logistic regression with exhaustive search of MRI metrics with histology
structure tensor coherency maps of myelin, axons, and myelin debris stained images was tested.
Regression analysis revealed ranking of MRI metrics to pathological changes and picked the MRI
metric with the largest F value in ANOVA. EC coherency as a measure of myelin was best
predicted with NODDI metric NDI (F=74.50) (p=2.04e") (Fig. 3.32A). MBP coherency as
another measure of myelin also was best predicted with NDI (F=44.68) (p=5.25e"%) (Fig. 3.32B).
NF-H coherency as a measure of axon changes was best predicted with NODDI metric ODI
(F=47.57) (p=3.59¢) (Fig. 3.32C); myelin debris specific staining ORO coherency was best
predicted with texture angular entropy (F=47.55) (p=5.10e) (Fig. 3.32D).

3.4 Discussion

Using a well-recognized cuprizone mouse model of MS, this study supported the proof of
concept of the utility of several advanced MRI measures for assessing structural changes following
de- and remyelination with both visual and quantitative histological outcomes. With a focus on the

corpus callosum of mouse brain, all imaging measures showed a consistent trend with essentially
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worsening during demyelinating and improving over remyelinating periods, consistent with
histological observations in myelin, axons, and myelin debris staining. The NODDI metrics NDI
and ODI and MRI texture angular entropy, in particular, appeared to be more sensitive to the
structural changes than FA and MD from DTI. Moreover, the genu of corpus callosum seemed to
change considerably and early both over de- and remyelination; in contrast, the splenium showed
avid demyelination and early remyelination in most MRI measures, but the latter was not
significant until 8 weeks after stopping of cuprizone diet, which was best detected by NDI. Almost
all MRI metrics showed high sensitivity to demyelination in each region of the corpus callosum
and remyelination in the genu, but NDI appeared to be the only measure sensitive to both de- and
remyelination, including that in the splenium. In histology, tissue coherency from structure tensor
analysis showed the best potential in validating the associated MRI measures, but the histology
metrics, in general, were not as sensitive as MRI ones in detecting region-wise changes.

Precise measurement of tissue injury and repair in humans represents a long-term challenge
in MS, largely due to the complexity of the pathology, lack of histological means to validate the
potential methods, and due to lack of tissue as biopsy are not done routinely?'®. The cuprizone
mouse model is widely used and well-known for studying the time course of tissue pathology in
MS such as de- and remyelination. This model is ideal because of the multiple advantageous
features it holds: 1) minimal inflammation, thereby bypassing the autoimmune component of
MS?26:3537- 2) rapid onset of de- and remyelination, particularly with the C57BL/6 male mice,
unlike other strains of mice?>:3456236.237.25. anq 3) well characterized and highly reproducible. Of
importance, male mice are typically used in this model as they are reported to be more reliable
than female mice with the C57BL/6 strain®, probably due to loss of estrous cycle and hormonal

changes in the latter. However, the same study group in another study found that sex difference
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did not impact the reproducibility of this model 24, Therefore, the sex preference of de- and
remyelination in this model deserves further validation.
In this study, all the MRI and histology quantitative measures detected injury as a whole,

239 |nitiation of

comprising of both demyelination and axonal injury in the corpus callosum
demyelination at week 2, gradual increase in demyelination at week 4, and peak demyelination at
week 6 on cuprizone diet are evident from changes in signal intensity over the corpus callosum in
MRI metrics of cuprizone-fed mice over demyelination time points (Fig. 3.4, 3.5, 3.6, 3.7, 3.8).
Decreasing myelin and axonal staining, and increase in myelin debris in the corpus callosum were
also observed over demyelination time points validating our MRI findings. The significant changes
in MRI between week 2 to week 4 on cuprizone diet likely indicate early demyelination.
Specifically, over the demyelination time points, the NODDI metrics NDI and ODI showed higher
sensitivity to demyelination throughout than DTI metrics FA and MD. Reduction in NDI may
represent loss of neurite density, and increase in ODI indicate elevated dispersion of nerve fiber
tracts??32%’  similar to the texture metric angular entropy. FA decreased as an indicator of overall
damage, not to specific pathological changes'®®!#4, The same applies to the increase in MD.
Remyelination and axonal recovery were observed through increase in FA and NDI, decrease in
MD, ODI, and angular entropy after cessation of cuprizone from diet reflecting expected changes
over repair and are consistent with the existing literature, although most evidence are based only
on 2 time points at weeks3 and 6 at remyelination?'%2%3, Over the remyelination time series, DTI
and NODDI metrics provide complementary information: NDI and ODI showed significant

differences on early remyelination from week 6 on diet to 1 week after diet whereas NDI and FA

showed significant differences on late remyelination from week 6 on diet to 8 weeks after diet.
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Coherency is considered an indicator of structural regularity of nerve fibers??; it decreased
on cuprizone diet and increased after removal of cuprizone. In histology structure tensor analysis,
coherency maps across all the staining showed the most significant differences during whole
corpus callosum analysis compared to the energy and circular variance maps. Coherency results
of this study were consistent with the findings of Ansari et al.??® in assessing demyelinating lesions
of the spinal cord in a lysolecithin model of MS using EC-stained images. The decreasing trend in
EC stained coherency maps in all mice from week 2 to week 6 on cuprizone diet indicated gradual
demyelination. This is an expected trend during demyelination, as reported in literature,
Coherency maps from ORO as an indirect indicator of demyelination through myelin debris
accumulation®® and NF-H immunostaining for healthy axons together revealed that axons were
heavily damaged and demyelinated resulting from the cuprizone diet. Axonal restoration and
remyelination occurred after removal of cuprizone from diet. Comparison between week 2 and
week 6 on diet in MBP and NF-H coherency maps indicated that demyelination and axonal loss
occurred concurrently?®®. This observation agrees with existing findings that axonal damage occurs
as a consequence of demyelination'®22, Only the NF-H coherency maps could detect a
statistically significant increase in coherency from week 6 on diet to 1 week after diet, suggesting
restoration of axonal health during early remyelination®®, emphasizing the role of axoglial
interplay. Energy maps were not significant over time points in MBP staining. Energy maps
showed minimal changes overall and were the least sensitive compared to coherency and circular
variance maps. NF-H, EC, and ORO stained energy maps showed relatively higher differences,
mainly at remyelination time points.

Circular variance represents the measure of angular variability of nerve fibers. It shows

higher values if the clustering of nerve fibers is low indicating tissue dissociation. Circular variance
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decreases if the clustering of nerve fibers is higher, indicating conservation of nerve fiber
orientation®®®. Higher circular variance in NF-H map over the whole corpus callosum indicated
axonal damage on cuprizone diet similar to ODI findings. This finding correlates to spinal cord
pathology, as reported by Grussu et al.**. ORO circular variance from week 2 to week 6 on diet
detected significant increase in circular variance, which indicates higher tissue injury due to
presence of myelin debris?®!,

Compared to control mouse, increased g-ratio in the midline splenium as the examination
area of interest in cuprizone-fed animals at 6 weeks and 8 weeks after removal of cuprizone from
diet revealed continuing remyelination in mice up to 8 weeks after cessation of cuprizone. The
higher g-ratio at 6 weeks after diet indicated relatively lower remyelination than 8 weeks after diet.

236 aven 8 weeks after diet,

The g-ratio of Cuprizone-fed mice did not reach control animal g-ratio
implying thinner myelin wrapping around nerve fibers compared to healthy animal, consistent to
our MRI findings showing less than optimal recovery toward healthy mouse findings (data not
shown). There was no significant difference between the g-ratio of control mouse and 8 weeks
after diet mice at this later stages of remyelination, consistent with existing literature?>,
Region-wise, FA changes were pronounced in the genu and body compared to the splenium.
The body showed more significant changes compared to the genu in remyelination time points.
Comparative analysis of FA between week 6 on diet and 1 week after diet implied relatively higher
repair in the body and splenium than genu. This phenomenon may be attributed to the changes in
axon diameter between different regions of corpus callosum. As axons may be preserved during

demyelination®, higher FA values are expected in the large caliber axons of the body and splenium

compared to the low caliber axons of the genu.
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Changes in NODDI metrics showed a similar region-wise recovery pattern as the whole
corpus callosum analysis. NDI was the only parameter that shows the capacity to detect both de-
and remyelination associated changes, and across all corpus callosum regions. NDI was greater in
the genu and splenium than the body at both week 4 and week 6 compared to week 2 demyelination
time point. Specifically, it was the highest in the genu at week 4 on diet, indicating early
demyelination wherein probably due to small caliber axons with higher density. Changes from
week 4 to week 6 on diet showed higher decrease in NDI and increase in ODI indicating injury in
the splenium compared to the other two regions, suggesting significant myelin and axonal damage
in the splenium at later stages of cuprizone intoxication. It can also be said that demyelination
began early at week 4 on diet compared to week 2 on diet in small caliber axons such as those

present in the genu®®

, and initiated relatively late in areas with large caliber axons such as the
splenium and finally, the body?3. Repair of axonal damage and remyelination as indicated by an
increase in NDI values was observed in all the corpus callosum regions after replacing cuprizone
with a normal diet, but this change was not evident in other MRI outcomes. Moreover, NDI was
higher in the genu and splenium when comparing week 6 on diet to 1 week after diet, implying
early, higher recovery than the body. In fact, at late remyelination time points in the splenium,
NDI changes were greater, indicating relatively higher recovery in this structure. It can also be
said that, remyelination began early in small caliber axons as seen in the genu?®, then large caliber
axons in the splenium, and finally in the largest caliber axons of the three in low-density body?6?.
Increase in ODI in the genu was higher compared to splenium from week 2 to week 6 on diet
indicating higher injury in the former than the latter. A larger decrease in ODI in the splenium and

body than the genu from week 6 on diet to 1 week after diet may be attributed to greater axonal

repair in the former than the genu. It can also be said that, areas with higher axonal density such
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as the genu-> are more vulnerable to axonal damage due to higher orientational variability

compared to areas with relatively sparse axonal density such as those in the body and splenium?3,
The genu also showed a higher degree of myelin damage probably due to the low axonal diameter
that are more susceptible to damage?%*. ODI results were consistent with the NDI findings and
both NODDI metrics were in agreement to FA results at remyelination time points.

Upon region-wise analysis of the corpus callosum in histology, the quantitative metrics from
structure tensor analysis did not show as much significance as seen with the MRI measures. The
most prominent changes were seen with the EC coherency maps showing a higher degree of
demyelination in the genu compared to body and splenium, consistent with the MRI findings of
this study. The EC coherency maps also implied that remyelination from week 6 on diet to 8 weeks
after diet in the splenium was significant. This can be interpreted as considerable repair in the
splenium at remyelination time points validating our MRI results. ORO and NF-H region-wise
coherency maps showed significant changes in all the corpus callosum regions from week 6 on
diet to 8 weeks after diet, thus confirming changes over remyelination time period. Comparative
analysis of the NF-H coherency maps from week 6 on diet to 8 weeks after diet revealed that the
body and splenium axonal recovery was higher compared to the genu. Our finding from NF-H
may also confirm the theory of relative preservation of axonal health* during demyelination. The
ORO energy map in the genu showed the highest degree of damage from week 2 to week 6 on diet
compared to the body and splenium. This indicates relatively higher demyelination in the genu
compared to body and splenium. NF-H energy maps in the body and splenium implied relatively
higher axonal change in large caliber axon area compared to the low caliber axons of the genu,
indicating preference of axonal damage in the body and splenium first, consistent to our MRI

findings. Likewise, the recovery in both MBP and NF-H circular variance maps at remyelination
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time points from 1 week to 8 weeks after diet in the genu also confirms repair in this structure. The
splenium also showed improvement in NF-H maps from week 6 on diet to 8 week after diet
indicating axonal repair corresponding to changes found in ODI and validated our MRI findings.
NDI and ODI correlated strongly with most of the structure tensor analysis maps compared
to conventional DTI metrics, indicating high sensitivity of advanced diffusion maps to myelin and

axonal pathology?®

. The high sensitivity also applies to the texture measure angular entropy maps
compared to DTI. NDI correlated strongly with myelin maps whereas ODI correlated strongly with
axon stained structure tensor indices. Similarly, Fukutomi et al.?** recently found that NDI maps
were strongly correlated to myelin content in the gray matter. Collective findings suggest that NDI
is sensitive to myelin changes in both gray and white matter. Probable explanations for this could

be 1) strong correlation of myelin and axonal density?6®

and 2) strong correlation of NDI with
myelinated axons compared to unmyelinated axons?®’. To be consistent, Grussu et al.** also
showed the sensitivity of NDI to spinal cord myelin. NODDI metric NDI was specific to myelin
changes, ODI specific to axons, and texture angular entropy specific to myelin debris even after
multivariate logistic regression confirming specificity of advanced MRI metrics to underlying
pathological changes in MS.

The study has limitations as the inherent cuprizone mouse model did miss inflammatory
changes and autoimmune part of the MS pathology due to its mechanism of action, true complex
pathology of MS was not fully covered as seen in humans. But other models such as EAE is also
flawed as it cannot truly reflect demyelination or remyelination as precisely as cuprizone model
which was the main focus of this study. Thus, cuprizone mouse model was the best suitable
candidate for the study. The study also had relatively small sample size at individual time points,

partially due to the extended number of time points used in our study. Although small sample sizes
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are common in the cuprizone model, it may have caused missing significance and power in some
of the findings for some metrics. Nonetheless, we identified a similar trend in MRI on both overall
and on the longitudinal mice cohort, suggesting inter-subject differences were small; furthermore,
histology metrics at all the time points were matched to the same animals for MRI when assessing
correlation, further reducing variability. Colocalization of lesional pathology between MRI and
histology was another challenge due to the higher resolution and thinner slice thickness of
histology images over MRI, another common concern in this type of studies?'243, We matched
our histology image resolution with our MRI1 using ImageJ (NIH, Bethesda, MD, U.S.) and verified
our histology and MRI measures with the help of experienced raters in both imaging modalities.
We addressed the slice thickness differences between MRI and histology by acquiring multiple
histological images over the same region to match MRI slices within animals. Moreover, we did
not have week 4 on cuprizone diet histology images to compare to their MRI counterpart due to
scheduling complications, which prevented us to image enough mice for histology without
sacrificing the longitudinal cohort. However, several other studies have found that histology
changes at week 4 on cuprizone diet showed progression of demyelination and axonal damage?,
which goes in line with our MRI findings. Finally, we had only two control mice to compare to
the cuprizone-fed mice. Existing literature shows negative control mice not exposed to toxins do
not require additional examination as they do not exhibit pathological changes over time?%,
consistent with our study. In the future, we seek to validate the role of sex differences in the
cuprizone model of MS using advanced MRI measures over extensive time series?®°. We also plan
to investigate changes in cortical gray matter with the help of non-invasive measures along with

histological validation?® in this model for better understanding of disease progression.

In summary, we demonstrated that advanced MRI measures such as NODDI and texture
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measures can detect de- and remyelination and axonal pathology over time. Region-wise analysis
of the corpus callosum provided insight into the mechanisms of early myelin and axonal damage
in the genu on cuprizone diet and late repair in the splenium after cuprizone cessation. This implies
that the degree and timing of myelin and axonal injury are related to the axonal morphology such
as axonal density and diameter. In addition, this study has demonstrated the sensitivity of the
NODDI metric, NDI, to both de- and remyelination, in addition to neurite density in brain white
matter, suggesting the possibility of NDI being a novel biomarker of myelin pathology
contributing to the existing literature and can work as a measure for neuroprotection in
remyelination therapies in clinical translational studies. Overall, advanced NODDI and texture
measures appear to be more sensitive and informative to MS-like pathology than DTI metrics and
may serve as valuable compensatory tools in future human studies focusing on either disease

monitoring or treatment development.
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3.5. Supplementary Materials

All the supplementary figures are included at the end of the chapter.
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Supp. Fig. 3.1: Region-wise EC stained images. Example EC staining over genu, body, and
splenium of corpus callosum over time specific for myelin showing gradual decrease in EC
stained area on cuprizone diet and progressive increase in EC stained area after removal of
cuprizone from diet (arrowed). Control animal shows uniform uptake of EC staining over corpus

callosum (arrowed).
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Supp. Fig. 3.2: Region-wise ORO stained images. Example ORO staining over genu, body,
and splenium of corpus callosum over time specific for myelin debris showing gradual
decrease in ORO stained area with speckle shaped droplets of myelin debris on cuprizone
diet and progressive removal of myelin debris after cessation of cuprizone from diet
(arrowed). Control animal shows uniform uptake of ORO staining over corpus callosum with

no droplets of myelin debris (arrowed).
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Splenium

Supp. Fig. 3.3: Region-wise MBP stained images. Example MBP staining over genu, body,
and splenium of corpus callosum over time specific for myelin showing gradual decrease
and irregularity in MBP stained area on cuprizone diet and progressive increase and
restoration of regularity in MBP stained area after removal of cuprizone from diet (arrowed).

Control animal shows uniform uptake of MBP staining over corpus callosum (arrowed).
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Supp. Fig. 3.4: Region-wise NF-H stained images. Example NF-H staining over genu, body,
and splenium of corpus callosum specific for healthy axons over time showing gradual
decrease in NF-H stained area on cuprizone diet and progressive increase in NF-H stained
area after removal of cuprizone from diet (arrowed). Control animal shows uniform uptake

of NF-H staining over corpus callosum (arrowed).
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CHAPTER 4
Longitudinal advanced MRI analysis of the optic nerves in patients

with acute optic neuritis as a clinically isolated syndrome of MS

As shown in chapter 3, MRI diffusion and texture metrics hold considerable promise to measure
structural changes in nerve fiber tracts following a demyelinating insult. ON is one of the most
common clinically isolated syndromes (CIS) of MS, and so it is often used as a model for
understanding the consequences of inflammatory demyelination in the CNS. This chapter will
investigate how advanced MRI measures evaluated and found to be highly correlated with other
MRI metrics and histology in chapter 3 detect structural changes after AON in patients
participating in a clinical trial of high dose Vitamin D.
4.1 Introduction

ON is an acute inflammatory disorder that is the presenting event in 20 - 21% of MS
patients®3°. While ON symptoms often spontaneously recover, tissue injury persists in many
patients and there is typically slow background injury to the optic nerves in MS patients throughout

259 In AON, spontaneous remyelination is often observed in serial MRI?"° and

the disease course
may take place after resolution of inflammatory demyelination regardless the use of
corticosteroids?’2’2, There are several theories postulated about the causation of injury and
outcome in ON: a) association of inflammation with axonal loss®; b) temporary loss of vision!*®
from acute axonal injury resulting from concurrent inflammation and demyelination?”*-?%; and c)
conservation of structural integrity despite severe demyelination?”’. Therefore, assessing the
structural properties of the optic nerve following AON can play a crucial role in understanding the

interplay between inflammation, de- and remyelination, and axonal injury occurring in MS81278,
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Moreover, given the unique anatomical characteristics of the optic nerve, studying ON can also
provide insight into the complex structural and functional relationships that occur in MS. The other
benefit of studying ON is the rapid time course of injury and recovery which can be quantified
using fast, effective clinical measures such as OCT and visual acuity. Studying the structural
changes after AON can also provide further insight into the mechanisms of myelin and axonal
injury and the structural and functional relationships. Moreover, this calls for precise measurement
of structural changes in the optic nerve after the onset of AON.

Imaging of the optic nerve has been an ongoing challenge. Optic nerve imaging suffers from
artifacts due to eye and head movement, the relatively small size of the optic nerve, and signal
interference from surrounding tissues such as orbital fat, bone, and CSF'%311¢, Many studies have
used DTI to study the microstructural changes in the optic nerve in ON. For example, AD correlate
with axonal loss at one month after AON"’. Naismith et al.*®® reported that RD can detect
breakdown in myelin and axons within the optic nerve following ON after 6 months, and validated
their finding with OCT and VEP. However, AD and RD findings are mixed. Wheeler-Kingshott

et al 208

showed that AD and RD are sensitive to pathological changes, inherently lacks specificity,
and should be interpreted with caution for detecting myelin and axon properties. According to a
previous study, MD of ON may also serve as a surrogate marker for axonal disruption®’.
Moreover, FA was reported to be sensitive in detecting tissue structural integrity in the optic nerve
and optic radiation?®; for example, in one study, FA detected structural integrity changes in the
optic radiation in healthy controls and was compared to the affected and contralateral optic nerves

of MS patients with ON; higher FA was observed in the healthy control optic radiation'®. But FA

is not specific to precise pathological processes.
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NODDI can provide metrics that may be more specific to myelin and axonal pathologies
following inflammatory injury in the CNS* 219243 The NODDI metric, ODI, has detected
neuroaxonal changes in cortical gray matter and is reported to be specific to axonal damage®*3.
Grussu F et al.* reported NDI to be sensitive to spinal cord myelin changes. Fukutomi H et al.?*
has recently shown the specificity of NDI to myelin damage in cortical gray matter of MS patients.
Our findings in the cuprizone animal model in chapter three of this thesis have also shown NDI to
be specific to myelin changes in the corpus callosum. The thesis also showed the specificity of
ODI to axonal pathology.

NODDI metrics are often derived using a two-shell diffusion acquisition. However, there is
an increasing trend to treat high angular DTI as one-shell NODDI, where promising metrics such
as ODI can be reliably derived and can be used for investigating white matter abnormalities+3281
such as axonal changes. Nonetheless, the use of NODDI metrics in evaluating structural changes
in ON is scarce. Likewise, advanced MRI texture measures have shown promise for evaluating
myelin and axonal changes associated with ON pathology. Zhang Y. et al.?®? detected strong
correlations between myelin and axonal density and texture heterogeneity, in lesional and peri-
lesional areas of the MS brain. Texture features from spinal cord MRI in MS have detected
remyelination that was correlated with myelin changes??!. Texture measures have also quantified
macroscopic lesions in MS patient spinal cords and have showed significant correlation with
disability?'®, and have distinguished MS lesions from normal-appearing white matter and normal
white matter?®. Moreover, MRI texture heterogeneity measures have detected changes in
structural integrity in ON and predicted visual recovery 6 and 12 months following ON?. In
addition, using the post-mortem brains of MS patients, a recent study by Sharma S. et al.??*

confirmed a strong relationship between the texture measure, angular entropy, and myelin and
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axonal properties. Angular entropy measures in the animal model of this thesis also showed strong
correlation with histologically stained imaging measures of both myelin and axons, with the latter
being slightly stronger, in addition to the detection of over time changes.

In this study, using DTI, one-shell NODDI based on DTI and texture angular entropy
measures, we evaluated tissue structural changes in the optic nerves of patients who were affected
by AON and who were treated with either vitamin D or placebo as part of an ongoing clinical trial.
Specifically, we investigated: 1) tissue changes in the affected versus non-affected optic nerve at
baseline and 2) the relationship between MRI and clinical measures (vitamin D level, disability
score).

4.2 Materials and Methods
4.2.1 Participants

This study is part of an ongoing phase Il single centre double-blind, randomized controlled
clinical trial of high-dose vitamin D in patients with AON (Fig. 4.1). Specifically, patients with a
first episode of unilateral AON within two weeks of symptom onset were eligible. Other inclusion
criteria for the patients were: 1) age between 18 and 45 years; 2) no significant medical history
(other than ON as a CIS); 3) absence of high-dose vitamin D administration; 4) no MRI
contraindications; 5) expanded disability status scale (EDSS) score of 0 - 5.5, and 6) serum vitamin
D [25(0OH)D] < 80 nmol/L. The EDSS is a measure of clinical disability in MS?8, It ranges
between 0 and 10, indicating no disability and death, respectively. For safety purposes, female
participants were required to use a reliable form of contraception during the trial. Participants
received treatment of either high-dose vitamin D (5 days of vitamin D 50,000 1U/d followed by 85
days of vitamin D 10,000 1U/d) or placebo (5 days of placebo and then 85 days of vitamin D 4,000
IU/d). Patients using corticosteroids or any medications other than additional vitamin D or calcium
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supplementation during the 90-day treatment phase was also considered for inclusion in the study.
All patients will have had ophthalmic, MRI, OCT, and neurological examinations at baseline, and
again at 12 months following AON. However, this study focused on the MRI component of the
study, as the study is ongoing and is not allowed to release post-treatment laboratory data which
will remain blinded. At the time of analysis, this trial has recruited 9 patients. Each patient had a
baseline MRI of the brain and optic nerves, and two had MRI at 12 months at the completion of
the trial. Clinical measures such as EDSS score and baseline serum vitamin D [25(OH)D] level
information were available for comparison, but 12-month serum vitamin D level was not available.
Study personnel were also not informed about which optic nerve was involved. Ethical approval
was obtained from the CHREB, the Conjoint Health Research Ethics Board of the University of
Calgary and by Health Canada, written informed consent was obtained from each participant. The

study was conducted in accordance with the ethical principles of the Declaration of Helsinki.

High dose
(50,000 IU x 5 days + 10,000 IU x 85days)
of vitamin D / Placebo Standard of care dosage of vitamin D (4000 IU)
(Placebo x 5 days + 4000 IU x 85days) for lmtf groups
|
[ \f |
Screening and
enrollment of ON End of
patients Baseline MRI Month12 MRI study
Acquisition + Acquisition +
analysis analysis

Treatment/Placebo phase Maintenance phase
Day0 Day 14 Day 90 Day 365

Fig. 4.1: Experimental plan of ON study. Study design for the clinical trial from which all the

MRI were obtained at baseline and 12 months thereafter.
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4.2.2 MRI Protocol

Patients were imaged using a 3T scanner (Discovery MR750, GE Healthcare, Milwaukee,
WI, USA) using optimized optic nerve and brain protocols within 2 weeks of AON and no later
than 14 days from treatment initiation. The imaging protocol included: Axial Fast spoiled gradient
echo (FSPGR) T1-weighted pre- and 5-min post-contrast sequence [TE/TR = 3/8164 ms, slice
thickness = 1 mm, matrix = 256 x 256, pixel size = 1 x 1 mm?]; axial fast spoiled fast spin echo
(FSFSE) T2-weighted sequence [TE/TR = 100/5814 ms, slice thickness = 3 mm, matrix = 512 x
512, pixel size = 0.469 x 0.469 mm?]; axial multiplanar reconstruction (MPR) double inversion
recovery (DIR) sequence [TE/TR = 184.738/7500 ms, slice thickness = 1.2 mm, matrix = 512 x
512, pixel size = 0.6 x 0.6 mm?]; echo planar imaging (EP1) DTI sequence [TE/TR = 100/5600
ms; slice thickness = 2 mm; matrix = 256 x 256; 30 directions; b value = 1000; 1 b0 volume; pixel
size = 0.625 x 0.625 mm?], with identical settings across all sequences for the FOV, which was
1.6 x 1.6 cm? and 2.4 x 2.4 cm? for the optic nerve and brain, respectively. A 32-channel head coil
was used and participants were instructed to close their eyes to limit movement during the imaging
sessions to minimize artifacts. Total image acquisition time per scan was around 60 minutes.
4.2.3 Image Processing

The MRI scans underwent several image processing steps. Manual skull-stripping was done
in pre-contrast T1, T2, and diffusion images by removing the surrounding tissues around the optic
nerves and skull using ImageJ (NIH, Bethesda, MD, U.S.). Skull-stripping was done to enhance
image quality, reliability, and reduce computation time. Manual skull-stripping was done due to
the inability of available software such as FSL (FMRIB Software Library, Oxford, UK) to retain
the optic nerve. Diffusion data were pre-processed using FSL to correct for potential eddy current-

induced distortions and subject motion (linear registration tool, FLIRT). The DTI metrics
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calculated were FA and MD, using FSL. Based on the DTI data, ODI was also calculated to obtain
intra-voxel tissue structural information using an open-source NODDI Matlab toolbox (UCL,
England). Only ODI from NODDI was obtained, as our data was equivalent to single shell
diffusion data. NODDI is a multi-compartment model and typically uses multi-shell diffusion data
to calculate intracellular compartment metric NDI1%#3. Hence, NDI could not be obtained.
Diffusion parametric maps generated from DTI and NODDI were co-registered to the pre-
contrast T1-weighted images acquired at baseline, to ensure comparability between imaging
outcomes. The cross-sectional registration pipeline is illustrated in Fig. 4.2. Available 12-month
diffusion maps were again co-registered to their baseline pre-contrast T1, after over-time co-
registration of these images, to ensure position alignment between time points. All the
aforementioned image registrations were performed using the FLIRT linear registration tool in
FSL that transforms images of different datasets in different planes into one coordinate system to
achieve spatial alignment without significant data loss®*®., Transformations used during co-
registration were either affine (12 degrees of freedom, for cross-sectional registration, as affine
transformation preserves points, straight lines, and planes within the homogeneous coordinates in
the same time point images as in inter-modal images within the same time points?428) or rigid
body (6 degrees of freedom, for longitudinal registration, as rigid body transformation preserves
the length by reflections, translations, and rotations to put 2 time point images in the same plane
for better comparability?®®). The selected cost function was correlation ratio for inter-modal and
normalized correlation for intra-modal registration. The selected interpolation method was sinc

with Hanning window options.
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Fig. 4.2: Image registration. Example image registration between different MRI images. Cross-
sectional image registration was done for baseline diffusion-weighted images using high-
resolution pre-contrast T1-weighted images (A). Raw FA (B), MD (C), ODI (D) maps and

registered. Final FA (E), MD (F), ODI (G) maps are shown.

T2-weighted images were used for lesion confirmation as well as texture analysis. The latter
was focused on the validated parameter angular entropy from Chapter 3 and our earlier
studies??32%4, Histogram standardization of the masked T2-weighted images was done to reduce
intensity variation between time points and to match tissue spatial information®*°. This was done
by a standardized procedure implemented in Matlab (Mathworks, Natick, MA, U.S.) prior to image
texture quantification. Available 12 months T2-weighted images were co-registered to their

baseline T2 prior to longitudinal analysis. This image processing pipeline is illustrated in Fig. 4.3.
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Angular entropy calculation used the same method as described in Chapter 3222, Essentially, it is a
FT power spectrum-based method for assessing the aligning complexity of a tissue structure.
4.2.4 Image Analysis

The imaging metrics from DTI, NODDI, and texture analysis were used to evaluate tissue
injury and repair in the affected and contralateral optic nerves after ON. ROIs were drawn by a
blind observer manually in the segmented optic nerve over the baseline pre-contrast T1-weighted
images, which were then matched to the co-registered diffusion maps. For angular entropy
measures, the ROIs were drawn directly over the T2-weighted images. Over each optic nerve, a
total of 3 ROIs were drawn to quantify diffusion indices from DTI and NODDI, and 2 ROIs were
drawn to quantify angular entropy. The ROIs were carefully selected over the optic nerve to avoid
inclusion of the surrounding fat signals to minimize partial volume effects. Afterward, the ROI
values from the co-registered DTI parametric maps and texture angular entropy were calculated
using ImageJ, and the averaged values from corresponding ROIs were used for quantitative
analysis. To understand participant characteristics as an entirety, MRI brain lesions were also
evaluated and detection ability was compared between different sequences including T2, post-
contrast T1, and DIR, using the lesion volume measurement. DIR has shown an impressive lesion

detection ability in previous MS studies, particularly those involving gray matter?8’-28,
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Fig. 4.3: Image processing pipeline. NODDI images were processed to generate an ODI map
(top) and DTI1 were processed for FA and MD maps (middle). All DTI and NODDI metrics were
registered to the high-resolution T1-weighted images for spatial alignment and better
comparability. High-resolution T2-weighted images were processed for MR texture analysis

(bottom).

4.2.5 Statistical Analysis

The analysis focused on both the affected and contralateral optic nerves. Results were
expressed as mean =+ standard error (SE). Data analysis used average values from different ROIs
from the optic nerves. Statistical significance was determined using non-parametric Wilcoxon
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paired sign-rank test followed by Holm-Sidak's test to correct for multiple comparisons. Linear
regression analysis was done to explore the relationship between MR metrics and clinical measures
including serum vitamin D level and EDSS scores, where the coefficient of determination (R?) was
determined. All statistical analyses were performed using GraphPad Prism 6 (GraphPad Software,
San Diego, CA, U.S.). A p-value < 0.05 was considered statistically significant and correlation
between MR metrics and clinical measures was considered. Correlation between MRI and
histology measures was considered low, moderate, and high using linear regression?®°.
4.3 Results
4.3.1 Sample Characteristics

Out of the 9 ON patients all had an initial diagnosis of CIS with no MS patients among them,
4 had ON of the right eye and 5 of the left eye. The mean (range) age of all subjects was 27.8 +
3.7 (21-32) year, six were female; mean EDSS score was 1.67 (0 — 3); serum vitamin D was 37.6
+ 15.9 nmol/L (15.6-61.9 nmol/L). Two patients completed 12 months follow up. Three subjects
required high-dose corticosteroid to treat AON; none of them were on disease-modifying
therapies; and the degree of visual recovery was rapid (within 3-4 weeks of occurrence) for all

patients. Patient demographics for the study are shown in Table 4.1.
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Table 4.1: Patient demographics and clinical characteristics at baseline.

Patient ID Age Gender ON Side Steroids Serum EDSS
of ON ?YIN vitamin D
nmol/L
A001 21 F CIS R N 29.1 1
R002 31 M CIS L N 15.6 0
H003 30 M CIS (MS R Y 27.6 3
on MRI)
W006 32 F CIS R N 55.9 1
G009 27 F CIS (MS L N 61.9 3
on MRI)
D008 24 F CIS L Y 43.9 1
RO10 22 F CIS (MS L N 55.4 2
on MRI)
S013 28 M CIS R Y 22.9 3
K015 26 F CIS L N 26.5 1

4.3.2 MRI Outcomes at Baseline

All diffusion and texture metrics showed significant difference (p<0.05) between affected
and contralateral optic nerves. Mean FA (0.30 + 0.04) was 31% lower in the affected optic nerve
than in the contralateral optic nerve (0.43 + 0.05); (p=0.004) (Fig. 4.4A). Mean MD (0.0013 %
0.0003) was 46% higher in the affected than in the contralateral optic nerve (0.0009 + 0.0001);
(p=0.0039) (Fig. 4.4B). ODI was increased 39% in the affected optic nerve (0.24 £ 0.05) relative

to the contralateral optic nerve (0.17 £ 0.04); (p=0.0039) (Fig. 4.4C). Angular entropy was 66%
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higher in the affected optic nerve (-1.14 = 0.55) compared to the contralateral optic nerve (-3.37 £

1.30); (p=0.0039) (Fig. 4.4D).
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Fig. 4.4: Baseline MR image analysis. Results showed differences in MRI metrics between
affected and contralateral optic nerve in DTI imaging metrics FA (A), MD (B), NODDI
imaging metrics ODI (C), and texture angular entropy (D).

4.3.3 Longitudinal MRI Outcomes

Mean FA at 12 months’ scan in the affected (0.39 + 0.02) and contralateral optic nerve (0.44

+0.05) increased 47% and 3%, respectively, relative to the baseline affected and contralateral optic
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nerve. MD at 12 months' decreased 15% and 45%, respectively in the affected (0.0013 + 0.0) and
contralateral (0.0012 + 0.0002) optic nerve compared to baseline. Mean ODI at 12 months’ in the
affected (0.20 + 0.04) and contralateral optic nerve (0.16 + 0.01) decreased 32% and 25%,
respectively, relative to the baseline affected and contralateral optic nerve. Angular entropy at 12
months' decreased 7% and 6%, respectively, in the affected (-1.04 + 1.04) and contralateral (-2.21
+ 0.82) optic nerve relative to baseline.
4.3.4 The Relationship Between MRI and Clinical Measures

Linear regression was performed between MRI metrics and clinical measures serum vitamin
D at baseline and EDSS at baseline. EDSS score was correlated with angular entropy (R?=0.13; p-
value=0.33), and no significant correlations were observed for any DTI metrics (Fig. 4.5A). ODI
(R?=0.36; p-value=0.09) and angular entropy (R?=0.20; p-value=0.23) showed a negative trend in
relation to the increase in serum vitamin D level. There were no other significant correlations

between DTI and vitamin D measures (Fig. 4.5B).
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Fig. 4.5: Correlation of MRI metrics with clinical outcomes and brain lesion volume analysis.
Linear regression results for MRI metrics showing correlation with clinical measures EDSS (A),
Vitamin D (B) at baseline. Baseline brain lesion volumes showed lesion volume detection on

different MRI sequences (C).

4.3.5 Brain MRI Lesion Outcomes in the ON Patients
Brain lesions were detected in 4 ON patients in axial T2, DIR, and post-contrast T1
sequences. The number of brain lesions per patient ranged from 4, seen with both T2 and post-

contrast T1 sequences, to 58 detected with DIR. Patients showed non-enhancing lesions in post-
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contrast T1 images, none of the patients had enhancing lesions. Lesions less than 3 voxels in
diameter were excluded from the lesion volume analysis to avoid partial volume effects. The DIR
sequence detected the most lesion volume across all the patients (Fig. 4.5C) and served as a
reference to identify lesions with subtle signal abnormalities in other two sequences. DIR is the
only one that clearly detected the presence of a gray matter lesion in one patient. DIR detected
additional lesions in two other patients not evident in the T2 and post-contrast T1 sequences. All
patients showing lesions in the brain had relatively higher EDSS score 2.75 (2 — 3), compared to

rest of patients 0.71 (0 — 1) (Table 4.2).

Table 4.2: Brain lesion volume in ON patients for different MRI modalities. All lesion

volumes are in mm?.

Patient ID T2 Lesions T1 Lesions DIR Lesions EDSS
(in mm?3) (in mm?3) (in mmd)
HO003 1673 1422 2033 3
G009 421 410 511 3
R010 874 144 1063 2
S013 920 451 1230 3

4.4. Discussion

In this study, we detected loss of structural integrity of the affected optic nerve relative to
the non-affected contralateral optic nerve, as a result of neuroaxonal damage at baseline and
relative recovery at 12 months following either high dose vitamin D or placebo, as determined by

MRI diffusion and texture metrics. The NODDI metric ODI and texture measure angular entropy
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correlated relatively better with clinical measures compared to DTI metrics. The DIR sequence
outperformed T2 and post-contrast T1 sequences in detecting gray matter abnormalities. The fact
that angular entropy as a relatively new measure of structural integrity of axons detected
pathological changes in a longitudinal patient deserves further validation.

Two-thirds of our ON patients were female. Several other studies have also reported higher
prevalence of ON in females than males?®?%°, All patients were young adults, and serum vitamin
D was relatively low. Deficits in serum vitamin D in ON and MS patients have been reported in a
number of studies and is thought to play a contributing factor to the progression of disease!?2%%:29,
As changes in white matter hyperintensities on T2-weighted images are strongly associated with
the level of serum vitamin D%, it is expected that level of serum vitamin D will be associated with
changes in structural integrity but this needs confirmation in future studies.

This study detected robust structural differences between affected and contralateral optic
nerves. Our finding of decreased FA in the affected optic nerve is in line with the existing
literature!’®2%, MD was higher in the affected optic nerve compared to the contralateral optic nerve
at baseline indicating higher neuroinflammation as a result of loss of structural integrity, as seen
previously!’®2° ODI is an indicator of loss of orientational directionality of axonal nerve fibers?°.
Higher ODI in the affected optic nerve at baseline may indicate greater dispersion of nerve fibers.
NODDI metrics have not been investigated in ON patients, but ODI in other white matter structures
such as spinal cord and brain shared similar trends of increase in dispersion of myelinated axons
in lesions compared to healthy tissue?'%?'t, Texture measure angular entropy is an indicator of
coherency and alignment of axonal nerve fibers??®. Angular entropy was higher in the affected

optic nerve compared to non-affected optic nerve at baseline, likely indicating alterations in axonal
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pathology, as evidenced in other studies?®*?4, Multiple ROIs were drawn over different
anatomical locations of optic nerve, as optic nerve regions vary in diameter and degree of injury?®®.

Preliminary case studies demonstrated structural changes over time and showed resolution
of inflammation and restoration of structural integrity in all MRI metrics. Compared to baseline,
mean FA increased in both the affected and contralateral optic nerves at 12 months whereas mean
MD, ODI, and angular entropy were decreased at 12 month scan. These longitudinal DTI findings
are consistent with existing literature?®®2%’, ODI has also been reported to decrease over time in
the spinal cord of a mouse model, indicating restoration of the myelin sheath and nerve fiber re-
alignment??, similar to what is found in this study. Ansari MK et al.??® verified using histological
images from mouse spinal cord that angular entropy increases with demyelination, suggesting
tissue disruption, and decreases in the remyelinated tissue indicating restoration of structural
integrity. One patient in this study showed an increase in angular entropy in the affected optic
nerve at 12 month scan relative to baseline. Multiple factors may contribute to this additional
structural dissociation, including persistence of ON, recurrence of tissue injury, or treatment
regimen received. Correlation with clinical outcomes in the future will help determine if
directional angular entropy measures can help detect disease progression. Previously, MRI
measures of texture heterogeneity were successful in detecting visual recovery following ON?%,
Longitudinal changes were not significant, however. Given the small sample size available for the
current study, further validation is necessary.

Linear regression of MRI metrics with serum vitamin D and EDSS at baseline showed better
correlation of texture angular entropy with EDSS score and ODI to serum vitamin D, relative to

other metrics, none statistically significant. It can also be said that higher structural disorder of
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axonal fibers is associated with greater EDSS scores and dispersion of axonal nerve fibers is
restored with increase in serum vitamin D level.

The DIR sequence may be helpful in gray matter lesion detection?®” as shown in patient
HOO03 (Table 4.2). The lesions appear very bright and are easy to detect visually, as DIR nullifies

287 1t is reasonable to expect that the presence of MRI lesions

the signals from surrounding tissues
in the brain at diagnosis are associated with 12-month outcomes in MRI. Strikingly, the patient
with higher angular entropy in the affected optic nerve after 12 months also presented with brain
lesions in the 12-month DIR scan, which were not visible at baseline in DIR or in the other two
lesion detecting sequences. Post-contrast T1 is mostly used to detect active inflammatory lesions
and so is not comparable to other sequences for lesion volume measurements'®>2%, The T2
sequence can detect relatively more lesions compared to pre- and post-contrast T1 sequences, and
is widely used to identify the number and volume of clinically silent lesions in clinical studies and
trials'#3144, All patients showing lesions in different MRI sequences had higher EDSS score (Table
4.1) compared to others. This is consistent with findings in numerous prior studies, although the
correlation coefficient is mostly low to moderate?®-3%, Likewise, the more lesion load in the ON
patients may indicate greater damage in the visual pathway**®. Conversely, lesion volume
reduction may indicate repair or neuroprotection?6:147:148,

There are several limitations of the study, most notably the low sample size. Nonetheless,
the homogeneous study population that only included a CIS cohort of ON was beneficial making
up the small sample size. In addition, only single-shell diffusion data was used in this study, and
thus, the NODDI metric NDI could not be calculated. As full NODDI fitting requires multi-shell
diffusion acquisition, a much higher acquisition time would be required (>10 minutes)?** making

it challenging for optic nerves that are highly susceptible to moving artifacts'®*'¢, and in a clinical
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trial setting where the overall scan duration is limited to 60 minutes. Zhang H et al.?** showed that
ODI measures from 1-shell and multi-shell data were similar, and the generation of ODI from one-
shell data does not require any special attention. Hence, ODI analysis was reasonable for this study.
The study had no control subjects. Even though the contralateral optic nerve did not exhibit any
appreciable changes longitudinally, the literature suggests that it may still undergo subtle
pathological changes following ON2627° Future work should include a larger sample size with
the inclusion of control subjects to allow appropriate comprehensive comparison. An association
of MRI metrics with other visual outcomes such as visual acuity LogMAR score can be beneficial
to further confirm whether advanced MRI techniques can predict visual outcomes and/or
conversion of ON into MS. Moreover, evaluation of structural changes in the afferent visual
pathway and visual cortex may also prove beneficial for better understanding of the consequences

of ON and for disease mechanisms of MS.
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CHAPTER 5

Conclusions

The ability to precisely measure changes in tissue pathophysiology and understand their
relationship to patient function has been a long-term goal in the clinical management of MS. As a
major component in the disease characterization pipeline, non-invasive imaging approaches based
on MRI keep playing a central role in both the clinical and research settings. However, while a
variety of conventional and advanced MRI techniques are available, there is still lack of methods
that are specific to patient pathology or functional outcomes in MS.

Given the intimate relationship between myelin and axons, MRI methods that have the
potential to measure both is desirable. The nerve fiber tracts in brain white matter are highly
aligned and directionally coherent, making the movement of water molecules greatly anisotropic
in a healthy condition. In theory, any potential changes in the anisotropic properties of tissue will
implicate the alteration in structural integrity. The diffusion-based MRI methods are designed to
detect such properties in water movement in tissue, especially the newer diffusion MRI techniques
that make an intra-voxel assessment of myelin and axonal changes possible. Alternative methods
that evaluate the inter-pixel relationships in an image have also shown the utility to measure myelin
and axonal properties. Compared to diffusion MR, such so-called texture analysis methods detect
the macroscopic integrity of a structure. MS pathology, however, is unsurprisingly complex. Not
only may it occur anywhere in the CNS, several pathological changes can also be present
simultaneously within a single lesion. So any potential MRI method should survive systemic

validations.
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The motivation of this project was to establish new MRI measures of injury and repair such
as MRI diffusion and texture metrics using specific models of MS. With a focus on de- and
remyelination driven pathology, the first part of the thesis was to test how these measures change
over time and how that compares with histology using a cuprizone mouse model of MS. The
second part is to test the usefulness of the validated measures in measuring the consequences of
inflammatory demyelination in patients with ON, a CIS model of MS.

In this chapter, 1 will first summarize the key research findings of the thesis. Then | will
describe some of the limitations of the research, followed by significance and future directions.
5.1 Summary of key Research findings

The overall goal of the thesis was to test the hypothesis: HARDI-based NODDI and MRI
directionality based texture measures can detect structural changes following de- and
remyelination over time and can extract more pathology specific information than commonly
available advanced MRI. In this regard, NODDI, angular entropy metrics as advanced and DTI
metrics as commonly available imaging measures were applied in the two models of MS. The
anatomical preference of pathological events associated with de- and remyelination was also tested
by using both MRI and histology images in the corpus callosum in the cuprizone model, a well-
studied white matter structure with well-known region-specific organization of nerve fibers in both
mice and humans?>?23, The feasibility of using NODDI and texture measure angular entropy in a
clinical setting in human ON model was assessed to evaluate the structural integrity of another
white matter tract, optic nerve. Therefore, the advanced MRI outcomes have been validated by
using different approaches in two specific aims; 1) a toxicant-induced cuprizone mouse model
over an extensive time series along with parallel confirmation using histological indices quantified

using structure tensor analysis and myelin g-ratio and 2) in a different white matter structure, optic
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nerve, in an inflammatory model of MS confirming the robustness of advanced imaging measures
in detecting structural changes following the occurrence of acutely demyelinated lesions in the
CNS.

Firstly, in the cuprizone mouse model, all the MRI metrics showed expected trends and
detected progressive axonal changes associated with de- and remyelination over time. Further
analysis was done into the corpus callosum in three anatomically distinct regions genu, body, and
splenium to study whether anatomical preference and timing of pathological events varied across
regions. Very intriguing results were observed in NODDI metric NDI showing both de- and
remyelination began early in the small caliber, densely organized nerve fiber area genu;
demyelination was also seen early but repair was noted late in the large caliber, less-packed nerve
fiber area splenium. Body with relatively large caliber axons showed intermediate changes in
detecting both injury and repair. Since histology measures serve as a gold standard for evaluation
of tissue microstructure and are specific to pathological changes in both myelin and axons, the
animals were matched over time and quantitative histology structure tensor analysis was
conducted. Structure tensor analysis outcomes directly transfer histology measures for MRI to
compare, including the region-wise MRI findings. Interestingly, the directionality based histology
maps of structural integrity, alignment, and organization for myelin agrees with the advanced MRI
findings of this study. Analysis showed earlier remyelination of small caliber axons compared to
delayed remyelination in large caliber axons, which was also evident in morphological changes in
histology images as measured using myelin g-ratio over time. Moreover, histology measures for
axonal staining reinstated the claim that rapid axonal damage is detected in densely packed axonal
fibers (genu) compared to loosely packed axonal area (splenium and body). Finally, for aiml, MRI

and histology measures were correlated to detect their specificity to underlying pathology. NODDI
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metrics NDI and ODI correlated better compared to the conventional DTI metrics indicating their
higher specificity to underlying pathology. Surprisingly, NODDI metric NDI correlated strongly
with myelin maps implying that NDI is sensitive to myelin and can serve as a potential measure
for myelination status.

Second aim of this study focused on another promising model of MS, the optic nerves in ON
patients, for further validation of the ability of advanced imaging measures in detecting structural
integrity and the utility of these imaging measures in a clinical setting. Affected versus
contralateral optic nerves comparison was done with advanced imaging measures and compared
with DTI metrics. All the MR imaging metrics identified structural integrity changes in the affected
versus contralateral optic nerves at baseline and longitudinally at 12 months scans. The correlation
of MRI metrics with clinical measures such as serum vitamin D and EDSS score showed that
texture angular entropy correlated best with EDSS scores. ODI showed the strongest correlation
with serum vitamin D level compared to other imaging metrics. This finding demonstrates the
potential of advanced imaging measures for using in a clinical setting. Lesion volume comparison
between clinical MRI sequences revealed the DIR sequence to be better than other T2 or T1 in
both white and gray matter lesion detection. Interestingly, all the ON patients with brain lesions
had higher EDSS score than those who did not present with lesions. All these findings together
validated the aim one and proved the hypothesis of the thesis that advanced imaging measures
quantified tissue injury and repair, better predicted pathological changes over time in
demyelinating diseases, and has the potential to be used in a clinical setting. However, further

validation is warranted.
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5.2 Limitations of the Thesis

The overall sample size for the human ON study was small but patient homogeneity for the
study made up the small sample size. The sample size for cuprizone mouse model over multiple
time points was relatively small due to the extended number of time points designed for a
comprehensive understanding of the pathological changes, and the limited imaging time available
at the dedicated scanner at some time points. However, histological measures over time helped
validate the MRI outcomes further. The ROIs used in the MRI metrics were manually matched to
the histology measures due to the much higher image resolution and very thin slice thickness of
the histology images. Numerous histology slices were acquired to match the MRI ROI locations
and downsizing of histology images helped as well. The use of directly transferrable structure
tensor analysis metrics of myelin, myelin debris, and axon stained images also helped improve the
accuracy of histological outcomes. Furthermore, both the animal and human models of the study
had limited or no true controls to compare healthy status with pathological processes but literature
shows that negative control mice not exposed to toxins do not require additional examination as

don't exhibit pathological changes over time?®%

and unilateral ON patients show negligible
pathological changes over non-affected eye!®. Finally, the ON study did not have multi-shell
diffusion data, thus did not have NDI measured due to the time constraint of human imaging to be
kept within 60 minutes, and the susceptibility of the optic nerve to moving artifacts. However,
literature showed that single-shell diffusion data demonstrated similar findings in ODI compared

to multi-shell data®*® and that was explored in this study. Further validation of the findings is

necessary.
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5.3 Significance of the Research
Potentially, advanced imaging measures can be used in disease progression studies for

evaluating diffuse dynamic changes®®?

of myelin and axons over time in lesional areas over the
course of demyelinating diseases such as MS. De- and remyelination over extensive time series
were evaluated in this study instead of only 2 or 3 time points typically done in the literature.
Comprehensive investigation in this study also provided a unique opportunity to detect preference
of de- and remyelination to different anatomical locations over corpus callosum. This preference
of pathological processes was based on their axonal morphology of density and diameter in MS
which can be extremely helpful for future translational use in humans. There is always growing
need for non-invasive quantitative measures specific to myelin and this study tested the sensitivity
of advanced imaging measures in white matter and detected NDI to be specific to myelination
status and can serve as a measure for myelin integrity in clinical trials for developing new
neuroprotective therapeutics. The study focused on changes over the entire corpus callosum and
optic nerves along with focal lesional areas in MS which can prove to be pivotal in understanding
tissue injury and repair and processes underlying MS pathology. Arguably, this study is the first
to evaluate the feasibility of using advanced diffusion imaging method NODDI in ON patients and
suggests the potential of using this measure in clinical studies which may help advance the
diagnosis and management of this disease, and MS, with further validation.
5.4 Future Directions

In the future, the role of sex differences can be investigated in the models of MS with the
help of advanced imaging measures as sex is thought to play a crucial role in the prevalence of MS
and ON. Testing of 3D advanced imaging measures with validated 3D structure tensor analysis

can also be explored in the future to confirm whether they are able to detect additional pathological
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changes or can be true reflections of myelin regularity in comparison to axons. It will be very
interesting to see if changes, as seen in white matter in this study, can be reflected in the cortical
gray matter as gray matter abnormality is thought to be the major contributing factor to disability
in MS patients. Multi-shell diffusion data can be tested in ON or MS patient studies to check the
utility of NDI metric in detecting pathological changes specific to neurite pathology and whether
able to detect conversion of ON into MS over time. Finally, with further validation using either
animal models or post-mortem MS brain samples, monitoring disease evolution in humans in
either focal lesions or lesion-free areas can also be investigated for these advanced imaging
measures to assess the feasibility of using them routinely in a clinical setting and in future

therapeutic intervention evaluations.
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