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Preface

Multiple sclerosis (MS) is a neurological condition that affects the central nervous
system (CNS). A diagnosis of MS can mean a lifelong illness that ranges from mild to
severely debilitating. There is no known cure for the disease. Over the years, extensive
research has been carried out to fully understand its etiology and pathogenesis, along-
side robust clinical trials being conducted to develop effective therapeutic avenues.
Research, as well as clinical trials, continue to take place across the world to help find
a cure for MS. There is a very close interplay of immunological mechanisms in the
development and progression of MS.

This book brings together the latest, cutting-edge research findings along with expert
commentary on epidemiology, genetics, biomarkers, etiology, pathogenesis, immunol-
ogy, neuroimaging, and clinical treatment modalities of this chronic inflammatory
disease affecting the CNS. The book begins with an introductory chapter about MS that
provides an in-depth understanding of the latest developments in disease-modifying
therapies, stem-cell therapies, and neuroimaging. The next chapter delves into the
interesting sphere of biomarkers for MS that may be helpful as diagnostic and prog-
nostic markers of treatment. This is followed by a chapter that explores the impact of
genetics and environmental and lifestyle factors that are of significant importance in
MS. We then move on to an excellent piece of original research on ocular imaging in
patients, and its usefulness in understanding the progression of MS. Following this, we
examine the potential and role of artificial intelligence in the management of MS and
in improving MS research. In the next section, we examine the impact of cognition and
brain health on MS disease progression. The book ends with an in-depth assessment of
the role of innate immunity in the pathogenesis of MS to help understand the disease
and inform treatment modalities. We hope that readers find the book useful in help-
ing improve their understanding of MS, as well as in furthering their interest in MS
research and its clinical aspects.

Uday Kishore, Ph.D., FHEA, FRSB, FRCPath
Department of Veterinary Medicine,

UAE University,

Al Ain, United Arab Emirates

Abhishek Shastri, MBBS, Mphil, MRCPsych
Central and North West London NHS Foundation Trust,
London, United Kingdom
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Chapter1

Introductory Chapter:
State-of-the-Art Developments
in Multiple Sclerosis

Abhishek Shastri and Uday Kishore

1. Introduction

Multiple sclerosis (MS) is an immune-mediated, progressive neurological disease
with a heterogeneous course of illness. The symptoms can vary from person-to-
person and can include problems with balance, vision, movements of limbs and
sensation, cognitive deficits, gait difficulties and bladder dysfunction [1]. According
to the World Health Organisation Atlas of MS report in 2020, 2.8 million people were
reported to be living with MS worldwide, which is about 1 in 3000 people [1]. MS
is nearly twice as more common in females (69%) as compared to males (31%); the
majority of diagnosis are made between the ages of 20 and 50 years, although MS
also occurs in young children and older adults [1]. More recently, Epstein-Barr virus
(EBV) has emerged as an important link in epidemiological studies with patients
infected with EBV having a higher risk of developing MS [2]. Smoking and diet
also play a significant role in MS. A recent UK biobank study of nearly 8000 people
showed that cessation of smoking was related to reduced deterioration in motor
function and mobility in MS [3]. A diet that avoids processed foods, gluten, lectins
and casein, and a diet that contains low-saturated fats were also found to be helpful in
reducing fatigue in MS patients [4].

MS pathogenesis is considered to be autoimmune in nature and myelin proteins
have been studied in detail and used to induce MS-like disease features in animal
models, termed as experimental autoimmune encephalomyelitis. Some of the other
key pathological features include neuroinflammation, breakdown of blood-brain
barrier and gliosis. Both innate and adaptive immune systems play a role in MS
disease pathogenesis [5]. Taking forward the recent finding of higher risk with
EBV infection, a mechanistic link has been found that could possibly explain the
role of EBV. Molecular mimicry1 between a transcription factor of EBV, termed as
EBV nuclear antigen 1 (EBNA1), and CNS glial cell adhesion molecule (Glial CAM),
was demonstrated. Immunisation with EBNA1 in mouse model of MS was found
to exacerbate the disease. The same study also found that MS patients had preva-
lence of anti-EBNA1 and anti-GlialCAM antibodies [6]. Latest research on myelin
regeneration in a zebra fish model found that some oligodendrocytes (cells that
produce myelin) survive demyelination in MS and go on to produce aberrant and

! Molecular mimicry refers to the immunological and structural similarities between molecules found in
pathogens and host cells, which leads to immune response in the host. Molecular mimicry is considered to
play a significant role in autoimmune diseases.
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mistargeted new myelin, as compared to new oligodendrocytes that are produced
after demyelination [7].

Clinically, there are four different types of MS, namely: (i) relapsing-remitting MS
(RRMS), which is the most common type that is characterised by exacerbations of
illness followed by partial or complete recovery; (ii) primary progressive MS (PPMS)
characterised by progressive worsening of neurological function or disability from
the onset of illness; (iii) secondary progressive MS (SPMS) characterised by initial
relapsing-remitting course followed by progressive increase in neurological function
or disability; and (iv) clinically isolated syndrome (CIS) characterised by mono-
phasic or first episode of neurological dysfunction associated with demyelination
and inflammation in the central nervous system (CNS) occurring in a patient not
known to have MS [8]. Treatment involves a multi-disciplinary approach due to the
varying symptoms that occur in MS. Hence, different professionals are involved such
as neurologist, specialist nurse, physiotherapist, occupational therapist, urologist,
rehabilitation specialists in a multi-pronged approach to manage MS. The mainstay
of medical management is oral and monoclonal antibody therapies called as disease
modifying therapies (DMTs).

2. Latest in DMT research

DMTs are available to MS patients in oral, injection and infusion forms.
Mechanism of action for DMTs includes immunomodulation or immunosuppression
affecting lymphocyte number, lymphocyte proliferation, lymphocyte trafficking or
cytokine production (Figure 1) [9]. Thus, DMTs reduce neuroinflammation in CNS,
and prevent relapses and new lesion formation. For RRMS, there are over a dozen
DMTs that have been licenced for use; for PPMS, ocrelizumab, which is a monoclonal
antibody against CD20 antigen expressed on B cells, has been recently licenced for
use; for CIS, preparations of interferon beta, which reduce secretion of proinflamma-
tory cytokines, and T cell trafficking in CNS or glatiramer acetate, which stimulates
myelin protein and T cell modulation, are used [9, 10]. Some of the other DMTs
used in MS treatment are natalizumab (monoclonal antibody, o4 integrin receptor
antagonist that reduces T cell and leucocyte migration across blood-brain barrier);
cladribine (anti-metabolite that causes depletion in T and B cells), teriflunomide
(inhibitor of pyrimidine synthesis that causes reduction in lymphocytes), etc. [9, 10].
Specific mechanisms of action are poorly understood and DMTs are associated with
arange of unwanted side effects and safety concerns that require regular and robust
monitoring. Some mild side effects include flu-like symptoms or gastrointestinal tract
upset; however, serious side effects include cardiac arrhythmias, malignancy and liver

damage [9].

3. Latest in stem cell transplantation therapies in MS

Autologous haematopoietic stem cell transplantation (aHSCT) is a newer
type of treatment for MS. Guidelines recommend that aHSCT is offered to those
patients with highly active RRMS where DMTs have been ineffective [11, 12]. In
short, the first step in aHSCT involves chemotherapy and growth factor such as
granulocyte colony-stimulating factor so that stem cells move from bone mar-
row into blood stream from where the stem cells are harvested and then frozen.
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Figure 1.

Mechanism of action for DMTs in MS. These include immunomodulation by suppression of lymphocyte
numbers, modulating lymphocyte proliferation and trafficking and production of cytokines. Adapted from [9].
Abbreviations: DMT: Disease-modifying treatment; MS: Multiple sclevosis.

Figure 2.

Flow diagram to show process of aHSCT treatment in MS. A patient with MS first undergoes chemotherapy
and growth factor infusion so that stem cells move from bone marrow into the blood stream. Then, stem cells are
harvested and frozen for later use. Next, chemotherapy is done to ablate the existing aberrant immune system

of patient with MS, following which the harvested stem cells are infused back into the patient. Abbreviation:
aHSCT: Autologous haematopoietic stem cell transplantation; MS: Multiple sclerosis.

Following this, chemotherapy is done so that the immune system is ablated or
‘wiped out’. Next, the harvested stem cells are infused into the patient, for recon-
stitution of the immune system (Figure 2). The entire process of preparation,
harvesting and reconditioning of immune system can take 3-4 months, which then
requires long-term follow-up clinically [13, 14]. A Phase 3 randomised controlled
trial comparing aHSCT with older DMTs showed that aHSCT is effective in RRMS
[15] but there are no studies comparing efficacy of aHSCT with newer DMTs [13].
Another type of stem cell transplantation technique that is also finding ground in
MS is called autologous mesenchymal stem cell transplantation (AMSCT). MSCs
are non-haematopoietic stromal stem cells found in the bone marrow. Phase 2
randomised controlled clinical trials against placebo have found AMSCT to be safe
in MS patients [16] and also to be beneficial in PPMS by improving cognition and
reducing relapses [17].
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4. Latest research on neuroimaging and biomarkers in MS

Magnetic resonance imaging (MRI) is the mainstay of diagnosing MS radiologi-
cally. Gadolinium is a key marker used to study and phenotype MS, and it acts as
a marker for neuroinflammatory lesions and blood-brain barrier breakdown. It
also aids in the diagnostic process to some extent by helping in monitoring disease
progression or efficacy of treatment [18]. Although conventional MRIs are useful in
qualitative information, quantitative MRIs (QMRI; which involve disentangling the
source of signal variation in images and use mathematical or computational model-
ling) are being increasingly useful in MS clinics and research. QMRI is more specific
for studying and differentiating between grey and white matter MS lesions and
for detecting the extent of myelin and axonal damage [19]. Recently, unsupervised
machine-based learning has been developed to identify MS subtypes. Dataset for over
6000 MS patients were used in a study, in which MS was sub-typed into cortex-led,
normal appearing white matter-led and lesion led. Clinical correlation showed that
patients with lesion-led MS had the highest risk of disability and relapse rate. Patients
in this subtype also showed increased response to treatment [20].

Discovering effective molecular biomarkers is also an extensive area for on-going
research. There is good evidence to suggest that early detection and treatment of MS
has a better prognosis [21]. Thus, the quest is to find markers that are found in the
early stages of illness, or even perhaps in the preceding stage of appearance of clinical
features in MS. At present, CSF analysis for IgG index and oligoclonal bands are used
in supporting a diagnosis of MS [22, 23]. Other known CSF biomarkers include neu-
rofilament light chain [24], chemokine CXC motif ligand 13 (CCL13) [25], osteopon-
tin [26] and matrix metallopeptidase 9 [27]. Progress is also being made in identifying
serum markers. A recent study found two proteins, oncostatin M and hepatocyte
growth factor, to be associated with MS in comparison with healthy controls [28].
The same study also found that plasma CCL20 and CCL11 were associated with MS
disease duration and progression [28].

5. Perspectives

MS is a disease with a complex heterogeneity in clinical presentation, neuroin-
flammatory lesions, imaging and treatment response. This leads to challenges in
various stages of MS disease pathogenesis, for example in the initial diagnostic stage
of varying symptomatology and neuroimaging, as well as in identifying appropri-
ate treatment with DMTs. For MS patients, the degree of disability and prognosis
varies and is difficult to predict. All of these throw up opportunities for research in
MS, such as identifying and classifying MS lesions, predicting response to therapy,
improving neuroimaging accuracy and its usefulness in predicting outcome, bio-
markers for early detection and for detecting response to treatment. This introduc-
tory chapter, and indeed the entire book, is intended to stimulate interest in these
areas of MS research and to serve as a good starting point to ensure readers can get
maximum benefit from reading the upcoming chapters. Several such wonderful
areas of research are covered in this book, which range from biomarkers, genetic and
lifestyle factors affecting MS, to imaging techniques and innate immune mechanisms
in MS. We hope you find this book a useful tool in enhancing your knowledge and
understanding of MS, as well as to stimulate your interest in the different spheres of
MS research.
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Chapter?2
Biomarkers in Multiple Sclerosis

Valentina Ignatova

Abstract

Clinical, biological, and radiological evidence are currently needed to diagnose
MS, but lack of preclinical biomarkers hinders the earliest possible diagnosis and
treatment. Conventional biomarkers target immunity, blood-brain barrier disruption,
demyelination, and neuronal and axonal damage, as well as mitochondrial activity.
An increase of specific brain metabolites with 30-40% is registered before detection
of MRI lesions in MS. Potential lipid biomarkers are fatty acids, phospholipids, and
oxysterols. The role of proteoforms in the pathogenesis of MS was confirmed. Serum
neurofilament light chains (sNfL) are currently being studied as a readily available
biomarker for prognosis and response to treatment in MS. The sNfL levels reflect
ongoing neuroaxonal damage caused by inflammation, and the sNfL levels predict
disease activity over the next few years. The retinal nerve fiber layer (RNFL) thinning
is reliable as a biomarker of disability worsening. The neutrophil-to-lymphocyte ratio
and CRP are also MS biomarkers. The development of rationally targeted therapeutic
agents that allow preventive treatment to stop the disease is also delayed without
definite biomarkers.

Keywords: biomarkers, multiple sclerosis, diagnostic, progression,
monitoring of immunomodulatory therapy, disease activity

1. Introduction

MS is a chronic disease with autoimmune genesis and social significance, which
affects the young persons and manifests clinically with unpredictable relapses and
subsequent remissions and/or debilitating progression over time [1]. About 2.5 mil-
lion people worldwide suffer from MS and women are at least 2-3 times more likely
to get the illness than men. Other factors identified in the distribution of the disease
include genetics, environment, and ethnic origin [2].

Pathophysiologically, a chronic inflammatory reaction occurs in the CNS, lead-
ing to multifocal demyelination of axons in white and gray matter. Axon damage
also occurs, leading to neuronal loss and atrophy of the brain and spinal cord [2].
Histopathological studies show that reactive astrocytes in freshly developed plaques
release chemokines, which activate microglia and increase the permeability of the
blood-brain barrier. This in turn allows the migration of macrophages and T lym-
phocytes into the brain parenchyma [3]. Therefore, astroglial activation may be an
important trigger for the cascade of the immune system, leading to neuronal damage,
inflammatory demyelination, and axonal degeneration. On the other hand, damaged
astrocytes in chronic lesions are involved in the formation of gliotic scars; therefore,
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astroglia may also be involved in the neurodegeneration process along with axonal
damage. In fact, neurodegeneration is the main reason for the accumulation of dis-
ability and clinical progression of the disease [4].

Diagnosis of MS is often difficult and is currently based on the 2017 revision of the
McDonald’s criteria, which include clinical neurological examination, the presence
of oligoclonal bands (OCBs) in the cerebrospinal fluid (CSF), magnetic resonance
imaging (MRI), and the most accurate possible exclusion of diseases related to the
differential diagnosis [5]. The main concept in the diagnosis of MS is the coexistence
of clinical and imaging indicators showing both spatial distribution (DIS; involve-
ment of different CNS sites) and temporal distribution (DIT; showing chronic
disease, e.g., 2 relapses) [6]. Assessment of cerebral atrophy may also be important if
it is measured routinely [7].

The disease is categorized into three main phenotypes: relapsing-remitting MS
(RRMS), primary progressive MS (PPMS), and secondary progressive MS (SPMS).
Disability and severity of MS are assessed according to the Extended Disability Status
Scale (EDSS) [2]. MS shows great heterogeneity in terms of radiological and histo-
pathological findings, clinical course, and progression, as well as in terms of thera-
peutic response [7, 8]. Therefore, it is very important to identify reliable biomarkers
as specific characteristics of the disease that facilitate diagnosis and prognosis and to
allow assessment of therapeutic response and risk of side effects [6, 7]. Unfortunately,
there is currently no biomarker available to meet the criteria for a surrogate endpoint
in MS. It is also clear that biomarkers will play a very important role in MS research
and clinical practice in the future.

The purpose of the present work is to analyze the role of the potential biomarkers
identified as a result of current research.

2. Definition and nature of biomarkers

The Biomarkers Definitions Working Group gave the following international
definition of biomarkers: a characteristic that can be measured objectively and could
differentiate the physiological biological phenomena from pathological processes, as
well as evaluate the pharmacological reactions to the administered drugs [9]. Biomarker
type 0 is considered as a marker for the natural history of the disease and corresponds
longitudinally with the known clinical indicators. Biomarker type I perceives the effects
of therapeutic procedure including its action mechanism. The surrogate endpoint is a
biomarker that is expected as a substitute for a clinically relevant endpoint and serves
as a predictor of the therapeutic effect. The clinical endpoint is a clinically relevant
measure of how a patient feels, functions, or survives. Evaluation criteria for defining
clinical utility of biomarkers include sensitivity/specificity, reliability, evaluation of bio-
markers in epidemiological studies or cohorts with natural disease history, evaluation of
biomarkers in evidence from clinical trials, evaluation of biomarkers in large multicenter
therapeutic studies, evaluation of biomarkers in meta-analyzes, and mathematical
modeling of the relationship between a biomarker and a clinical endpoint [10].

The NIH and the FDA have jointly developed a definition for biomarkers, which to
be followed both by researchers in their work on obtaining relevant evidence and by
practicing specialists to apply biomarkers in healthcare. Different organizations such
as Clinical Trials Transformation Initiative and Foundation for National Institutes
of Health The Biomarkers Consortium must follow the expansion of this activity. As
aresult of their joint efforts common definitions have been formulated, which have
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gained publicity through the constant updating of the online document “Biomarkers,
Endpoints, and other Tools” (BEST) [11].

The ideal biomarker should be a binary value or in other words a characteristic
that is detected in persons with a specific disease and is not identified in healthy
individuals or in subjects with different diseases or vice versa. If the illness progresses
or improves, the biomarker’s concentration should be increased or decreased, respec-
tively [7, 12]. Establishing the ideal biomarker should be safe for the subject and it
should be easily identified, and recommendatory in noninvasive way. Sensitivity and
specificity are other key criteria for biomarkers. Sensitivity describes the proportion
of truly positive test results among those who are actually affected by the disease.
Specificity, on the other hand, shows the proportion of true negative outcomes among
those who are not ill. Since high sensitivity is usually due to a lower specificity and
opposite, it is important to find biomarkers that reach a satisfactory balance between
the two characteristics. Other significant criteria for the biomarkers are their posi-
tive and negative predicted value. They show the proportion of correctly/incorrectly
diagnosed patients depending on the positive or negative test result. Last but not least
is the transfer of biomarkers from research into clinical practice [13].

3. Requirements for MS biomarkers
The classification of MS-specific biomarkers should be based on a careful assessment
of all contributing pathophysiological processes. Based on an analysis of published stud-
ies investigating the pathophysiological mechanisms of MS Bielekova and Martin classify
the majority of proposed biomarkers in MS in one of the following categories: [10].
I. Immunologic biomarkers:
1. Cytokines and cytokine receptors
2. Chemokines and chemokine receptors
3. Antibodies
4.Biomarkers, related to complement system
5. Adhesion molecules
6. Biomarkers reflecting the processing and presentation of antigens
7.Other activation biomarkers
8. Biomarkers associated with cell cycle and apoptosis
II. Markers reflecting immune-associated neuroprotection:
1. Changes in cellular subpopulations
2. Functional tests for immunological reactivity

3. Biomarkers for the state of blood-brain barrier (BBB)
15
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I11. Biomarkers for demyelinating lesions

IV. Biomarkers for oxidative stress and excitotoxicity

V. Biomarkers for axonal/neuronal damage

VI. Biomarkers for gliosis

VII. Biomarkers for remyelination and repair

For neurological diseases such as MS, CSF, given its proximity to the CNS, would
be the preferred body fluid to look for candidate biomarkers rather than plasma
or serum. However, it is clear that CSF sampling is a more invasive procedure with
potential risks than plasma sampling. However, the availability of leakage or release
of products from different tissues or blood cells in the plasma may correspond with
pathological and physiological condition of the specific tissues. Since that plasma is
easy to be received in noninvasive way, it can be proposed as a useful fluid for deriv-
ing promising diagnostic biomarkers [14].

According to the functional classification provided by the FDA-NIH Biomarker
Working Group, molecular biomarkers for MS can be categorized by sensitivity,
diagnosis, monitoring, prognosis, safety, and response biomarkers (Table 1) [15].

Biomarker Status Function Evidence
IGG OCB Clinically Diagnostic Nearly 80% specificity and more than 90% sensitivity for the
useful MS diagnosis. Implemented in 2017 McDonald diagnostic
criteria for MS
Prognostic for Associated with higher risk for conversion in MS when
conversion detected CIS and RIS
IGG index Clinically Diagnostic Positive values found in 70-80% of MS patients. Useful as
useful complementary tool, without replacing CSF OCB
Disease activity ~ Associated with MRI activity
Prognostic for Associated with higher risk of conversion in MS when detected
conversion in CIS
Prognostic for Associated with disease progression
progression
KFLC Validated Diagnostic Useful for MS diagnosis; increased levels detected in MS

patients without IGG OCB

Prognostic for
conversion

Associated with higher risk of conversion in MS when detected
in CIS

Prognostic for
progression

Associated with disability progression

IGM OCB Validated

Disease activity

Associated with aggressive disease course

Prognostic for Lipid-specific IGM OCB is associated with higher risk of
conversion conversion in CIS

Prognostic for Associated with disability progression and conversion to SPMS
progression

Treatment Lipid-specific IGM OCB predicts a decreased response to IFN
response beta
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Biomarker Status Function Evidence
N-CAM Validated Diagnostic Lower levels detected in MS patients in PPMS compared to
RRMS. Indicator of poor remyelination and repair
Disease activity ~ Increased levels detected after relapses, especially under
steroid treatment, and related to clinical remission
CHI3L1 Validated Diagnostic Increased levels in MS and NMO
Prognostic for Associated with higher risk of conversion in MS from CIS
conversion
Disease activity ~ Increased levels in higher clinical and MRI activity
Treatment Increased levels in non-responder patients on INF beta
response treatment compared to responders
NFs Validated Prognostic for In RIS increased NF-L is independent risk for conversion to
conversion CIS and MS, with greater values related to shorter time of
conversion
Disease activity ~ Double NF-L levels in relapsing patients compared with
remitting ones. CSF NF-L levels correlate with NEDA-3,
MRI activity, and brain atrophy. Serum NF-L in early phase
contributed to predicting the lesion load and brain volume loss
over a period of 10 years
Prognosis for High NF-L is associated with progression in both clinically
progression stable patients and relapsing ones. In CIS patients without ON,
CSF NF-L predicts long-term cognitive and physical disability
over a period of 9-19 years; higher NF-H
Table 1.

Up-to-date clinically useful and validated MS biomarkers from CSF.

4. Types of biomarkers according to molecular characteristic

4.1 Neurofilaments

Neurofilaments are neuron-specific intermediate filaments formed from ethe-
ropolymers of protein subunits with low (neurofilament light [NF-L]) (68 kDa),

medium neurofilament medium) (160 kDa) and high (neurofilament heavy [NF-H])
(205 kDa) molecular weight [13]. They are the main components of the cytoskeleton
of neurons. Their relative stability and abundance in CNS tissue make them ideal can-
didates for biomarkers [16]. Levels of neurofilament in biological fluids, particularly
CSF, are thought to reflect the degree of axonal damage based on their release into the
extracellular space during axonal damage. Neurofilament (NFL) levels are elevated
during all stages of MS, especially in relapsing-remitting MS and in progressive MS,
while NFL levels decrease to normal during intervention with disease-modifying
therapies, suggesting that NFL is associated with various pathological processes
involved in MS, reflecting disease activity, disease progression, and treatment
efficacy [16]. Interestingly, NF-L and NF-H levels do not always correlate directly
with each other, perhaps due to differences in protein stability and sensitivity of the
assay. It is thought that NF-L is associated rather with the initial inflammatory stage
of MS, as it detects early acute, inflammatory-mediated axonal damage, and cor-
relates weaker with disability progression. On the other hand, NF-H is considered as
a marker of neurodegeneration since it highly corresponds with the axonal damage in
the course of disease progression [13]. Elevated sNfL levels are prognostic short- and
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long-term markers, including recurrence, progression of disability, development of
MRI lesions, and loss of brain volume [17].

4.2 Chitinase 3-like proteins

Chitinases represent secreted glycoproteins, united in a family, which bind
and hydrolyze chitin. Chitinase I (CHIT1) or chitotriosidase, Chitinase 3-like-1
(CHqI3L1), and Chitinase 3-like-2 CHI3L2) are proteins, homologous to chitinases,
which bind with chitin, but do not have the capacity to hydrolyze it. In brain tissue in
MS, CHI3L1 (also known as YKL-40) and CHI3L2 are expressed in astrocytes in white
matter plaques and in normal-looking white matter, and CHI3L1 is also expressed in
microglia in MS lesions. Validation in larger cohorts will be required before they can
be used as part of the general clinical practice of MS [13].

4.3 Biomarkers of innate immunity

Due to expansion of understanding of the involvement of microglia and mac-
rophages in MS, CNS biomarkers for innate immune activation are needed to be
established for evaluation of the course of the disease and efficacy of the immuno-
modulating therapies. The detection of soluble cell surface biomarkers in CSF could
determine the immune phenotype of intrathecal inflammation in MS. Biomarkers
derived from the myeloid line such as soluble CD163 (sCD163) and sCD14 are
secreted by monocytes and are elevated only in CSF of MS patients. sCD1 correlates
weakly with the absolute number of monocytes in CSF, suggesting that the sCD14/
monocyte ratio could be used as a marker for activation of microglia. Several studies
suggest that sCD163 may be a biomarker of macrophage activity because of its good
correlation with monocyte count in CSF of MS persons. Quantification of intrathecal
sCD production revealed an increased CSF/serum ratio of sCD163 in persons with
RRMS and PPMS, in parallel with other biomarkers of inflammation and neuro-
degeneration, including elevated NF-L in CSF. The trigger receptor expressed on
myeloid cells 2 (TREM-2) is found at high levels in CNS microglia, where it may play
arole in weakening the immune response. Soluble TREM-2 increased in CSF in MS
patients and decreased after natalizumab treatment [13]. Immunoglobulin (Ig) M and
IgG antibodies revealed as OCBs in CSF are considered to reflect the antigen-driven
pathophysiology in MS, albeit the certain antigens are still unclear. Intrathecal OCBs,
in particular IgG, are a hallmark of MS and are the most commonly applied diagnostic
biomarkers in MS, although it is not specific to the disease [13].

Azzolini et al. found a significant positive correlation between IL-9 and TREM-2
CSF levels. In EAE and MS IL-9 is associated with anti-inflammatory action and
neuroprotection. IL-9 reduces the activation of macrophages and microglia, inhibits
the release of pro-inflammatory molecules, and promotes the anti-inflammatory phe-
notype [18]. The correlation between GFAP and sTREM-2 and the levels of different
inflammatory cytokines is consistent with the cross-link between CSF inflammation
and the activation of microglia and astroglia in MS [19].

4.4 Circulating microRNA (miRNAs)

MicroRNA (miRNAs) are a class of small noncoding RNAs consisting of 17-25
nucleotides, whose main role is gene regulation by mediating mRNA degradation,
as well as by regulating transcription and translation. miRNAs form up to 1% of
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the human genome [20]. Circulating miRNAs, usually packaged in microvesicles or
exosomes, are relatively stable. They are found in most biofluids, such as CSF, serum,
plasma, and whole blood and peripheral blood mononuclear cells (PBMCs). miRNAs
are detected through multiple methods such as quantitative PCR, miRNA array analy-
sis, small noncoding RNA cloning, or next-generation sequencing. Dysregulation

of miRNAs may play an important role in the underlying mechanisms of MS and
potentially serve as a reference for measuring disease progression [13].

4.5 Proteoma

Based on analysis of protein spots of interest seven differentially expressed
proteins in CSF samples from RRMS-patients compared to subjects with other inflam-
matory diseases of the CNS were identified, as determined by 2D-PAGE, respectively
Alpha-1-antichymotrypsin, prostaglandin D synthase (PGDS), retinol-binding
protein-4 (Rbp4), transthyretin (TTR), apolipoprotein E (ApoE), and gelsolin and
angiotensinogen [21]. The most striking change in the CSF proteome in RRMS is the
oligomerization of TTR in high molecular weight species (conformers) in about 70%
of the analyzed samples. Proteomic studies have shown a decrease in alpha-1-antichy-
motrypsin in the CSF of patients with RRMS compared with samples collected from
patients with other inflammatory diseases of the CNS. This is supported by the results
obtained in the validation of studies using ELISA in both sexes [14, 21].

4.6 Metabolomic

Metabolomics is a promising technique that studies small molecules (<1500 Da) in
various biological matrices, including cells, biofluids such as serum, plasma, cerebro-
spinal fluid (CSF), urine, feces, tissues, and exhaled gases. Metabolomics has gained
notoriety in recent years for its usefulness in identifying potential biomarkers of MS
and providing insight into the pathogenesis of the disease. A growing number of studies
show that metabolomics is a promising tool for the diagnosis and prognosis of MS [22].

4.7 Kappa free light chains (KFLC) in CSF

Kappa free light chains (KFLC) in the cerebrospinal fluid (CSF) are promising
biomarkers for multiple sclerosis (MS), especially the kappa (K) index.

Martins et al. determine KFLC in CSF and serum samples of patients with MS,
clinically/radiologically isolated syndrome (N = 39), and controls (N = 152; inflam-
matory and noninflammatory neurological diseases). The researchers found higher
KFLC parameters in the MS group and the K index performed best among them (AUC
0.92). At alimit of 7.25, it showed better sensitivity (85% vs. 77%) but less specificity
(88% vs. 91%) than OCBs. The effectiveness of the IgG index was lower (AUC 0.83).
A K index threshold of 2.55 (97% sensitivity) would reduce OCB testing by 52% in the
study population. The proposed threshold of 7.25 may help diagnose MS and identify
some false-negative cases from OCB studies [23].

4.8 CNS endothelial-derived extracellular vesicles (EEVs)

Mazzucco et al. conducted the first study in which CNS EEVs or EVs derived from
BBB were identified in human circulation. The authors develop a new method for
identifying EVs derived from CNS endothelial cells by detecting multiple cell-specific
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markers on EVs isolated from the patient’s plasma by flow cytometry. Using this
method, the researchers identified three different populations of CNS-EEV including
CNS-EEV31, CNS-EEV105, and CNS-EEV144. The scientists found that CNS-EEV
concentrations were higher in patients with RRMS with active disease than in HC,
stable in patients with RRMS who did not receive disease-modifying therapies
(DMT), stable in patients with RRMS who were not receiving natalizumab, and stable
in patients with RRMS receiving ocrelizumab [24].

5. Types of biomarkers according to clinical characteristics of MS
5.1 Diagnostic biomarkers for MS

Biomarkers that are suitable for the diagnosis of MS should be able to distinguish
MS patients from healthy people or from those with other diseases [7].

A 30-40% increase in specific metabolites (e.g. choline) was detected by proton mag-
netic resonance spectroscopy in the brain prior to MRI detection of lesions in normal-
looking white matter [25]. Decreases in N-acetylaspartate have been found in the brain
areas of MS patients and correlated with impairment in which conventional MRI images
failed to show a correlation [26, 27]. The results of Ferreira et al. show for the first time
that serum phospholipid in MS is significantly different from that of healthy controls
and that it may be suitable as biomarkers for clinical applications for MS [27, 28].

CRP is a nonspecific reagent in the acute phase, as it is influenced by several
factors, such as infections, inflammation, smoking, and body mass index. DMTs
generating lymphopenia can cause higher NLR [29].

Momtazmanesh et al. found significantly higher levels of NFL in the CSF of
patients with CIS compared to healthy persons. GFAP levels are remarkably higher in
the CSF of MS patients compared to controls. In general, CSF t-tau levels are higher
in MS patients with moderate significance. Both CHI3L1 and S100B levels are signifi-
cantly higher in the CSF of MS patients compared to controls [30].

OCBs were introduced in 1983 as a diagnostic criterion for MS and thus represent the
first biomarker of this disease [31, 32]. Since OCBs, meanwhile, have not been used for
diagnostics according to McDonald’s 2010 criteria, they are again part of the diagnostic
algorithm in the 2017 update [33]. CSF IgG OCB is found in almost 90% of patients
with MS and in nearly 70% of patients with CIS [34]. Of all the possible models, type
2 is detected when at least two IgG bands are present in the CSF but not in the serum,
suggesting intrathecal IgG synthesis and thus inflammatory CNS disease [35].

Immunoglobulin (Ig) G index indicates the ratio of IgG in CSF/serum compared
to CSF/serum reference protein albumin. Albumin ratio, i.e., the albumin in CSF/the
albumin in serum, is a measure of impaired blood-CSF barrier function in MS. The
IgG index is applied as a marker for intrathecal synthesis of immunoglobulins. An IgG
index >0.7 is an indicator of an increased intrathecal B-cell response and thus indi-
cates the presence of MS [36]. About 70% of MS patients have an elevated IgG index.

Several studies have reported an increased concentration of free light chains in
the CSF of patients with MS [37]. The KFLC index corresponds positively with the
IgG index, which is a measure of intrathecal synthesis [38], using a cut-off value of
5. KFLS shows greater sensitivity (more than 96% vs. almost 50% for IgG index) for
the detection of OCB (IgG) in CSF and diagnosis of MS and in regard to the negative
prognosis it has comparable specificity. According to consensus report from 1994 on
the role of CSF in MS diagnosis, the intrathecal Ig-synthesis against viruses, such as
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measles, rubella, and varicella zoster, is used as a complementary diagnostic exam in
MS [39]. Such kind of local humoral response, known as measles-rubella-varicella-
zoster (MRZ) response (MRZR), is registered in about 94% of persons with MS in
case of at least one intrathecal virus-specific response is found, and the anti-measles
response is the most common [40].

5.2 Biomarkers for MS-progression
5.2.1 Biomarkers for conversion from CIS to MS

Neuronal and glial biomarkers may be useful in determining the risk of conver-
sion to MS in patients with CIS or RIS [31]. In patients with RIS, elevated CSF levels
NF-L > 619 ng/L have been shown to be an independent risk factor for conversion to
CIS and MS [41]. CHI3L1 levels in CSF correlate with the time of conversion from CIS
to MS. However, the correlation did not remain significant for patients when followed
for more than 5 years [42]. Other studies with a follow-up period of less than 3 years
found that CHI3L1 levels in CSF were not a predictor of conversion in patients with
CIS. No correlation was found between the baseline levels of the other markers (t-tau,
GFAP, and S100B) and the conversion time from CIS to MS [42].

The results from actual research show that detection of CSF OCB in children with
RIS is associated with increased risk of developing pediatric MS and also improves the
specificity of MRI criteria in this population [43]. Another study on 75 RIS patients
confirmed that CSF OCB was an independent risk factor for conversion from RIS
to CIS and to MS, which happened for a shorter time [44]. In patients with CIS, the
identification of CSF lipid-specific IgM OCB is associated with an increased MRI
lesion load and brain atrophy at the first clinical event with an aggressive course of
the disease. The load on periventricular lesions in the first years of the disease is also
associated with the formation of intrathecal IgM synthesis in patients with CIS, so it
is assumed that IgM plays an active role in the development of demyelinating lesions
[45]. In another study by Ferraro et al., the identification of CSF IgM OCB in patients
with CIS predicted another recurrence within 1 year [46]. The results of a blinded
multicenter study involving 52 neurological patients and 13 centers confirmed the
reproducibility of the test [47]. OCBs in CIS patients also predict a more aggressive
course of the disease and correlate with brain atrophy, lesion load, and elevated CSF
levels of CXCL13, a chemokine that directs B cell migration [13].

In a study by Comabella and colleagues, CSF CHI3L1 levels were further correlated
with shorter latency conversion times and with the progression of disability during
follow-up and radiological activity of the disease [48]. High levels of glial markers
for activation of YKL-40 and GFAP are associated with earlier progression to EDSS
3 and that high levels of YKL-40 are also associated with earlier progression to EDSS
6. Martinez et al. also reported higher levels of YKL-40 in patients with CIS with a
reduced time to conversion to CDMS, which supports the results of a previous study
[49]. However, the prognostic value of YKL-40 is lost when the conversion time is
extended by more than 5 years. These findings further suggest that glial activation
may play a key role in the progression of MS [13, 42].

5.2.2 Markers of disease progression

GFAP and sTREM-2 have been studied in MS as useful tools for monitoring disease
progression. Serum and CSF concentrations of GFAP have also been associated with
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clinical impairment and radiological activity [50]. In patients with progressive MS,
serum GFAP concentrations are related to age and EDSS, as well as to neurofilament
light levels (NF-L) [19, 51]. Increased expression of pro-inflammatory molecules,
including IL-1p, IL-2, IL-6, and IL-8, has been associated with higher disease pro-
spective activity, impairment, and neurodegeneration in MS [52, 53].

Guzel et al. [54] found that both CRP and NLR had discriminatory capacity for
patients with EDSS > 5 versus EDSS <5.36. Demirci et al. [55] concluded that NLR
may be a potential predictor of disability progression, and Bisgaard et al. categorizes
NLR as an additional marker [56]. No significant difference was found between NFL
CSF levels in RRMS (N = 752) compared to PMS (N = 462) patients based on a meta-
analysis summarizing several studies [31].

In a study of 29 MS patients who were followed for 5-16 years, the presence of
CSF IgM OCB was strongly associated with conversion to SPMS and achieving a
higher EDSS score [57, 58]. In other studies, serum GFAP levels were also associated
with higher EDSS scores but also with longer disease duration and progressive course
[42, 59]. Earlier studies have also found associations between miRNAs expression
and MS damage or disease progression.

Higher NfL are associated with a higher subsequent rate of whole-brain atrophy,
and recent inflammatory activity (new/increasing T2 lesions), as well as T2LV, is
associated with higher NfL [60]. Clinically significant prognostic value of NF-H
was also recently demonstrated in a cohort of 51 patients followed for an average of
15 years [13, 17].

Regarding the diagnosis of primary progressive MS (PPMS), the presence of CSF
OCB is one of the mandatory criteria [33] and its role has been confirmed over time in
successive revisions following the Poser criteria [61].

5.3 Biomarkers as indicators for the efficacy of the DMT

The therapeutic benefit of some DMTs, such as interferon beta (IFNf) and
natalizumab, often weakens due to neutralizing antibodies production. These serum
antibodies are routinely tested during certain periods and are used as biomarkers for
the effect of treatment. The myxovirus resistance protein (MxA) is another valuable
biomarker of the IFN response frequently used in clinical practice.

CSF NF-L was reduced in patients after switching from IFN or glatiramer acetate
to rituximab, which correlates with traditional NMR measurements for inflammatory
activity, further supporting CSF NF-L as a measure of disease activity. NfL has shown
utility as a biomarker for treatment with fingolimod, siponimod, natalizumab, and
ocrelizumab in PMS cohorts [13].

Natalizumab has been associated with progressive multifocal leukoencepha-
lopathy (PML) caused by reactivation of the JC virus in the CNS. The risk of PML is
monitored by prospective serum testing of JCV antibodies. Currently, the use of a
“PML risk stratification test” that measures the level of anti-JCV antibodies through
an ELISA-based test in patients receiving natalizumab is helpful. Altered levels of
miRNAs in PBMCs are normalized by autologous hematopoietic stem cell transplan-
tation and natalizumab. Regarding the risks of natalizumab, several miRNAs are
possible biomarkers for the development of PML in patients receiving natalizumab.
Fingolimod treatment decreased miR 150 plasma levels and did not affect cerebrospi-
nal fluid (CSF) levels, while natalizumab treatment increased miR-150 plasma levels
and decreased CSF levels [13].
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NF-L concentrations in CSF have been shown to reduce during the second year
of the immunosuppressive therapy in patients with active progressive MS and after
switching from first-line therapies to fingolimod in those with RRMS. In addition,
CSF NF-L has shown the advantage of better therapeutic biomarker after 12 months
of NTZ treatment in subjects with RRMS, compared to NF-H, [62]. However, the
potential role of CSF NF-L as a biomarker for response to treatment is severely limited
by the invasiveness of performing serial lumbar punctures. Conversely, serial NF-L
serum scores would be an easier-to-detect marker and a reliable indicator of NF-L
CSF levels [63]. The serum levels of NF-L correlated positively with clinical and
radiological activity in MS at baseline and during follow-up, trend to decrease at the
6 months of IMD administration and reached stable values below 8 pg/ml in those
subjects who maintained NEDA-3. In addition, persons who expressed clinical and
radiological activity of the disease during observation period also showed elevated
serum NF-L levels up to 5 months before relapses.

There is not sufficient evidence of possible interactions between DMD and CSF
IgM OCB. Patients with RRMS on treatment with IFN-p showed reduced therapeutic
response depending on CSF lipid-specific IgM OCB, who experienced a mild reduc-
tion of the relapse rate and increased likelihood of reaching deteriorated EDSS. NTZ
has been shown to decrease serum IgM and IgG concentrations after 2 years of treat-
ment onset in a time-dependent way [64].

Some studies have examined variations in matrix metalloproteinase (MMP) levels
in patients with DMD. Significant reductions in serum MMP-9 mRNA in patients with
RRMS below IFN-f have been observed after 12 months of follow-up by Galboiz and
colleagues [65] and confirmed by other studies [66]. It is worth noting that a signifi-
cant elevation of TIMP-1 levels was observed in the group of respondents compared
to nonrespondents [67]. A possible therapeutic effect to NTZ treatment has also been
studied. Balasa and colleagues found a significant reduction of MMP-9 in the serum
after 8 months of treatment onset and a positive correlation between the biomarker
concentration and the disease activity [68], but this finding has not been affirmed by
other research [69]. Decreased baseline MMP-9 levels were found in patients treated
with NTZ in patients who developed progressive multifocal leukoencephalopathy
compared to those who did not [70].

In patients with CIS, in parallel with the assessment of the risk of conversion, it is
important to choose the adequate treatment decisions preferably supported by bio-
markers that could predict the future course of the disease. For example, biomarkers
associated with axonal damage or oligodendroglial waste could facilitate the recogni-
tion of subjects who need aggressive and early treatment approaches to suppress the
disease progression and long-term disability [13].

5.4 Markers of MS activity

CRP and NLR as biomarkers of disease activity in MS. NLRs appear to reflect
better systemic inflammation than specific neutrophil and lymphocyte counts alone.
NLR is calculated as the ratio of the number of neutrophils to lymphocytes, which
makes it a simple, fast, nonspecific, and inexpensive way to detect increased systemic
inflammation. NLR as a biomarker comes from observations showing that systemic
inflammation regularly leads to neutrophilia and lymphocytopenia [29].

Nitric oxide metabolites. Due to the role of oxidative stress in the pathogenesis
of MS, nitrates and nitrites have been studied as biomarkers of disease activity [71].
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Interferon-beta (IFN-f) has shown remarkable inhibition of inducible expression of
NO synthase in astrocytes [72-74]. Significantly higher levels of nitrites and nitrates
were found in patients with relapse than in remission and patients treated with
steroids in the previous 1-2 months [74, 75]. Accordingly, NO metabolites predict
disease activity with 71% specificity and 66% susceptibility [76].

Osteopontin. Osteopontin (OPN) is closely linked to the immune system. In
its soluble form, it is secreted by macrophages and activated leukocytes and also
interacts with them, reducing the inducible form of NO synthase, and stimulating
inflammatory process. In its intracellular form, OPN is expressed by dendritic cells
and promotes the differentiation of Th17 and Treg [77]. OPN is probably facilitating
increased regulation of Th1 and Th17 cytokines, mostly IFN-y and IL-17 [78, 79].

A specific subset of Th1 cells, particularly those occurring in CSF during relapses,
are thought to produce OPN, high levels of IFN-y, and matrix metalloproteinase-9
(MMP-9) after polyclonal stimulation, playing a pathogenetic role [80, 81].

C-X-C motif ligand 13. The C-X-C motif ligand 13 (CXCL13), also known as a
chemokine that attracts B cells (BCA-1), is a protein that promotes the chemotaxis of
mature B lymphocytes by interacting with its CXCRS5 receptor [79]. In fact, CXCL13
has been found to be overexpressed in active MS lesions and in intrameningeal B-cell
follicles of chronic white matter lesions, maintaining humoral autoimmunity and
disease activity [82, 83]. In a study by Khademi et al. CSF CXCL13 was found to be
significantly higher in infectious neurological diseases and MS [84].

MMP-9. During inflammation, many molecules are able to activate MMPs,
including reactive oxygen species and TNF-a and IL-17 via NF-«B [85]. It has been
suggested that MMPs may also act in MS by digesting myelin basic protein (MBP), in
addition to promoting leukocyte leakage into postcapillary venules [86].

Myelin basic protein. It has long been known that MBP is a potential biomarker
of disease activity for MS, as it shows acute CNS myelin damage, although it is not
disease-specific. Several studies have found elevated levels of MBP in CSF in MS
patients temporarily associated with relapses [87] and detectable up to 5-6 weeks later
[88]. Accordingly, patients with RRMS with disease activity showed higher values
than progressive MS and stable patients [89]. MBP concentrations in CSF are also
higher when polysymptomatic and severe relapses occur, which correlates with EDSS
score and MRI activity and decreases after treatment with corticosteroids [90].

Neuronal cell adhesion molecule (N-CAM). The adhesion molecule of neuro-
nal cells (N-CAM) is considered a marker for recovery and remyelination and is
expressed mainly in the CNS [91].

5.5 Biomarkers for MS relapses

Patients with recurrent MS have higher levels of CSF NFL than patients in remis-
sion. No significant difference in GFAP CSF levels was found between patients in
relapse and remission. The difference in CSF t-tau levels between patients with
relapse and remission was not significant [30].

The results of Martinez et al. are consistent with previous studies showing higher
NFL levels during relapse [30, 41]. The authors confirm the conclusion of a previous
study by Malmestrém et al. that NFL levels decrease further 60 days after the onset
of relapse [92]. Conversely, MCP-1 levels increase in the stable phases of the disease,
indicating that this marker may reflect an anti-inflammatory effect [93].

In a group of patients with active recurrent and progressive MS, Thebault et al.
showed that increased sNfL at baseline and also longitudinal elevation of sNfL
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from previously low baseline values predict relapse manifestations over a 12-month
follow-up period. Increased baseline sNfL rates are also corresponding with subse-
quent gadolinium-enhanced lesions during disease activity and with deterioration of
disability. sGFAP is associated with upcoming MRI activity only, but not with other
parameters [17].

In patients with milder relapses, treated with drugs on first-line, the sNfL levels
are more stable than in severe relapsed subjects. In MS patients with more active
course of the disease, increased sNfL was observed 5 months before appearance of
new crisis and almost 80% of the increased sNfL (>3 SD) were corresponding with
clinical and MRI activity of the disease. Although these group-level observations are
important evidence that dynamic change in sNfL is appropriate, utility at the indi-
vidual patient level is limited [17].

The results of Martinez, 2015 are consistent with previous studies showing higher
levels of NFL during relapse [41]. Researchers confirm previous findings that NFL
decreases further after 60 days of relapse [92]. This model has not been observed for
other biomarkers.

5.6 Biomarkers for neuronal and glial damage in the differentiation of MS
subtypes

GFAP alone has been shown to be a useful biomarker for differentiating different
MS subtypes. Patients with PMS had higher GFAP levels than RRMS. No significant
difference in SI00B CSF levels was found between patients with RRMS and SPMS
[30]. While in RRMS the movement of adaptive immune cells from the periphery to
the CNS is the main pathological mechanism, in PMS the players of innate immunity,
including astrocytes and microglia, play a more important role. Molecular biomark-
ers of reactive astrogliosis show promising results in the differentiation of RRMS
and PMS. This may be one of the reasons for the higher levels of GFAP, which reflect
astrogliosis, in patients with PMS compared to RRMS. Serum GFAP levels are also
higher in patients with SPMS compared to RRMS.

No significant difference was found between t-tau levels in CSF in RRMS com-
pared to PMS. No significant difference was found between the CSF levels of CHI3L1
in RRMS compared to PMS [30]. Metabolic serum metabolic profiling may reveal reli-
able biomarkers for distinguishing between RRMS, SPMS, and PPMS.10. Metabolic
profiling of CSF is currently being developed, but all of these studies require further
validation before clinical use [13].

5.7 Association of biomarkers for neuronal and glial disorders with age and sex

Recent meta-analysis has shown that CSF NFL levels are positively correlated
with age in HC, but they do not have or have a negative correlation with age in MS.
Abnormal changes during the course of MS affecting CSF NFL levels are considered
as main feature, differentiating MS patients form HC [30].

A meta-regression analysis showed a negative correlation between the percent-
age of women and the magnitude of the effect of comparing CSF NFL levels among
MS patients. Gender may be a determinant of the CSF levels of neuronal and glial
biomarkers of damage. Higher CSF levels of CHI3L1 and t-tau have been found in men
suffering from MS. A recent meta-analysis found higher levels of CSF NFL in men in
the HC and MS groups. However, in patients with PMS, CSF NFL levels are moder-
ately higher in women. Finally, in addition to CSF levels of biomarkers for neuronal
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and glial damage, their blood level may also be a practical biomarker in MS. CSF and
blood levels of these biomarkers may be affected by DMT and they can potentially be
used to monitor the response to treatment.

To date, only GFAP has shown a significant correlation with age, with higher levels
found in the elderly [42].

5.8 Biomarkers for cognitive impairment in MS

Cognitive impairment (CI) is a common and disabling symptom in MS. Axonal
damage may contribute to the development of CI in the early stages. However, there
are currently no biomarkers available to monitor CI in MS patients. Virgilio E et al.
in their study aimed to investigate the correlation of axonal biomarkers of CSF,
in particular: light chain neurofilaments (NFL), Tau, and beta-amyloid protein
(Abeta) in patients with MS with CI at diagnosis. The researchers included 62 newly
diagnosed patients with MS and cognition was assessed using the BICAMS battery.
CSF levels of NFL, Abeta, and Tau were determined by ELISA. No differences were
found in demographic, clinical, and MRI characteristics (with exception of the lower
educational level) in persons with CI.

The patients with CI, who accounted for 45.1%, did not differ in demographic,
clinical, and MRI parameters (with exception of lower educational level), but
showed more severe neurodegeneration, based on higher mean CSF Tau protein
(162.1 + 52.96 pg/ml vs. 132.2 + 63 pg/ml p: 0.03). No significant differences were
reported for Abeta and NFL. A correlation between the number of impaired tests and
Tau levels was significant (r: 0.32 p: 0.01). Tau is increased, especially in persons with
delayed data rate (IPS) (p: 0.006) and linear regression analysis, subtyping EDSS,
MRI, and MS, confirms Tau as a weak predictor of IPS and cognitive impairment. CI
has significant impact on the quality of life of MS persons and should be sought even
at diagnosis. Biomarkers of axonal damage, in particular Tau, appear to reflect cogni-
tive impairment at the early stages of the disease [94].

In a longitudinal trial on 22 IFNB-1a- and riluzole-treated patients and 20 IFNB-1a-
and placebo-treated persons with MS at an early stage, the serum NF-L concentra-
tions were evaluated over a 24-month period. The NF-L levels correlated positively
with EDSS deterioration, Gd + lesions, and cerebral atrophy. In addition, elevated
serum NF-L levels correlated with poorer results in neuropsychological tests that
evaluated visual-spatial orientation, recollection, and verbal and nonverbal episodic
learning [95]. Similar results on the relationship between serum NF-L levels and CI at
the early stages of MS associated with increasing EDSS have been confirmed by other
studies. Although the serum NF-L levels correlated with EDSS in patients with PMS,
they failed to correspond with EDSS deterioration in the previous year and during
a mean follow-up of 27 months. In particular, serum NF-L was elevated in all of the
patients with PMS, including those who did not show increasing in EDSS or deepen-
ing of the disability [96].

6. Discussion

Many systematic biological approaches such as genomics, epigenomics, and
proteomics have been used to expand the knowledge in MS, helping to extract
valuable information on the pathogenesis of the disease. Despite this progress, there
remains a need for additional tools to understand the exact etiopathogenesis of MS.
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There is also a significant unmet need for diagnostic and prognostic biomarkers in
MS, especially in progressive forms of the disease [22].

In MS, the potential biomarkers are classified on the basis of their ability to
establish the diagnosis, predict the outcomes, and assess the response to treatment.
Essentially, the biomarkers for MS need to be able to identify individuals who are
vulnerable for receptivity to the disease or at high risk of severe attacks in case of
confirmed diagnosis and to predict which individuals are likely to respond to certain
treatments. Based on these considerations, many published candidate biomarkers
have emerged, although most of them are correlative and have yet to be shown to
have significant prognostic potential for the disease. In addition, some biomarkers
are common markers of inflammation and, therefore, have no specificity for MS.
Nevertheless, they have been shown to be important in elucidating the mechanism
of disease, progression, and susceptibility, despite their inability to become practical
clinical biomarkers [6].

CSF is a unique source of potential biomarkers for MS, although it requires some
invasiveness to collect them. Currently, only diagnostic biomarkers for CSF are used
in clinical practice, although hundreds of molecules have been validated as indicating
disease activity and prognostic biomarkers. IgG OCBs maintain an important role as
a validated diagnostic biomarker and are considered an alternative MRI tool that can
replace the spread over time based on the 2017 revision of the McDonald’s criteria.
They also have a predictive role for conversion from CIS to MS when found in patients
with first demyelinating event. NF-L has been shown to be a valuable biomarker that
indicates disease activity in MS. The ability to measure NF-L in the serum at different
time points makes it suitable for monitoring the response to treatment. The KFLC
index was established as a more sensitive but less specific diagnostic biomarker than
IgG OCB. It is a potential first-line assessment in patients with suspected MS and
minimizes the need for IgG OCB analysis. The KFLC index is a prognostic biomarker
for CIS conversion, but the lack of a universal threshold is still a limitation. IgM
OCBs have a good potential as a predictive biomarker because of their association
with aggressive course of the disease, a higher risk of conversion from CIS to MS,
progression of disability, and conversion from RRMS to SPMS. Several biomarkers
of the disease activity appear promising, although they require additional validation.
Elevated levels of NO metabolites, OPN, MBP, MMP-9, N-CAM, CXCL13, and CHI3L1
were found to be closely correlated with relapses [30, 41]. The role of biomarkers in
monitoring the effect of applied BMI is extremely valuable.

Based on the review presented, we can conclude that there are several biomark-
ers with a degree of relevance in the clinical environment. However, no biomarker
is effective in determining diagnosis and prognosis and in terms of sensitivity and
specificity. MRI and OCB are currently important in the diagnosis of MS. However,
recent studies have shown that the MRZ or NfL reaction is already or may be useful in
the future, respectively [6, 32].

The development of biomarkers is comparable to the development of drugs, and
independent validation must be demonstrated in large cohorts after a positive pilot
test. If biomarker tests are to be used to stimulate patient care, understanding and
carefully evaluating these concepts is essential, as “a bad biomarker test is as bad asa
bad medicine” [97]. The validation process is often lengthy and usually takes between
5 and 15 years [98]. For this reason, the enrichment of the repertoire of biomarkers
for MS has been slow so far.

Biomarkers currently used in clinical practice to diagnose MS include glycoproteins,
chemokines, IgG and IgM antibodies, and cellular surface markers of inflammation.
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As a step toward a better understanding of the mechanisms of neurodegeneration in MS,
recent studies have found new correlations between neurofilaments and other biomark-
ers of disease activity. CSF NF-L was found to be inversely related to serum vitamin D
levels in a group of 153 MS patients [26]. This study suggests that normal or high normal
vitamin D levels are not only associated with reduced inflammatory activity in MS but
can also protect against axonal damage. It has also been found that axonal damage, mea-
sured by neurofilaments, correlates with mitochondrial dysfunction (CSF lactate) and
CNS autoimmunity and inhibition of remyelination (CSF lipocalin 2), thus potentially
expanding the repertoire of CSF current marker biomarkers. Activity in MS [13].

However, the course of MS disease is very variable and the diversity in the phe-
notype of the disease is not well related to these biomarkers. Thus, it is imperative to
identify new specific biomarkers that can help differentiate clinical phenotypes of
MS, predict disease progression, and provide correlation with disability [2].

In addition, biomarkers are needed that reflect the ongoing neurodegeneration,
demyelination, and remyelination of gray and white matter, microgliosis, astrogliosis,
and oxidative stress, which contribute to the overall activity of the disease. The need
is particularly important for progressive MS (SPMS and PPMS), where biomarkers
are lacking that can objectively assess the mechanisms of the disease that contribute
to neurological deterioration.

Future research is needed to further investigate the clinical use of neuronal and
glial biomarkers in MS. More studies are indispensable to shed light on the impor-
tance of these markers in differentiating between different phenotypes of MS and the
specific course of the disease. Establishing cut-off values for different biomarkers in
diagnosing MS and determining its prognosis can be useful [30].

7. Conclusion

Biomarkers are crucial for the emergence of scientific discoveries, for the devel-
opment of adequate pharmacological products and for quality healthcare for the
individual and the population as a whole. The emergence of accurate and reliable
biomarkers of CSF, along with the development of safe and effective intrathecal
therapies, will make CSF analysis a routine part of optimal clinical management
of MS. Peripheral blood collections are less invasive and easier to obtain than CSF
collections. Blood biomarkers capable of detecting disease activity in MS and distin-
guishing different disease phenotypes may be useful in personalized treatment of
MS with disease-modifying drugs and predict treatment response. An approach to
the development of a biomarker that includes a common regulatory science across
multiple disciplines is needed to ensure that evidence-based rational development of
biomarkers maintains a pace with scientific and clinical needs.
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Chapter 3

Exploring the Effect of Genetic,
Environmental and Lifestyle
Factors on Multiple Sclerosis
Susceptibility

Omar Deeb, Sawsan Salameh and Afnan Atallah

Abstract

Multiple sclerosis (MS) is a central nervous system inflammatory illness that
begins with immune system dysregulation and impairs information flow inside the
brain as well as between the brain and the rest of the body. The cause of MS is yet
unknown. The interplay of genetic predispositions with environmental/lifestyle
factors, such as smoking, obesity, viral exposure, and insufficient sun exposure,
has led to numerous theories. This is reinforced by a major discovery of gene—
environment (GxE) interaction, which could provide information on the disease’s
molecular pathways to aid in the identification of new therapy and preventative
strategies, as well as steer disease exploration to new lifestyle suggestions. While
some persons with the major susceptibility to MS have a human leukocyte antigen
(HLA) Class II gene, according to genetic studies. We will cover recent studies
relating to several genetic, environmental, and lifestyle factors, as well as their
impact on MS, in this chapter.

Keywords: multiple sclerosis (MS), genetic factors, environment factors, lifestyle
factors, human leukocyte antigen (HLA)

1. Introduction

Multiple sclerosis (MS) is a central nervous system (CNS) immune-mediated
disease characterized by demyelination and gliosis as a result of immune cell infiltra-
tion across the blood-brain barrier. The disease’s neurologic signs and symptoms are
highly variable and dependent on the location of lesions in the CNS [1]. MS is the
leading cause of non-traumatic disability in children. This disorder is a multifactorial,
immune-mediated disease influenced by both genetic and environmental factors [2].
The prevalence of MS is expected to rise significantly in 2020, with an estimated 2.8
million people living with the disease worldwide in 2020, which is 30% more than in
2013, and it is more common in women than in men [3].
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The exact cause of MS is unknown, but it is widely assumed that the disease is
caused by complex gene-environment interactions [4, 5]. Genetic factors are impor-
tant for characterizing pathogenetic mechanisms, and for elucidating the complex
picture of disease initiation in the context of lifestyle and environmental factors
Human leukocyte antigen (HLA) class I and II genes, which are the most strongly
associated loci to MS. HLA class I and II genes encode for molecules that present anti-
gens to CD4+ and CD8+ T lymphocytes [5]. In addition to genetic variants, lifestyle
and environmental factors can be the important contributors to disease risk. Exposure
to tobacco smoke and organic solvents, certain infections such as Epstein-Barr virus
(EBV) infection, adolescent obesity, low levels of vitamin D and low exposure to
sunlight, climate, and working night shifts are all risk factors (Figure 1), (Table 1).
Use of oral tobacco, high coffee consumption, alcohol consumption, and serological
evidence of cytomegalovirus (CMV) infection are all factors that may be associated
with a lower risk (Table 1) [5-8].

MS risk and severity are influenced by a combination of genetic, environmental,
and lifestyle/behavioral variables. This chapter explores the evidence regarding
the impact of environmental and lifestyle factors such as sunshine and/or vitamin D,

Heritability Smoking, Coffee
Sex, Hormones Stress, Obesity (.-
Ethnicity Food, Alcohol .,
Genetic Variants 7

Figure 1.

The pathogenesis of multiple sclevosis is influenced by both genetic and environmental factors. Gender,
disease-modifier genes, disease susceptibility genes, and single nucleotide polymorphisms are among the
genetic factors that play a significant role in MS prevalence and pathogenesis. Environmental factors, on the
other hand, such as smoking, vitamin D deficiency, exposure to pollutants, alcohol, diet style, Epstein Barr
infection, dysbiosis of the gut micvobiota, lack of exercise, and stress, ave strongly linked to MS susceptibility
and progression.
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Factor OR HLA gene Combined Immune system
interaction OR implied
Smoking ~15 Yes 14 yes
Oral tobacco ~0.5 ND NA yes
EBV infection (seropositivity) ~3.6 Yes ~16 yes
CMV infection (seropositivity) ~0.7 No NA yes
Work shift ~17 No NA yes
Adolescent obesity (BMI > 27) ~2 Yes ~15 Yes
Vitamin D level < 50 nM ~14 No NA Yes
Low sun exposure ~2 No NA Yes
Alcohol ~0.7-0.8 No NA Yes
Coffee ~0.7 No NA Yes

OR, Odd ratio; HLA, Human Leukocyte Antigen; EBV, Epstein—Barr virus; CMV;, cytomegalovivus; BMI, body mass
index; ND, not determined, NA, not applicable.

Table1.
Summary of established and tentative lifestyle/environmental factors and their potential interactions with human
leukocyte antigen (HLA) risk genes for multiple sclevosis (MS).

EBV infection, smoking and alcohol consumption, and other factors at various
life stages, and addresses the issues in-depth and the impact of genetic variability
on some.

2. Evidence for genetic factors
2.1 HLA-associated genetic variants

Human leukocyte antigen (HLA) class I and II genes are particularly important
disease risk modifiers: class II gene variants encode products that present antigens to
CD4+ T lymphocytes, while class I products present antigens to CD8+ lymphocytes.
The class II variant HLADRB1*15: 01 is a risk allele of MS (odds ratio (OR) ~3) and is
carried by 25-30% of the population in northern Europe and the United States. The
second most powerful MS gene, class I variant HLAA®02, is associated with a lower
risk of MS (OR ~0.6). While the absence of HLAA*02 combined with the presence of
DRB1*15: 01 has a combined OR of ~5 [5, 9-12].

Several cohort studies suggest that the HLA genotype can influence environmen-
tal influences on MS risk. The harmful effects of childhood obesity [13], smoking
[14-16], infectious mononucleosis, and solvent exposure [16] on MS risk are ampli-
fied in those who carry the HLA DRB1*15 allele and lack the protective HLA A*02
genotype. A recent study found a strong link between higher childhood body mass
index (BMI) at age 10, smoking before the age of 20, and earlier menarche and MS. In
a combined model that included the HLA DRB1*15:01 and HLA A*02:01 genotypes,
the effects of these three risk factors remained similar [6]. Environmental risk factors
have been shown to play an important role in the development of MS disease in
genetically susceptible populations (class I HLA-DRB1*15:01 carriers) [17].
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3. Environmental factors
3.1 Past viral infections
3.1.1 Epstein-Barr virus (EBV)

The mechanisms by which previous viral infections and viral reactivation may
contribute to MS onset are still unknown. Epstein-Barr virus (EBV) is one of these
viruses that has been linked to an increased risk of MS, as it has been discovered that
people who have had clinically overt infectious mononucleosis (IM) have a more than
twofold risk of developing MS [18, 19]. This organization has recently received fund-
ing. According to a longitudinal study, the risk of MS increased 32-fold after infection
with EBV but not after infection with other viruses [20]. Supporting the link between
EBV and MS, EBV-induced infectious mononucleosis, positivity for EBV nuclear
antigen (EBNA)-1 IgG, or higher EBNA-1 titers have all been linked to an increased
risk of MS (OR ~3.6) [21, 22]. Furthermore, there appears to be a critical time win-
dow for EBV infection, with infection occurring during adolescence or later implying
an increased risk of developing MS, whereas this is not the case in childhood [23].

The genetic risk for elevated antiEBNAL1 titers has been found to be positively
correlated with the development of MS [24], which could be interpreted as addi-
tional evidence for EBV’s causality in MS. It has been reported that EBNA positivity
interacts with both HLA-A*02 and HLA-DRB1*15 [25, 26]. Another study of MS
cases and healthy non-MS controls who were seropositive for EBV found that HLA-
A'A02-positive individuals had the lowest EBV viral load and HLA-DRB1*15-positive
individuals had the highest. These findings support EBV’s causal role in MS, which
is modulated by the HLA Class 1 genotype via changes in antigen presentation to
T cells [27]. It has also been reported that an additive interaction of EBV status
with HLA DRB1*15:01 modifies MS risk [28, 29]. People who tested positive for
HLA-DRBI *15, negative for HLA-A* 02, and had high EBNA-1 titers, had a 16-fold
increased risk of MS compared to those who did not carry any of these factors, with
a combined OR of ~16 [26].

The genetic risk for elevated antiEBNAL titers is positively correlated with the
development of MS, which could be further evidence for EBV causality in MS [24].
Infectious mononucleosis and increased EBNA1 antibody titers interact with HLA
MS risk genetic variants [26]; and infectious mononucleosis interacts with HLA
DRB1*15:01 [30] to increase the risk of MS in a pattern similar to smoking. Because
HLA risk alleles encode molecules that regulate T cell adaptive immunity, the inter-
action with EBV infection measures may point to common pathogenetic pathways
in MS [5].

3.1.2 Cytomegalovirus (CMV)

Cytomegalovirus (CMV) is a herpes virus that is related to EBV. CMV infection
is mostly asymptomatic. Multiple studies have found a negative correlation between
CMV seropositivity and MS diagnosis (protective association) in both pediatric and
adult populations, with an OR of ~0.7 [31-35]. While a few studies have failed to find
alink between CMYV seropositivity and MS risk [36-38],

CMV infection may have a potentially protective effect due to its ability to
induce not only pro-inflammatory antiviral responses, but also several anti-
inflammatory responses, such as decreased mononuclear cell proliferation, increased
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anti-inflammatory cytokine secretion, and decreased cell surface HLA class I and II
expression [31]. CMV infection alters the phenotype and function of B cells in MS,
modulating the influence of IFN and reducing the proinflammatory B cell profile,
according to new research. These findings may help to explain the potential impact of
this viral infection on MS [39].

3.1.3 Herpes simplex virus (HSV)

Controversial findings regarding the relationship between HSV infection and MS
risk [40-42]. According to a new study, HSV infection is modestly associated with
MS risk, particularly in Whites, raising the possibility that the disparity between
previous reports is due to the racial make-up of study populations [29]. This study
also confirmed the link between HLADRBI1 status, HSV infection, and the risk of MS.
HSV infection was linked to an increased risk of MS only in HLA-DRB1*15:01 negative
subjects [29, 32].

3.2 Sun exposure/Vitamin

There are large number of studies on sun exposure/vitamin D, provoked by
epidemiologic observations of a latitude-dependent difference in MS incidence and
prevalence, despite being confounded by the distribution of the HLA DRB1*15:01 risk
predisposing genotype in gradients [43, 44].

Because we rely on ultraviolet radiation (UVR) to convert vitamin D to an active
metabolite, distinguishing the effect of UVR from that of vitamin D is difficult. Both
of these exposures have been linked to a lower risk of MS, according to a recent and
extensive review [45]. A higher level of UVR exposure is associated with a lower risk
of MS [43, 46, 47]. Even after accounting for vitamin D levels, there was still a link
between UVR exposure habits and the risk of MS [47], though this finding should
be interpreted with caution because vitamin D levels were not measured prior to the
preclinical phase. The physiological reason for UVR’s putative protective impact is still
being researched. UVR exposure protects against MS even if vitamin D isn’t present.
When tested in the animal model EAE [48], UVR exposure lowers peripheral inflam-
mation in mice [49], with a T regulatory (Treg) cell activation and dampening effects
on antigen-presenting dendritic cells [50, 51]. In these instances, cis-uronic acid
production could be involved [52].

Increased vitamin D levels have been linked to a lower incidence of MS, particu-
larly before the age of 20 [53], which is consistent with later results on supplementa-
tion and sun exposure [54, 55]. Furthermore, in the situation of minimal sunlight
exposure, a diet rich in vitamin D containing fatty fish reduces MS risk [56]. In one
study of vitamin D levels during pregnancy in humans using birth samples, no dif-
ference between MS cases and controls was found; despite large confidence intervals
[57], which is consistent with studies on experimental autoimmune encephalomyelitis
(EAE) in which only adolescent rats (not pregnancy or adult rats) showed an effect
of vitamin D [58]. This discovery is not without controversy, as mothers with low
vitamin D levels during the first trimester had a two-fold greater risk of MS in their
offspring [59]. Variations in sampling timing, storing issues, or possible “inherited”
behavior differences regarding sun exposure are all possible explanations for the
disparate results. In Australia, epidemiologic studies of sun exposure found a link
between low sun exposure in mothers during the first trimester and the risk of
MS in their children [60]. Regardless, vitamin D and/or sun exposure appear to be
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significant during a temporal window of adolescence when vitamin supplementa-
tion may reduce MS risk to some extent. Vitamin D’s importance is also confirmed
by genetic data, which shows that mutations around the CYP27B1 gene, which is
involved in vitamin D metabolism, are linked to MS [61, 62]. In two case-control
investigations, recent genomic data on a series of genes that regulate Vitamin D levels
revealed significant effects. Because the distribution of these gene variants is random,
it resembles a blinded clinical trial or Mendelian randomization in certain ways
[63, 64]. In vitro investigations using the biggest MS risk gene, HLA DRB1*15:01,
identified vitamin D as the first example of a gene—environment interaction [65],
although this finding has not been replicated in humans [47].

It is still unclear whether vitamin D or sun exposure has a strong therapeutic effect
once MS has been diagnosed. Despite the fact that vitamin D has been introduced
to conventional therapy in multiple research, its value has yet to be determined.
Importantly, high vitamin D levels are linked to reduced axonal injury as evaluated by
cerebrospinal fluid (CSF), neurofilament light [66], and greater vitamin D levels were
linked to lower MRI activity and delayed disease development during an interferon
study [67, 68].

Vitamin D supplementation is thought to be non-toxic even at very high doses,
so it seems reasonable to conduct large clinical trials in people at risk for MS, such as
close relatives, or even to recommend supplementation at relatively high doses for
all adolescents; vitamin D appears to play a role in a variety of diseases, not just MS.
Because of the risk of skin cancer, it is more difficult to make sun exposure recom-
mendations. Moderate exposure, on the other hand, is a good idea. Variations in
the timing of sample, storage challenges, or possible “inherited” behavior variances
towards sun exposure are all plausible causes for the lack of consensus on whether
vitamin D supplementation is beneficial in individuals. Notably, epidemiologic stud-
ies of sun exposure in Australia found evidence of a link between low sun exposure in
mothers and the development of MS. Many MS patients, on the other hand, are aware
of the link between vitamin D and MS risk and take it, especially during the winter.

3.3 Air pollution

The link between air pollutant exposure and MS risk is unclear. Particulate matter
(PM) exposure causes an inflammatory response in the lung, resulting in the release
of inflammatory cytokines and elevated systemic levels. Long-term exposure to
air pollution has been linked to neuroinflammation and blood-brain barrier dam-
age. Studies examining exposure to particles with an aerodynamic diameter of less
than10 pm (PM10) produced conflicting results [69-71]. Seasonal exposure to nitro-
gen dioxide during the cold season or ozone during the hot season has been linked to
an increased risk of MS relapse, whereas exposure to benzene and carbon monoxide
was not [72].

4. Lifestyle factors
4.1 Smoking and oral tobacco

Cigarette smoking is a well-established risk factor for MS (OR of 1.5) [73, 74];
this finding result was later confirmed in a larger case-control study [75, 76], with a
clear dose-response relationship [76, 77]; cumulative smoking is associated with an
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increase in risk [15, 75, 78, 79]. Elevated levels of cotinine in the serum or plasma

(> 10 ng/ml) from patients before they developed MS were associated with a
significantly increased risk of MS (OR of 1.5). The effect on the risk for MS by
cotinine levels was significant in individuals younger than 26 years old with OR of
2.2 [80]. However, the age at which a person first began smoking had no effect on the
association between smoking and MS risk [76]. Passive smoking exposure, includ-
ing water pipe smoking, but not oral tobacco use in the form of moist snuff, has also
been linked to an increased risk of MS [14, 81]. Also, children raised in environments
associated with smoker parents had more than double the risk of a first MS episode
when compared with unexposed children, this increase in risk was significantly
associated with the longer duration of exposure [82]. In addition, children exposed
to second-hand smoke and with HLA-DBR1*15 alleles have a higher risk of MS [83],
implying that even minor lung irritation is significant [84]. If the association is due to
nonspecific irritation, one might consider a factor such as air pollution as a trigger of
CNS neuroinflammation, as long-term exposure to air pollutants has been confirmed
as an environmental risk factor in MS [69]. On the other hand, smoking increases risk
of developing neutralizing antibodies against some MS treatments, such as natali-
zumab and interferon  [85, 86].

Oral tobacco reduces the risk of developing MS in a dose-dependent manner [75, 87].
Nicotine may have such a protective effect due to its agonistic effect on the alpha 7 subunit
of acetylcholine, expressed on the surface of CD4(+) T cells [88]. This finding lends
credence to the idea that, despite nicotine’s apparent protective effects, it is lung inflam-
mation that drives the increase in risk.

Smoking has a remarkable interaction with HLA risk genes associated with
MS. In the Scandinavian population, carriers of the HLA DRB1*15:01 confer an OR
of 3, and lack of HLA-A*02 confers an OR of ~1.8, resulting in a combined OR of
5 among nonsmokers; however, among smokers, the combined OR is ~14, much
higher than the sum of the main effects associated with each factor [15]. In stud-
ies of passive smoke exposure, such a gene-environment interaction has been
replicated [14]. These findings indicate a strong link between HLA genotypes and
disease development [89].

Smoking also interacts with a non-HLA gene variant, the N-Acetyltransferase 1
(NAT1) gene (gene encoding the N-acetyltransferase 1 enzyme, which is important
in the metabolism of aromatic amines present in cigarette smoke), as smokers with
NAT1 single nucleotide polymorphisms are at a higher risk of developing MS [90]. As
aresult, the impact of smoking is highly dependent on genetic context [5, 7].

4.2 Obesity and body mass index

Female adolescent obesity has been linked to MS in large cohorts [91]. It has been
found that adolescent obesity was associated with an OR of ~2 in both males and
females, despite the fact that adult body mass index (BMI) at diagnosis had no effect
[13]. The link is highest with a BMI of > 27, but increased ORs can be seen at lower
BMI levels as well. Obesity has been linked to a higher incidence of MS in children
[91, 92]. It has been discovered that the critical period for adult MS appears to be
during adolescence rather than at the age of ten [93]. A Norwegian/Italian study pub-
lished results that were very comparable [94]. Furthermore, Mendelian randomiza-
tion studies reveal that genetic determinants for high BMI are related to an increased
risk of MS, despite several possible confounders and biases attributed to reverse
causation, indicating that this lifestyle factor plays a causative role [64, 95].
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In this scenario, there is also an interaction with MS HLA risk genes; specifically,
DRB1*15:01 positive and HLA A*02 negative persons with a high BMI have an OR of
~14 [13], indicating that biological pathways are shared and that obesity is a causal
factor. Even however, the underlying mechanistic routes are still unknown. At the
very least, we evaluate three non-exclusive and somewhat overlapping pathways: (1)
Obesity is associated with “low-grade” inflammation, in which fat tissue produces
higher quantities of proinflammatory mediators [96, 97]. Promotion of T helper (Th)
1-biased immune responses and decreased function of Treg cells have been described
[98]; (2) In the presence of obesity, increased levels of leptin, a mediator connected to
proinflammation, are observed [99]; (3) Obesity also leads to decreased bioavailabil-
ity of vitamin D, in turn with options for a pro-inflammatory bias [100]. Any of the
potential mechanisms may enhance the activation and functional proinflammatory
bias of adaptive autoreactive immune cells, which may cause the neuroinflammatory
bouts, a sequence of events that is supported by the HLA gene interaction; HLA genes
encode the antigen-presenting molecules necessary for activation of T cells.

The observed interaction between EBV/IM and BMI, acting independently of the
HLA DRB1*15:01 class II risk allele, where each of the two lifestyle/environmental
factors results in ORs of 2, but approaches 14 when combined, strongly supports
the relevance of obesity with regard to a putative immune attack on the CNS [101].
The causes for the interaction are still unknown. Obesity is linked to a less effective
immune response to infections in general, so it’s possible that obesity will result in a
less effective immune response to EBV [102, 103]. It’s also possible that a combined
proinflammatory environment during obesity, as well as the as-yet-undefined effects
of EBV linked to MS, are exacerbating the risk of neuroinflammation. Our argument
is based on the fact that there is an interaction between EBV and obesity, two MS risk
factors, in the development of MS, supporting the idea that both of them play a causal
role in triggering onset.

Obesity data and MS may have a direct link with prevention in this scenario,
especially for those who are at high risk for MS, such as children or other relatives of
people with MS. It’s also relevant to the global obesity pandemic, and it could be one
of the factors contributing to the rise in MS cases among women around the world.

4.3 Alcohol consumption

A number of research have been carried out to look into the role of alcohol in MS.
There was evidence indicating a dose-dependent inverse connection between MS
and alcohol in two large case-control studies, with ORs in the range of 0.7-0.8 [104].
Low and moderate alcohol use has been demonstrated to lower innate inflamma-
tory responses in humans [105-107], which is consistent with recent data that show
alcohol consumption is negatively related to MS risk. In terms of MS risk, it has been
discovered that the existence of DRB1*15:01 and non-drinking, as well as smoking
and non-drinking, have interactions [108].

Although still significant, the relationship between non-drinking and smoking
was less prominent among previous smokers than among current smokers. This
finding may not come as a surprise, given the long-term negative impact of smoking
on MS risk after quitting [76]. Interleukin-21 is a major immune modulator that may
enhance autoimmune responses through various mechanisms such as the develop-
ment and activation of helper T-17 and follicular helper T cells, as well as the sup-
pression of regulatory T cells [109], which has been shown to be reduced by alcohol
and its metabolite acetate. Interleukin-21 has been linked to the onset of a number
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of autoimmune illnesses and has also been linked to the severity and progression of
MS [110, 111].

Due to preexisting detrimental effects on CNS by the MS process, individuals
may experience decreased alcohol tolerance and so restrict their alcohol consump-
tion before the beginning of MS. Alcohol intake, on the other hand, has been linked
to an increased risk of various autoimmune illnesses that do not directly damage the
CNS [112-114]. Furthermore, alcohol use throughout adolescence was linked to a
decreased incidence of MS [115] in a recent Danish case—control study.

To summarize, non-drinkers have a higher risk of developing MS than drinkers,
and non-drinking combines with DRB1*15:01 and smoking to raise disease risk.
Alcohol use has been shown to have negative effects on other disease conditions, and a
greater understanding of the mechanisms behind our findings may aid in the devel-
opment of new approaches to guard against MS without using alcohol.

4.4 Coffee consumption

Only a few studies have looked at the effects of coffee consumption on the risk
and severity of MS, in contrast to the intense interest in the effects of smoking. Two
independent population-based case-control studies recently looked into the link
between coffee consumption and MS risk. The risk of MS was significantly lowered
in individuals who reported drinking more than 900 mL of coffee per day (OR 0.70)
[116]. In a case—control research with 93 cases and 186 controls, of which 92 were
hospital controls and 94 were population controls, persons who took coffee before the
age of 15 years had a higher risk of MS; however, there was no link between MS risk
and coffee consumption beyond that age [117]. Increased coffee consumption was
linked to an increased incidence of MS in a hospital-based case—control research with
210 incident cases and 210 individually matched controls. The inverse relationship
between coffee drinking and the beginning of chronic diseases such as cardiovascu-
lar disease, diabetes, Parkinson’s disease, and various malignancies has led the US
Dietary Guidelines Advisory Committee to suggest moderate coffee consumption as
part of a healthy diet [118]. Coffee drinking could play a role in MS through a number
of different processes. Caffeine therapy protects against experimental autoimmune
encephalomyelitis by increasing the number of adenosine 1A receptors [119, 120].

In addition, caffeine administration of human monocytoid cells in vitro boosted the
expression of adenosine 1A receptors while lowering pro-inflammatory cytokine
output [121]. Although this study was cross-sectional, a causal relationship could not
be verified, coffee drinking has also been linked to a slower progression of disability
in relapsing onset MS [122]. More research is needed to determine whether the find-
ings are due to caffeine or another molecule in coffee, to longitudinally assess the
association between coffee consumption and MS disease activity, and to evaluate the
mechanisms by which coffee may act, which could lead to new therapeutic targets.

4.5 Diet

The experimental findings regarding immune system modulation by salt concen-
tration have been validated. In vitro studies suggest that lower intracellular sodium
concentrations and sodium intake may have immune-protective effects [123-125].
While a large epidemiological study aimed at determining the relationship between
dietary sodium intake and MS found that neither baseline energy-adjusted sodium
levels nor cumulative longitudinal sodium intake was associated with an increased
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risk of developing MS [126, 127]. Other studies sought to determine the effect of salt
consumption on the ongoing disease process, as it has been reported that individuals
with MS who consumed a lot of salt had a lot more relapses and magnetic resonance
imaging (MRI) evidenced disease activity than those who ate less salt [128]. On the
contrary, studies that looked at patients’ sodium urine excretion levels found no cor-
relation with conversion to clinically definite MS, nor with clinical or MRI outcomes
over a five-year period [127]. The same results have been shown in the pediatric MS
population [129, 130].

The relationship between polyunsaturated fatty acids (PUFAs) and MS has
been investigated. Several studies [56, 131, 132] found that a higher intake of total
PUFA at baseline was associated with a lower risk of MS. Clinical trials, on the other
hand, have found no effect of a low-fat diet on relapse rate or MRI activity [133].
Furthermore, omega-3 supplementation had no effect on disease activity [134]. A
higher saturated fat intake was associated with higher relapse risk in children with
MS, whereas vegetable intake may be an independent protective factor [135].

In experimental MS models, the effects of various dietary changes have been
studied (i.e., experimental autoimmune encephalomyelitis [EAE]). When compared
to mice fed a normal diet, mice fed a high-fat diet showed increased gene expression
of renin-angiotensin aldosterone system (RAAS) brain components, which coincided
with increased vascular endothelial permeability, recruitment of inflammatory cells,
upregulation of adhesion molecules, more severe exacerbations, and higher mean
disease scores. The use of captopril which acts as an angiotensin-converting enzyme
(ACE) inhibitor improves the outcomes of EAE disease [136]. A high-fat diet has
also been linked to increased brain inflammation, decreased protective neurotrophic
factors, and decreased neural plasticity, all of which impair learning and memory
functions [137]. The EAE RAAS studies have proposed cardiovascular health as a
potential link between dietary changes and MS outcomes by indicating a high-fat diet
as a factor in MS [138].

4.6 Work shift

The relationship between shift work (night work) and MS has been studied. Shift
work during adolescence (before the age of 20 years) has been shown to increase
the risk of MS (OR ~1.7). Other studies [139-141] have confirmed these findings.
These findings highlight the importance of melatonin in the disease. Shift work
consequences, such as circadian disruption and sleep restriction, have been linked to
disturbed melatonin secretion and increased proinflammatory responses, and may
thus be part of the mechanism underlying the association [139, 142]. Avoiding night
shift work, especially in people at high risk of MS, is another modifiable lifestyle fac-
tor that may help prevent the disease [5].

4.7 Gut microbiota

The composition and abundance of microbes in the intestinal microbiota are risk
factors for the development of MS. MS in humans can be caused by changes in certain
microbial populations in the gastrointestinal tract. Furthermore, the gut microbiota
promotes an anti-inflammatory and protective environment capable of inhibiting
the growth of pathogenic microorganisms that cause a variety of diseases [143, 144].
Furthermore, many factors, such as diet, obesity, antibiotic use, cigarette smoking,
and stress, influence the gut microbiota and may influence the risk and/or course
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of MS [144]. The gut microbiota appears to be crucial in the pathogenesis of MS.
It appears to be involved in immune system modulation, changes the integrity and
function of biological barriers (blood—brain barrier), has a direct effect on several
types of central nervous system-resident cells, and causes autoimmune demyelin-
ation [144, 145].

5. Conclusion

The influence of lifestyle/environmental factors on MS is becoming clearer.
Combining genetics and environmental factors has aided the understanding of MS;
factors interacting with MS risk genes, primarily HLA risk genes, can be argued to
share etiologic pathways underlying the disease, as well as their effect on the immune
system. This is true for adolescent obesity, tobacco use, and EBV infection. The
understanding method is still in its early stages, but the vast majority of recognized
factors may be related to immune system impacts, comparable to hereditary pre-
disposing factors, implying that the peripheral immune system plays a critical role
in MS. Factors that cause disease are increasingly being incorporated into practical
health treatment and even prevention, particularly for people at high risk of MS,
especially if the disease runs in the family.
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Optical Coherence Tomography
(OCT) and Angio-OCT Imaging
Techniques in Multiple Sclerosis
Patients with or without Optic
Neuritis

Bilyana Mihaylova and Sylvia Cherninkova

Abstract

The visual system is typically affected in multiple sclerosis (MS) patients. The
most common ocular manifestation during the clinical course of the disease is optic
neuritis (ON). Optical coherence tomography (OCT) is well-established tool for
biomedical imaging that enables detection of retinal nerve fiber layer and ganglion
cell layer thickness reduction — biomarkers of axonal damage and neuronal loss in
MS. And OCT angiography (angio-OCT) is another imaging method for assessing
retinal and choroidal vessels with no need of contrast dye injection. In our prospec-
tive study, we investigate parafoveal and peripapillary microvascular retinal networks
in 18 MS patients (35 eyes) through angio-OCT (AngioVue, OptoVue). According to
our results, early structural changes in MS patients without previous history of acute
ON episode are unable to be detected. As a follow-up imaging technique, OCT is very
useful for changes in axonal thickness and defines the progression rate of the disease.
Angio-OCT vis-a-vis OCT investigation detects the ocular perfusion reduction before
the appearance of structural changes. From all investigated structural and density
parameters only those in superficial capillary plexus show significant changes in MS
patients without ON. For accurate diagnostic and following-up process, both struc-
tural and vascular parameters need to be assessed in MS patients.

Keywords: multiple sclerosis, optical coherence tomography, angio-OCT, vessel
density, RNFL, GCC

1. Introduction

Multiple sclerosis (MS) is a chronic autoimmune inflammatory demyelinating
disease of the central nervous system that is accompanied by a parallel process of
neurodegeneration (axonal and neuronal), and subsequent atrophy of the brain and
spinal cord. The impairment of the visual sensory pathways and more specifically of
the optic nerves is a common clinically manifested finding in MS patients at various
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stages (at onset or a later stage) of the disease. Optic neuritis (ON), in the majority of
MS patients, is characterized by a significant improvement or even complete recovery
of the visual functions, however, advanced neuroophthalmological studies, that
include automated (computerized) threshold static perimetry, color vision testing,
contrast sensitivity examination, etc., demonstrate discrete or more pronounced
residual symptoms. Loss of retinal ganglion cells (GCL) and optic nerve atrophy,

in combination with signs of inflammation, are established in postmortem studies

of eye structures of MS patients [1-3]. Over the last 10-15 years, optical coherence
tomography (OCT) has been assessed as a highly sensitive and informative technique
to follow up the process of neurodegeneration in MS. The method is characterized by
high definition and allows for studying individual retinal layers - their morphology
and thickness measured in microns (pm).

2. Neuro-ophthalmological manifestations in MS patients

Neuro-ophthalmological manifestations in MS include visual pathways lesions,
oculomotor dysfunctions, pupillary disorders, and other ocular impairments.

As the first (monosymptomatic) disorder in MS, ON is the most frequent ocular
manifestation (up to 25% of cases) [4]. During the clinical course of the disease
30-70% of all MS patients develop ON [5, 6]. The following features are observed:
decreased visual acuity, visual field defects, color vision disturbances, pupillary
disorders, retro-ocular or orbital pain, positive visual phenomena, optic nerve head
(ONH) changes, and Uhthoff’s sign. In most cases, it occurs as retrobulbar neuritis,
but also it could be observed as papillitis (mild or severe edema; local or diffuse
edema; with or without ONH or retinal hemorrhages). In the acute ON phase, almost
all MS patients have decreased contrast sensitivity using Pelli-Robson’s table [7].

In MS patients with established unilateral ON, and no previous history of such,
could be observed variations in visual functions of the contralateral eye, which are:
mild visual field defects, impairment of contrast sensitivity and color vision, relative
afferent pupillary defect (RAPD), and partial atrophy of the optic nerve.

According to the Optic Neuritis Treatment Trial (ONTT), the visual acuity during
ON could vary in wide ranges: from 1.0 (Decimal acuity) to counting fingers in
front of the eye, hand movement, light perception, or lack of the light perception
[8]. ON acute phase is possible to be followed by a period of visual functions deficit:
decreased visual acuity (6 months — 1 year); visual field defects (6 months); abnormal
color vision (6 months); decreased contrast sensitivity with Pelli-Robson’s table (6
months); and RAPD (6 months).

Visual field defects include the following options: central and cecocentral scoto-
mas, arcuate and altitudinal defects, diffuse loss of retinal light sensitivity in central
30°, chiasmal defects, retrochiasmal defects, and other visual field defects [7].

Oculomotor disorders in MS are results of demyelinating lesions in infranuclear,
nuclear, supranuclear, and internuclear structures. In 15% of MS patients, ocular
disorders are clinical onset debut of the disease and could precede months or years of
the appearance of other neurological features. The most common infranuclear lesion
is those of n. abducens (CN VI), less common is those of n. oculomotorius (CN III),
and least common is those of n. trochlearis (CN IV) [9]. Internuclear ophthalmoparesis
(INO) is a result of fasciculus longitudinalis medialis demyelinating lesions between
nuclei of n. oculomotorius and n. abducens. The nerve impulse transmission along
aneuron pathway is impaired, and clinically it is manifested as a lack of or partially
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limited adduction in the ipsilateral eye [10]. In the literature, there is a rule: the most
common reason for bilateral INO in young adults and adults is MS [6]. Combinations of
oculomotor lesions such as one-and-a-half syndrome describe horizontal eye movement
disorder - ipsilateral conjugate horizontal gaze palsy (one) and ipsilateral INO (a half).

Pupillary abnormalities are not uncommon in MS [11]. According to different
authors, they seem to be underestimated independently of the presence of ON [12].
The following disturbances in pupillary reactions have been reported: 1. RAPD during
the acute ON phase. It could be seen even after full visual functions recovery; 2.
Ophthalmoparesis oculomotoria interna a rare pathological pupillary manifestation,
which is caused by n. oculomotorius infranuclear lesions and concomitant parasym-
pathetic nerve fibers damage; 3. Argyll-Robertson’s syndrome rarely has been evalu-
ated in MS; 4. Horner’s syndrome; and 5. Pupillary hippus.

Other ocular manifestations in MS, which could be observed are 1. Peripheral
retinal periphlebitis — a vasculitis that affects approximately 10% of patients with MS
and is associated with higher disease activity in relapses [13]; 2. Microcystic macular
edema in 0.5-5% of patients with MS and is associated probably with MS activity
or previous ON [13]; and 3. Uveitis — it is an intraocular inflammation of the uvea,
retina, or vitreous body and appears rarely in MS. The association of MS with uveitis
is unclear. The most common type of uveitis seems to be intermediate uveitis, which
primarily involves vitreous, peripheral retina, and pars plana of the ciliary body.
Another type that could be observed in MS is granulomatous anterior uveitis [14].

2.1 Optical coherence tomography as an imaging method in ophthalmology

OCT is a relatively new noninvasive imaging technology that uses near-infrared
light to generate high-resolution, cross-sectional, or three-dimensional images of the
eye [15]. It was demonstrated in 1991 by David Huang. Then he established for the
first time the applicability of the low-coherence interferometry in the quantitative
assessment of biological systems. The technique was initially applied for imaging in
the eye. Up to now, OCT has had the largest clinical impact in ophthalmology. OCT
has revolutionized the clinical practice of ophthalmology and become a standard of
clinical care for diagnosis, treatment, and monitoring of many posterior segment
diseases [15]. With a longitudinal resolution of 5-7 pm OCT provides images compa-
rable and close to an in-vivo “optical biopsy” of the retina.

OCT uses the light from a broadband light source, which is divided into a reference
and a sample beam. The sample beam backscatters from the retina and interferes
with the reference beam. This interference pattern is used to measure the light echoes
versus the depth profile of the tissue in vivo [16, 17].

OCT is used extensively for analyzing the morphology and quantitative changes of
retinal layer volume and thickness of the posterior segment structures such as macula,
GCL, ONH, retinal nerve fiber layer (RNFL), and choroidea. Anterior segment-OCT
(AS-OCT) is used basically for visualizing cornea and corneal thickness, anterior
chamber angle, iris, irido-corneal apposition, etc. [18].

Currently available are different OCT technologies, namely time domain
(TD-OCT), spectral domain (SD-OCT), swept-source (SS-OCT) technology, and
others that are in development [19, 20]. The measurements with different OCT
devices show significant differences from one instrument to another, therefore, the
providing values are noninterchangeable in healthy eyes and in MS patients, even
when the comparisons are between SD-OCT and TD-OCT devices or only between
two different SD-OCT devices [21-23].
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The next two figures (Figures 1 and 2) represent the most important structural
information in the retina obtained with OCT concerning MS patients. In Figure 1 is
shown ONH/GCC (ganglion cell complex) OU (oculus uterque — Latin for both eyes)
Report image obtained with angio-OCT (AngioVue, OptoVue) in a healthy woman.
GCC NBD (Normative Database) Reference and GCC Analysis give a summary of
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Figure 1.
ONH/GCC OU Report (AngioVue, OptoVue) in a healthy woman.
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Figure 2.
Retina map report of right eye in a healthy woman.
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inner retinal layers thickness in macular area (bodies + dendrites + axons of ganglion
cells). Optic Nerve Head Map, RNFL Analysis, and ONH Analysis provide information
about ONH parameters (vertical and horizontal cup/disc area ratio, disc/rim area,
and cup volume) and RNFL thickness around ONH (Average/Superior Half/Inferior
Half /and combinations). Through color codes, the protocol also provides quantitative
data, with which retinal layer thickness could be interpreted. Green color means nor-
mal thickness compared to NDB, yellow color is borderline thickness, and red color is
significantly reduced thickness. TSNIT NDB Reference shows RNFL thickness curve
in fourth peripapillary quadrants according to the ISNT rule — the RNFL thickness
decreases as follows — inferior quadrant (I) — superior quadrant (S) — nasal quadrant
(N) — temporal quadrant (T). The part TSNIT Symmetry Plot shows RNFL thickness
symmetry between both eyes.

In Figure 2 could be seen Retina Map Report obtained with angio-OCT (AngioVue,
OptoVue) in a healthy woman. Except infrared image of the eye fundus, OCT B-scan
in macular zone central through the fovea, the protocol gives information about
retinal thickness in macular area. The examiner has the possibilities to choose what
thickness to analyze — full retinal/inner retinal/outer retinal or all of them if needed.
In the same way as pervious protocol, the information about retinal thickness could
be interpreted by colors and values compared with reference data.

2.2 Optical coherence tomography as a window to the MS brain

Over the last 1015 years, OCT has been assessed as a highly sensitive and informa-
tive technique to investigate retinal neuro-axonal loss and follow up on the process
of neurodegeneration in MS [24]. Using OCT, we can directly examine a structure
in the central nervous system (CNS), such as the retina, which consists of isolated
axons, because as part of the RNFL they are not myelinated. The assessment of the
GCL thickness, which consists of the three innermost layers of the retina (axons +
bodies + dendrites of the ganglion cells) in the macular area, provides information on
the neuro-axonal loss. Also, the reduction in peripapillary RNFL (pRNFL) thickness
has been reported in different MS-related subtypes as an expression of the axonal
loss. Multiple studies show a significant decrease in RNFL thickness in MS patients
who have had ON, in comparison to a healthy control group or fellow eye that is not
affected by ON [25-32]. A more manifest thinning of RNFL is seen in the temporal
axons of the retina, due to the predilection impairment of the papillomacular bundle
by the inflammatory process. Studies using OCT method in MS patients with no
history of optic neuritis and completely normal visual functions also demonstrate a
reduction in RNFL thickness, but to a lower extent compared to the eyes affected by
optic neuritis [25, 28, 33-35]. This difference is a result of the more severe axonal loss
in the retina in eyes with history of ON. Even in the absence of previous ON episodes,
RNFL reduction may occur as a biomarker of disease progression [36].

In 2017 a meta-analysis proposes OCT scans in two different ocular regions - ONH
and macular area to be routinely included in MS clinical practice because OCT could
have the role of a predictive biomarker in disease duration and clinical assessment [32].

Figures 3 and 4 are examples of the same protocols as the previous two pictures but
provide information about structural retinal changes in young MS patients (25 years)
investigated 6 months after an acute ON episode of the right eye. The significantly
reduced RNFL, GCC thickness, and total retinal thickness in the affected eye are
obvious. What makes an impression is also the affected retinal structures (total retinal
thickness, blue color code) of the fellow (left) eye with no history of acute ON episode.
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Figure 3.

ONH/GCC OU Report of a young male patient (25 years) after an acute episode of MS associated ON in
right eye.

Figure 4.
Retina Map OD/OS Report of a young male patient (25 years) after an acute episode of MS associated ON in
right eye.

2.3 OCT-angiography in MS patients

Frequent association between neuronal changes in MS and vascular diseases is
mentioned in different publications, although past reports show controversial results.
These vascular changes can possibly contribute to neuronal or degenerative dysfunc-
tion in patients with MS [37].

The entry into the clinic of OCT-angiography (angio-OCT) gives new expectations
for better knowledge and understanding of retinal and neurodegenerative diseases
[38]. Angio-OCT is an imaging method for assessing retinal and choroidal vessels
with no need of contrast dye injection. It images blood flow due to red blood cells
movement and changes in reflectivity signals after a series of A-scans at one particu-
lar point [39]. The areas in ocular fundus, which are constant and no movement is
detected there, show no change in reflectivity signals, but those once with moving
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objects show large deviations in reflectivity signals. In the retina, there are no change-
able areas giving differences in reflectivity signals with the exception of blood vessels.
And while with the fluorescein angiography imaging method only superficial retinal
vessels are visualized, with angio-OCT all retinal capillary networks are visualized,
including the choroidal capillary layer [40].

This new imaging method assesses retinal vessel density parameters in both
areas — macula and ONH. Some recent reports present convincing and detailed data
that significant vascular abnormalities are involved in MS pathology. A vessel density
reduction in eyes of MS patients is available when compared to controls [38]. Some
papers reporting the above-mentioned statements suggest that angio-OCT could be a
good marker of disease and disability in MS [41].

In Figure 5a is shown the very informative Angio Retina QuickVue Report of the
right eye (macular area) in a healthy woman. The four angio images at the top of the
picture represent from left to right, respectively, superficial capillary plexus (from
inner limiting membrane - ILM to inner plexiform layer — IPL), deep capillary plexus
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Figure 5.

a. Angio Retina QuickVue Report of the right eye (macular area) in a healthy woman. b. Part of Angio Retina
Report in healthy woman showing differences in angio images and color codes of superficial (both left images)
and deep capillary plexus density.
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(from IPL to outer plexiform layer — OPL), outer retina (from OPL to Bruch’s mem-
brane - BRM), and choriocapillaris (from BRM + 30 pm). Quantitative values are also
represented for superficial vessel density and inner and full retinal thickness. 5B part
shows differences in angio images and color codes of superficial (both left images)
and deep capillary plexus density.

Figure 6 best illustrates vessel density of the peripapillary capillary plexus through
Angio Disc QuickVue Vessel Report. In addition to data about peripapillary vessel
density parameters, the report also provides such about pRNFL thickness, ONH
parameters, and angio images in different levels of the peripapillary area.

Figure 7 is an example of Angio Retina QuickVue Report of a young male patient
(25 years) after acute episode of MS associated ON in right eye. Easily can be
observed the difference in superficial vessel density between the healthy subject
(Figure 5a and b in superficial capillary plexus) and the patient with history of ON -
diffuse and local vessel density reduction are observed in this example.

Figure 7 is an example of Angio Disc QuickVue Report in an MS patient (46 years,
male) who demonstrated significantly reduced vessel density of peripapillary capil-
lary plexus after two ON episodes of the left eye. The difference in reduced vessel
density (local and diffuse) can be easily observed when Figures 6 and 7 are compared
not only by reduced density values but also by color codes (blue for reduced density)
and angio RPC images (RPC - radial peripapillary capillary).

2.4 Our experience

In our prospective randomized study, 38 participants were included — 18 patients with
confirmed MS (35 eyes) and 20 healthy volunteers (20 eyes). The research was conducted
over a year (2020-2021) at two different hospitals — 1) Clinic of Nervous Diseases at
University Hospital “Alexandrovska” in Sofia, Bulgaria where the MS diagnostic tests and
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Figure 6.
Angio Disc QuickVue Report showing vessel density of the peripapillary capillary plexus in a healthy woman.
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Figure7.
Angio Retina QuickVue Report of a young male patient (25 years) after acute episode of MS associated ON in
right eye.

neurologic following-up are performed and 2) Eye Hospital “Vision” in Sofia, Bulgaria
where complete eye examination, specialized ophthalmology tests, and imaging meth-
ods (OCT and angio-OCT) are performed. All subjects included in this work gave their
consent for inclusion before they participated. The work was conducted in accordance
with the Declaration of Helsinki. The authors have no relevant financial or nonfinancial
conflicts of interest to declare. The purpose of our work is to investigate parafoveal and
peripapillary microvascular retinal networks through angio-OCT (AngioVue, OptoVue).

The MS patients were divided into two groups: 1. MS with previous episodes of ON
(19 eyes) and 2. MS without previous episodes of ON (16 eyes). All subjects under-
went the standard set of neuro-ophthalmologic examination. In addition, angio-OCT
was performed - structural (pRNFL and GCC) and vessel density (Superficial / Deep
in macular area and RPC) parameters were achieved for each single (see theoretical
part and methodology — Sections 2.1; 2.2; and 2.3 for used AngioVue protocols).

The statistical analysis includes descriptive statistics — results are represented as a
mean and standard deviation (Mean+SD); one-sample Kolmogorov-Smirnov test — to
check the normality of distribution; Kruskal Wallis Test — nonparametric test used
to determine if there are statistically significant differences between two or more
independent groups in distribution different from normal; Mann-Whitney test —
again nonparametric test, but it is used to determine if there is statistically significant
difference between two independent groups in distribution different from normal.

According to our results the investigation of the retinal structural parameters
(GCC and pRNFL) showed:

Average pRNFL decreases in the following order: Controls (100.35 + 8.37 pm) —
MS without ON (96.44 + 8.76 pm) — MS with ON (74.79 + 13.28 pm). The significant
difference was found between Controls and MS with ON (p < 0.001), and between
MS with and without MS (p < 0.001), but such a difference was not found between
Controls and MS without ON (0.265).
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Average GCC decreases in the following order: Controls (96.80 * 7.32 pm) — MS
without ON (92.19 + 5.74 pm) — MS with ON (72.89 ¢ 7.87 pm). The same significant
differences as those in Average pRNFL were observed: between Controls and MS with
ON (p < 0.001), and between MS with and without MS (p < 0.001), absence of such
significance between Controls and MS without ON (0.175).

In Table 1 is shown density (%) of the superficial capillary plexus in macular area
(Figures 5a, b and 7). We investigated 5 density parameters: 1. Whole (Ring diameter — 3
mm) 2. Superior-Hemi (superior half of the ring) 3. Inferior-Hemi (inferior half of the
ring) 4. Fovea and 5. Parafovea (Ring diameter — 1 mm). We applied a nonparametric
Kruskal-Wallis statistical test for more than two independent groups. The results show
that values for all 5 density parameters decrease in following order: Controls — MS
without ON episode — MS with ON episode. This comparative analysis demonstrated a
statistically significant difference for all 5 parameters. Therefore, another nonparametric
intergroup comparative analysis was applied — Mann-Whitney test to compare two inde-
pendent groups (Table 2). The results show a significant difference between Controls
and MS with ON for all 5 density parameters. Four out of the five parameters show a
significant difference between Controls and MS without ON (exception Parafovea),
between the two MS groups (exception Fovea). The same statistical tests were applied to
investigate the density of the deep capillary plexus (Tables 3 and 4).

The mean deep density values in the three groups are very close and statistical
significant difference was not found with exception of one of them — Fovea. Only for
this parameter additional intergroup statistical analysis was applied.

Table 4 best visualized the results after Mann-Whitney test was applied for deep
density parameter — Fovea. Significantly statistical differences were detected between

Density (%) Superficial Group N Mean:SD P
1. Whole Controls 20 49.71+1.96 <0.001
MS with ON 19 38.16 + 547
MS without ON 16 4768 +1.85
2. Superior-Hemi Controls 20 49.59 £ 2.00 <0.001
MS with ON 19 38.35+5.55
MS without ON 16 47.52 +1.96
3. Inferior-Hemi Controls 20 50.35+3.77 <0.001
MS with ON 19 3795+ 545
MS without ON 16 4790 + 1.87
4. Fovea Controls 20 2313 + 4,66 <0.001
MS with ON 19 12.98 + 6.68
MS without ON 16 13.35 £ 4.60
5. Parafovea Controls 20 52.62 +1.92 <0.001
MS with ON 19 40.89 +5.97
MS without ON 16 51.39 £2.25

A p-value <0.05 is considered to be statistically significant.

Table 1.
Density (%) of the superficial capillary plexus. Kruskal-Wallis statistical test.
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Density (%) Superficial Comparisons
Controls Controls MSwith ON
MSwith ON MS without ON MS without ON
p P p

1. Whole <0.001 0.006 <0.001

2. Superior — Hemi <0.001 0.005 <0.001

3. Inferior — Hemi <0.001 0.008 <0.001

4. Fovea <0.001 <0.001 0.196

5. Parafovea <0.001 0.080 <0.001

A p-value <0.05 is considered to be statistically significant.

Table 2.
Density (%) of the superficial capillary plexus. Mann-Whitney statistical test.

Density (%) Deep Group N Mean:SD P
1. Whole Controls 20 55.88 + 2.44 0.309
MS with ON 19 54.49 £ 333
MS without ON 16 55.71+2.08
2. Superior-Hemi Controls 20 55.97 +2.42 0.389
MS with ON 19 54.54 +3.46
MS without ON 16 55.76 + 212
3. Inferior-Hemi Controls 20 55.79 + 2.56 0.334
MS with ON 19 54.43 +3.29
MS without ON 16 55.68 +2.19
4. Fovea Controls 20 39.80 + 5.88 <0.001
MS with ON 19 2941 +773
MS without ON 16 30.48 £5.76
5. Parafovea Controls 20 57.56 +2.44 0.605
MS with ON 19 5717 + 3.04
MS without ON 16 5811+2.24

A p-value <0.05 is considered to be statistically significant.

Table 3.
Density (%) of the deep capillary plexus. Kruskal-Wallis statistical test.

Controls and MS with ON/MS without ON, but that difference was not found
between the two MS groups.

Table 5 illustrates the results of statistical analysis of the RPC parameters. We
used represented above Angio Disc QuickVue Report (Figures 6 and 8) to provide a
scanning area of 4.5x4.5 mm. The three global parameters are 1. Whole 2. Inside disc
3. Peripapillary. Mean values of 2 out of the three parameters have significant differ-
ences — Whole and Peripapillary (Kruskal-Wallis test). These two parameters were
investigated additionally with Mann-Whitney test (Table 6). Significant differences
were found between Controls and MS with ON, and between MS with and without ON.
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Parameter Comparisons
Controls Controls MSwith ON
MSwith ON MS without ON MS without ON
P P P
Fovea <0.001 <0.001 0.446

A p-value <0.05 is considered to be statistically significant.

Table 4.
Density (%) of the deep capillary plexus. Mann-Whitney statistical test.

Angio Disc Group N Mean+SD p
1. Whole Controls 20 50.06 + 1.80 <0.001
MS with ON 16 42.86 + 598
MS without MS 11 50.30 +2.81
2. Inside Disc Controls 20 55.90 +3.98 0.216
MS with ON 16 5338 + 5.64
MS without MS 1 5399 +2.94
3. Peripapillary Controls 20 5113 +2.53 <0.001
MS with ON 16 4226 +7.20
MS without MS 11 51.79 + 3.64

A p-value <0.05 is considered to be statistically significant.

Table 5.
Density (%) of the RPC plexus. Kruskal-Wallis test.
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Figure 8.
Angio Disc QuickVue Report showing RPC vessel density in the patient (46 years, male) after two ON episodes of
MS associated ON in left eye.
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Angio Disc Comparisons
Controls Controls MSwith ON
MSwith ON MS without ON MSwithout ON
p P p
Whole <0.001 0.470 <0.001
Peripapillary <0.001 0.231 <0.001

A p-value <0.05 is considered to be statistically significant.

Table 6.
Density (%) of the RPC plexus. Mann-Whitney test.

The results show that the significant difference in Whole parameter is mainly due to
density changes in peripapillary capillary vessels.

3. Conclusions

Our results could be summarized as follows: OCT (AngioVue) investigation
is unable to detect significant early structural changes in global retinal thickness
parameters such as Average GCC and pRNFL in MS patients without previous history
of acute ON episodes. As a follow-up imaging technique, it is very useful to detect
changes in the structural axonal loss. Therefore, it is especially helpful also in assess-
ment of the disease progression rate.

The peripapillary vessel density changes, but not the whole scanned area or inside
disc area, underline the significant decreases of the RPC vessel density in MS patients
only with ON. Again early changes in MS without ON are not detectable in RPC.

As a whole, deep retinal microvascular network remains significantly nonaf-
fected in MS with exception of the central macular zone (Fovea parameter), where
significant decreases in vessel density could be seen independently of the disease
stage (this statement is valid for both superficial and deep vessel networks). From all
investigated vessel parameters, Fovea is the only one that changes significantly in both
retinal networks — superficial and deep. From superficial vessel density significantly
decreases as follows: Controls — MS without ON — MS with ON.

From all investigated structural and density parameters only those in superficial
capillary plexus show significant changes in MS patients without ON. This particular
result is of big importance in our research because it shows that vessel changes in
superficial plexus precede structural changes in MS patients without ON.

In conclusion, we could summarize that angio-OCT is an important and useful
imaging technique for MS patients because of its possibilities for noninvasive quanti-
tative and qualitative evaluation of the microvascular retinal network. It is especially
useful in MS patients with no previous history of acute ON episodes when significant
changes in retinal microvascular network are able to be detected in the absence of
significant structural changes. For accurate diagnostic and following-up process, both
structural and vascular parameters need to be assessed in MS patients.

71



Multiple Sclerosis — Genetics, Disease Mechanisms and Clinical Developments

Author details

Bilyana Mihaylova™ and Sylvia Cherninkova®

1 Eye Hospital “Vision”, Sofia, Bulgaria

2 University Hospital “Alexandrovska”, Clinic of Neurology, Sofia, Bulgaria
*Address all correspondence to: b51@abv.bg

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

72



Optical Coherence Tomography (OCT) and Angio-OCT Imaging Techniques in Multiple...

DOI: http://dx.doi.org/10.5772/intechopen.106585

References

[1] Green A, McQuaid S, Hauser S, et al.
Ocular pathology in multiple sclerosis:
Retinal atrophy and inflammation
irrespective of disease duration. Brain.
2010;133(Part 6):1591-1601

[2] Ikuta F, Zimmerman H. Distribution
of plaques in seventy autopsy cases of
multiple sclerosis in the United States.
Neurology. 1976;26(6):26-28

[3] Toussaint D, Perier O, Verstappen A,
et al. Clinicopathological study of the
visual pathways, eyes, and cerebral
hemispheres in 32 cases of disseminated
sclerosis. Journal of Clinical Neuro-
Ophthalmology. 1983;3(3):211-220

[4] Cennamo G, Romano M, Vecchio E,
et al. Anatomical and functional retinal
changes in multiple sclerosis. Eye
(London, England). 2016;30(3):456-462

[5] Syc S, Saidha S, Newsome S,
et al. Optical coherence tomography
segmentation reveals ganglion cell layer

pathology after optic neuritis. Brain.
2012;135(Part 2):521-533

(6] Frohman E, Frohman T, Zee D,
et al. The neuro-ophthalmology of

multiple sclerosis. Lancet Neurology.
2005;4(2):111-121

[7] Kale N. Optic neuritis as an early
sign of multiple sclerosis. Eye Brain.
2016;8:195-202

(8] Newman N. The Optic Neuritis
Treatment Trial. Ophthalmologica.
2020;127(4):5172-58173

[9] Bentley P, Kimber T, Schapira A.
Painful third nerve palsy in MS.
Neurology. 2002;58:1532

[10] Lavin P, Weissman B. Neuro-
ophthalmology. Neurology in Clinical
Practice. 1996;1:613-634

73

[11] de Seze ], Arndt C, Stojkovic T,

et al. Pupillary disturbances in multiple
sclerosis: Correlation with MRI findings.
Journal of the Neurological Sciences.
2001;188:37-41

[12] Linden D, Diehl R, Berlit P. Sub-
clinical autonomic disturbance in
multiple sclerosis. Journal of Neurology.
1995;242:374-378

[13] Ortiz-Pérez S, Martinez-Lapiscina E,
Gabilondo I, et al. Retinal periphlebitis
is associated with multiple sclerosis
severity. Neurology. 2013;81(10):877-881

[14] Kaya D, Kaya M, Ozakbas S, et al.
Uveitis associated with multiple sclerosis:
Complications and visual prognosis.
International Journal of Ophthalmology.
2014;7(6):1010-1013

[15] Adhi M, Duker JS. Optical
coherence tomography-current and
future applications. Current Opinion in
Ophthalmology. 2013;24(3):213-221

[16] Huang D, Swanson E, Lin C, et al.
Optical coherence tomography. Science.
1991;254:1178-1181

[17] Sull A, Vuong L, Price L, etal.
Comparison of spectral/Fourier
domain optical coherence tomography
instruments for assessment of

normal macular thickness. Retina.
2010;30:235-245

[18] Shan J, DeBoer C, Xu BY.
Anterior segment optical coherence
tomography: Applications for clinical
care and scientific research. Asia
Pacific Journal of Ophthalmology
(Phila). 2021;(323):865-9837. 2019
DOI: 10.22608/AP0.201910

[19] Miller A, Roisman L, Zhang Q, etal.
Comparison between spectral-domain



Multiple Sclerosis — Genetics, Disease Mechanisms and Clinical Developments

and swept-source optical coherence
tomography angiographic imaging

of choroidal neovascularization.
Investigative Ophthalmology & Visual
Science. 2017;58(3):1499-1505

[20] Davila J, Mruthyunjaya P. Updates
in imaging in ocular oncology.
F1000Research. 2019;8:1706

[21] Matlach J, Wagner M, Malzahn U,

et al. Repeatability of peripapillary
retinal nerve fiber layer and inner retinal
thickness among two spectral domain
optical coherence tomography devices.
Investigative Ophthalmology & Visual
Science. 2014;55(10):6536-6546

[22] Leite M, Rao H, Weinreb R, et al.
Agreement among spectral-domain
optical coherence tomography
instruments for assessing retinal nerve

fiber layer thickness. American Journal
of Ophthalmology. 2011;151(1):85-92

[23] Oertel F, Zimmermann H, Brandt A,
et al. Novel uses of retinal imaging

with optical coherence tomography in
multiple sclerosis. Expert Review of
Neurotherapeutics. 2018;27:1-13

[24] Toosy A, Naismith R, Villoslada P.
OCT as a window to the MS brain - The
view becomes slightly clearer. Neurology.
2017;89(24):2404-2405

[25] Albrecht P, Frohlich R, Hartung H,
etal. Optical coherence tomography
measures axonal loss in multiple sclerosis
independently of optic neuritis. Journal
of Neurology. 2007;254(11):1595-1596

[26] Costello F, Coupland S, Hodge W,
et al. Quantifying axonal loss after
optic neuritis with optical coherence
tomography. Annals of Neurology.

2006;59(6):963-999

[27] Costello F, Burton J. Retinal imaging
with optical coherence tomography:

74

A biomarker in multiple sclerosis? Eye
Brain. 2018;10:47-63

(28] Frohman E, Dwyer M, Frohman T,
et al. Relationship of optic nerve

and brain conventional and non-
conventional MRI measures and retinal
nerve fiber layer thickness, as assessed
by OCT and GDx: A pilot study.
Journal of the Neurological Sciences.
2009;282(1-2):96-105

[29] Huang-Link Y, Fredriskson M,

Link H. Benign multiple sclerosis is
associated with reduced thinning of
retinal nerve fiber layer and ganglion cell
layers in non-optic-neuritis eyes. Journal
of Clinical Neurology. 2015;11(3):241-247

[30] Petzold A, de Boer J, Schippling S,
etal. Optical coherence tomography in
multiple sclerosis: A systematic review

and metaanalysis. Lancet Neurology.
2010;9(9):921-932

[31] Jones-Odeh E, Hammond CJ. How
strong is the relationship between
glaucoma, the retinal nerve fibre layer,
and neurodegenerative diseases such
as Alzheimer’ disease and multiple
sclerosis? Eye (London, England).
2015;29(10):1270-1284

[32] Petzold A, Balcer L, Calabresi P,
et al. Retinal layer segmentation in
multiple sclerosis: A systematic review

and meta-analysis. Lancet Neurology.
2017;16(10):797-812

[33] Petzold A, Polman C, Schmidt-
Erfurth U, Barkhof F. The application
of optical coherence tomography to
quantification of neurodegeneration in
multiple sclerosis. Novartis Pharma AG,
Basel, Switzerland. 2010;68

[34] Siger M, Dziegielewski K, Jasek L,
etal. Optical coherence tomography
in multiple sclerosis: Thickness of

the retinal nerve fiber layer asa



Optical Coherence Tomography (OCT) and Angio-OCT Imaging Techniques in Multiple...
DOI: http://dx.doi.org/10.5772/intechopen.106585

potential measure of axonal loss and
brain atrophy. Journal of Neurology.
2008;255(10):1555-1560

[35] Zaveri M, Conger A, Salter A, et al.
Retinal imaging by laser polarimetry
and optical coherence tomography
evidence of axonal degeneration in

multiple sclerosis. Archives of Neurology.
2008;65(7):924-928

[36] Trip S, Schlottmann P, Jones S, et al.
Retinal nerve fiber layer axonal loss and
visual dysfunction in optic neuritis.
Annals of Neurology. 2005;58(3):383-391

[37] Feucht N, Maier M, Lepennetier G,
etal. Optical coherence tomography
angiography indicates associations of
the retinal vascular network and disease
activity in multiple sclerosis. Multiple
Sclerosis. 2019;25(2):224-234

[38] Lanzillo R, Cennamo G, Criscuolo C,
etal. Optical coherence tomography
angiography retinal vascular network
assessment in multiple sclerosis. Multiple
Sclerosis Journal. 2018;24(13):1706-1714

[39] Borrelli E, Sadda S, Uji A, etal.
Pearls and pitfalls of optical coherence
tomography angiography imaging: A
review. Ophthalmology and therapy.
2019;8:215-226

[40] AAO 2021-2022.12 Retina and
Vitreous. Chapter 2 — Diagnostic
Approach to Retinal Disease. pp. 21-39

[41] Cennamo G, Carotenuto A,
Montorio D, et al. Peripapillary vessel
density as early biomarker in multiple
sclerosis. Frontiers in Neurology.
2020;11:542

75






Section 4

Era of Artificial Intelligence
in Multiple Sclerosis







Chapter 5

Perspective Chapter: Artificial
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Abstract

In recent times, the words artificial intelligence, machine learning, and deep
learning have been making a lot of buzz in different domains and especially in the
healthcare sector. In disease areas like multiple sclerosis (MS), these intelligent sys-
tems have great potential in aiding the detection and prediction of disease progression
and disability, identification of disease subtypes, monitoring, treatment, and novel
drug-target identification. The different imaging techniques used to date in multiple
sclerosis, various algorithms such as convolutional neural network, Support Vector
Machine, long short-term memory networks, JAYA, Random Forest, Naive Bayesian,
Sustain, DeepDTnet, and DTINet used in the various domains of multiple sclerosis
are explored, along with used cases. Hence it is important for healthcare professionals
to have knowledge on artificial intelligence for achieving better healthcare outcomes.

Keywords: Al, disease detection, machine learning, monitoring, MS, treatment

1. Introduction

Artificial intelligence (AI) is progressively being deployed in healthcare, as it
becomes more prevalent in recent business and daily activities [1]. Al in healthcare
can aid healthcare practitioners with a variety of patient care and administrative
operations, helping to strengthen current approaches and overcome difficulties more
quickly [2]. Although AI and medical breakthroughs are beneficial to the medical sec-
tor, healthcare companies’ policies might vary substantially. The most frequent type of
Al in healthcare is machine learning (ML). This wide strategy, which is the foundation
of several Al and healthcare tools, has several versions. Personalized medicine has
been the most widely used application of classical machine learning in the health sec-
tor [3]. Supervised learning of Al in healthcare uses machine learning and personal-
ized medicine tools that include data with outcomes for training. The most often used
tools of Al in relation to MS disease are ML as well as deep learning (DL) methods [4].

Multiple sclerosis (MS) is a chronic demyelinating autoimmune disorder affecting
the central nervous system (CNS) and is prevalent in young adults. Optic neuritis,
cerebellar signs, and sensory impairments are common clinical characteristics of
MS, especially in recurrent or early phases. Spasticity, ataxia, muscle weakness, and
descending tract dysfunctions are all signs of progression [5-7]. With clinical presen-
tation, MS is diagnosed by CNS magnetic resonance imaging (MRI) and cerebrospi-
nal fluid investigation. Earlier studies of AI approaches in distinguishing MS affected
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from healthy subjects or differential diagnoses yielded intriguing results related to
diagnostic effectiveness [8]. For the identification of MS lesions in MRI images and
the prognosis in MS cases, many Al-based algorithms were suggested [8]. In addition,
Al has been used in several trials to anticipate physical as well as cognitive impairment
in MS cases [8]. Other data employed in Al tools include Optical coherence tomog-
raphy, serological, and motor function findings, in addition to MRI findings [9]. The
present chapter enables us to understand the role of Al in the detection, prediction,
identification of subtypes, monitoring, imaging techniques, drug discovery in MS.

2. Understanding MS using imaging techniques

The development of localized demyelinated lesions known as plaques, which may
be detected on standard MRI scans, is the most common characteristic of MS. Now,
the focus is mostly on sophisticated MRI techniques that can more reliably disclose
the underlying pathology in lesions and seemingly normal CNS structures. The fre-
quently employed imaging techniques for identifying the microscopic progression of
pathologies in CNS with high accuracy and precision are Quantitative magnetization
transfer imaging (QMTI), proton MRI spectroscopy (MRS), functional MRI (fMRI),
diffusion-weighted imaging (DWI), diffusion tensor imaging (DTI), relaxometry,
and myelin water fraction (MWF) [10].

Of these, QMTT is considered the advanced technique that detects the association of
free protons in edematous fluid with protons linked to myelin membrane constituent
molecules. It can also provide information regarding the tissue matrix integrity in MS
pathogenesis [11-13]. This technique uses magnetization transfer ratio (MTR) mapping
analysis to determine myelin content quantitatively as in normal-appearing white mat-
ter changes. Also, magnetization transfer rate (Ksat) and longitudinal relaxation time
under MT saturation pulse (T1sat), as well as the computation of T1 longitudinal relax-
ation time, are used in the QMTI approach to infer neurodegenerative processes. Using
QMTI-T1 variables to investigate the degree of lesions in the normal-appearing white
matter (NAWM), pathological factors such as neuroinflammation, demyelination,
regeneration, gliosis, edema, and axonal degeneration can be monitored more precisely.
This method provides for a more accurate evaluation of therapeutic approaches [14-17].

Imaging of the retinal nerve fiber layer (RNFL) and retinal ganglion cells (GCL)
has also been suggested for the diagnosis of MS through optical coherence tomogra-
phy scan (OCT) [18].

3. Role of Al in MS: prediction, detection, and diagnosis of MS

Artificial intelligence (AI) algorithms are a type of machine learning algorithm
that has shown great promise in the prediction, detection, and diagnosis of multiple
sclerosis (MS). Here are some examples of Al algorithms with potential applications
in MS detection, diagnosis, and prediction. The list of algorithms is not limited to the
below-mentioned.

3.1 Convolutional neural networks (CNNs)

CNNs are a type of deep learning algorithm used to analyze MRI images and
detect MS lesions. These algorithms use a series of convolutional layers to identify
features in the images, which are then used to classify the images with or without
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MS [19]. The layers of CNN architecture include convolution layers, pooling layers,
and fully connected layers. The convolution layer is responsible for the extraction
of features from an image. This allows the determination of any abnormalities that
are occurring within the image. The pooling layer reduces the dimensionality of
the feature maps by down-sampling them, reducing computational complexity
before being charted into the final network output [20]. In simpler words, the image
becomes smaller, which ultimately reduces the processing time for the subsequent
steps executed in the next layer of the neural network [21]. Moreover, recent
research interests have involved the development of a novel 14-layer convolutional
neural network, for the detection of MS, involving advanced techniques such as
dropout, batch normalization, and stochastic pooling. This method has proven to
be superior in line with sensitivity, specificity, and accuracy than the traditional
Al methods, which are Multiscale AM-FM [22], ARF [23], BWT-logistic regression
(LR) [24], 4-level HWT [25], and MBD [26] potentially used for image analysis.
Another novel automated methodology, with higher sensitivity, for the detection
of new lesions in images of MS patients has been explored. This algorithm is called
‘Fully convolutional neural networks’ [FCNNs]. Here, dual streams of FCNNs have
been utilized. The initial FCNN network discovers probable candidates, while the
second FCNN attempts to detect newer lesions, decreasing the number of false posi-
tives. This algorithm helps assess the changes in the lesion volume over two different
time points with a faster turnaround time when compared to the manual approach
[27]. So, these automated processes are important because they avoid unnecessary
exposure to MRI. As per previous studies, it has been emphasized that clinical and
radiological results for patients who have not been diagnosed as individuals with
MS need to undergo a follow-up MRI of the brain [28]. Overall, in recent times, the
convolutional neural network (CNN) has increasingly received attention in image
denoising or in other words, deblurring tasks. Image denoising occurs frequently in
real-time low-level vision applications. Image denoising continues to be an important
subject in the fields of image processing and artificial intelligence because of its
ill-posed nature and huge realistic impact [29].

3.2 Support vector machines

Support vector machine (SVM) is a machine learning algorithm that works
through regression, classification, and outlier detection of data [30]. The way SVM
algorithm in general works is by differentiating two given classes with a hyperplane
generation, which divides the classes after the data input, which is transformed
mathematically into a high-dimensional space [31]. In a nutshell, this algorithm has
been utilized to establish automated disease classifiers [31].

This algorithm has provided high accuracy (98.89%), sensitivity, and positive
predictive value for MS diagnosis [32]. There have been instances where plasma levels
of nutritional factors such as selenium, vitamin B12, and vitamin D3 as potential
markers for MS diagnosis have been explored. Several different algorithm methods
were tested as a diagnostic method for nutritional factors based on the MS disease
relationship. Out of the several machine learning algorithms, SVM, along with
Radial-basis function (RBF) kernel methods, yielded higher accuracy, sensitivity,
and predictive values. Basically, these methods work on data analysis and subsequent
classification of the same, to determine whether an individual is normal or with MS
condition. Some of the other algorithms used in similar aspects are decision tree (DT)
and K-nearest neighbor (KNN) [32].
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It has been emphasized in existing literature that an early detection or prediction
of MS is important for improving the survival of an individual with MS. In lieu of
this, many machine learning algorithms have been explored with an expectation to
have lesser prediction errors and more accurate classifications of potential MS cases
from normal healthy individuals. A few of these algorithms are Naive Bayes (NB),
decision trees, random forest (RF), nearest neighbor, AdaBoost, support vector
machine (SVM), RBF network, and multilayer perceptron [33].

Another scenario in which the SVM algorithm has been utilized for diagnosing
MS is using optical coherence tomography [OCT] data. The retinal structure-based
neurodegeneration OCT data parameters used for the analysis are macular thickness
and peripapillary region. In fact, analyzing the OCT data for its potential usage as a
biomarker in the diagnosis of MS has been an upcoming area in MS research. Usually,
MacDonald’s Criteria is used for the diagnosis of MS. However, this method may take
a longer number of years to arrive at a firm diagnosis from the onset of the disease. In
such an instance, it is required to have a more robust and accelerated system that can
aid in the early detection of MS, and it is at this juncture that AI-ML-based algorithms
play a significant role in executing the same [9].

Another example of the application of an SVM-based technique for diagnosing MS
involves MS characterization based on lowered or higher plasma levels of antioxidant
or anti-inflammatory biomarkers such as zinc, adiponectin, TRAP, and SH groups
and advanced oxidation protein products (AOPP). Here again, the SVM algorithm
works by classifying individuals with or without MS based on the higher or lower
levels of the above-specified plasma biomarkers data. As a fact, this algorithm has
shown higher training and validation accuracy [34].

Application of SVM technique for MS diagnosis based on MRI images has been
employed. It has been used to classify based on (a) lesion volume and (b) prepro-
cessed FLAIR (fluid-attenuated inversion recovery) data, which is an advanced form
of MRI sequence, perceived to be helpful in the evaluation of MS plaques, lacunar
infarction, etc. SVM algorithm, in conjecture with other algorithms such as CNN and
layer-wise relevance propagation [LRP], has been used in the diagnosis MS with MRI
images. LRP algorithm deals with more understanding and visualizing the intricate
inner mechanism of neural networks. To understand LRP better, let us take a hypo-
thetical example where the neural network has predicted a brain lesion from an image
of brain tissue. Then, LRP provides a projection of which pixels in the original image
had attributed toward the prediction and extent of the same [35]. As a matter of fact,
the FLAIR lesion load, which is considered to be one of the significant biomarkers for
MS, when combined with the SVM technique, has produced more accurate and robust
diagnostic outcomes [36].

3.3 Long short-term memory (LSTM) networks

LSTMs are another type of recurrent neural network-based algorithm, with poten-
tial usage in the prediction of the course of MS, based on patient data. This algorithm
is trained with clinical data of MS patients and then deployed to newer patient data.

In a nutshell, this algorithm analyzes the clinical data of a new patient and provides
predictions on whether the patient will progress for example from an initial relapsing-
remitting (RR) to the secondary progressive (SP) stage of disease, or not [37]. The
variations in clinical data across different time frames, including how they affect pre-
diction outcome, have been employed as feed for classifiers in some research [37-40].
LSTM networks, in particular, enhanced reliability for predictions over extended time
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periods when used to analyze patient medical history. Since all the data of a patient
were combined into a single time series, the amount of data accessible for this strategy
was significantly reduced. However, the positive predictive value grew significantly,
but at the expense of a decreased sensitivity, or the rate of correctly identifying patients
who were becoming worse [37], which would take more time with a human approach,
and this tool may help Physicians to save time as well as make decision-making.

3.4JAYA algorithm

JAYA algorithm is basically used to find the most ideal result for a specific issue.
An imaging perspective, this algorithm optimizes MRI parameters, providing better
image quality. This algorithm is utilized to spot different tumor types or lesions of
varied grades and structures, enabling the treating physician to recognize the tumor
or concerned pathological areas and segmentalize more rapidly. Segmentation, in
the context of brain MRI, is used for seeing and measuring anatomical aspects of the
brain, defining pathological areas, etc. In simpler words, this algorithm is employed
for segmenting and extracting abnormal brain portions in brain MRI input data,
enabling physicians to arrive at faster and more accurate conclusions and allowing
better surgical or treatment planning [41, 42].

So, in the context of MS, the JAYA algorithm and two other techniques, namely
MLP and FRFE, have been applied to diagnose MS based on brain MRI images with
potentially identifying the MS plaques [43].

3.5Random forest algorithm

RF is another robust algorithm that provides more accurate predictions [44]. This
algorithm, in the context of MS, can be applied for MS diagnosis and disease progres-
sion monitoring. Off-late speech patterns have been explored as potential indicators
for detecting the presence of neurological disorders [45].

Previous literature has reported that speech discrepancies occur in MS. This
feature aids in not only early diagnosis but also in monitoring of MS disease pro-
gression. One of the recent research studies involved this concept by making the
individual read a text, recording, and storing the same. Then, this algorithm analyzes
and provides potential output using the speech recordings derived from MS patients.
So here, the algorithm analyzes the speech recordings of healthy and MS patients,
which means that the acoustic variables are evaluated statistically, and along with the
patient’s biometric and health status data, a potential diagnosis and disease progres-
sion status of the patient can be derived [45].

3.6 Naive Bayesian networks

Naive Bayesian networks (NBNs) are simple and effective algorithms for disease
predictions. It serves like a prediction or probabilistic model for diseases [46].
Bayesian networks are increasingly used as classifiers [47]. So, in MS, Bayesian
algorithms analyze a set of clinical and imaging data, which in turn aids in the
identification of subtypes. It determines the probability of each patient belonging to
a particular MS subtype [47, 48]. Studies suggest that one of the strengths of Bayesian
networks is that they can include the gathered knowledge of experts in situations
where data are limited and continue to yield significant and accurate decision-support
systems [49]. Hence, in this manner, it aids in achieving better clinical outcomes.
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3.7 Sustain algorithm

In the field of MS subtype identification, artificial intelligence has a very pivotal
role. A newly developed Al algorithm called SUSTAIN has the ability to identify new
subtypes of MS. This algorithm basically has the ability to discover data-driven-based
subtypes in chronic disorders [48]. In fact SUSTAIN has been utilized in neurodegen-
erative diseases like Alzheimer’s disease, multiple sclerosis, frontotemporal dementia,
and progressive lung disease [50].

So, this unsupervised machine learning method groups people with MS into dis-
ease subtype categories based on MRI scans, and the algorithm gives a score based on
the extent of pathology seen on the MRI scan, subsequently bifurcating the patients
into varied categories on certain discrete findings. The uniqueness of SUSTAIN
Algorithm is that it can delineate temporal and phenotypic heterogeneity. A set of
subtypes is identified by this algorithm, and the subtypes are defined by observing
patterns of variations in a group or set of features, for instance, MRI deviations.

All of this allows for predicting which MRI-based subtype responds to which par-
ticular treatment better, along with taking into account the worsening of Expanded
Disability Status Scale (EDSS) as well. So, ultimately, getting the right treatment for
the right patient at the right time is achieved [48].

4. Treatment, monitoring, and novel drug-target identification

Al can support decision-making, identify the best course of treatment for a
patient, including individualized medications, supervise the collection of clinical
data, and use it to ensure subsequent drug development and assist in moving drugs
from the research lab to the patients [51, 52]. Various applications of Al in new drug
development have been depicted in Figure 1. Machine learning (ML) techniques are
data-driven methods for creating models of prediction that can recognize patterns
and connections in data with relatively little assistance from humans [53, 54]. The use
of ML in multiple sclerosis is currently used primarily for categorizing patients into
various disease stages [53-55] or for anticipating the transition of disease stage, as

Applications of Al in drug discovery

Pharmaceutical Drug development QA &QC Clinical trial design ~ Drug manufacturing
product management Drug discovery Helps in excipient Helps in and monitoring Aids in automated
Handles market Aids'in drug desi selection, monitors. understanding, Helps in subject and personalized
positioning, fotese ar?d dmlgﬂ development process,  guiding, regulating selection process, manufacturing, as
prediction and P b J and ensures in- the production handling dropouts well as in correcting
analysis as well as E process specification quality and also and in monitoring the  the manufacturing
product cost compliance ensure QA trial errors

Figure 1.
Scope of Al in drug development process. QA: Quality assurance, QC: Quality control.
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well as development of disability [56-58]. It is crucial to identify the illness subtype in
new patients. The anticipated time to disease severity progression, especially requir-
ing support for walking, is another important piece of data or parameter to predict
[38]. Researchers utilize multidimensional Bayesian network classifiers as they may
represent and take advantage of the relationships between both variables, which is
important given that we have to forecast two correlated class variables: illness subtype
and time to reach a specified severity level. Due to the interpretability of Bayesian
networks, the resulting models can also be verified by doctors using their specialized
knowledge. A cutting-edge multi-objective method is used to train the classifiers,
aiming to simultaneously maximize the accuracy of both class variables [47].

Statistical techniques like linear regression to predict continuous response or LR
over binary response anticipation [59], as well as Cox regression or Kaplan-Meier
procedures of survival analysis [60], are typically used in predictive models in
investigations of prognostic variables that influence the advancement of disabilities.
However, these evaluations do not estimate how well they generalize to data that
were not utilized for model fitting. In order to predict the Expanded Disability Status
Scores (EDSS) at 10 years, for instance, LR was employed to assess brain atrophy as
well as lesion burden as prognostic markers. The quality of fit of the model to the data
was measured using R2 values, but no prediction of the model’s performance using
data that were not utilized for model fitting was given [61]. One study used advanced
statistical modeling to evaluate the prognostic impact of different clinical measures
on disability progression and came to the conclusion that the relatively poor predic-
tive capacity of baseline factors in MS disease progression modeling was confirmed by
the inconsistent ranking of prognostic factor importance. One study followed a model
that validates data withheld from training in each cycle of 10-CV [62].

Support vector machines may offer a potential way to forecast the path of MS dis-
ease and identify individuals who may benefit from intensive treatment approaches
by adding short-term clinical as well as brain MRI data, class imbalance correction
measures, and misclassification costs [63]. There has been little investigation of
machine learning strategies in MS, despite the fact that various research in predicting
the course of disease in MS have been done using logistic regression [64], Markov
modeling [65-67], and more recently, a Bayesian modeling approach [68]. In order to
forecast the progress of the disease in 51 MS patients, one study investigated a neural
network computer classifier. Depending on the situation and conditions, an accuracy
of >70% may or may not be regarded as a reasonable standard for machine learning
[69]. In a different scenario, it was suggested that precise detection of progressive
cases without a significant number of false positives is more important so that these
patients can receive more aggressive therapies. Therefore, most clinicians may find
the predicted accuracy of 81 percent on progressive and 59 percent on nonprogressive
using SVM with an expense of 1.5 to be acceptable for clinical purposes. However,
it is up to each doctor and patient to decide on this balance [38]. Many investiga-
tions mostly centered on quantitative MRI characteristics and clinical data sets.
Incorporating biomarker data is unmet. Based on changes in EDSS values over a
5-year period, there may also be variations in the outcome measure for progressive
or nonprogressive cases. The weight of progress measured by an increase in EDSS
signifies physical disability. The EDSS scale has come under criticism for being fairly
insensitive, especially to declines in visual and cognitive abilities. It should be investi-
gated to do further studies using these parameters.

When it comes to patient’s disease condition monitoring, one of the words we may
often come across is ‘wearables. Though short as a word, “Wearables’ are making an
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immense impact in the world of remote patient monitoring. “Wearables” refers to
smallish electronic devices that can be easily put on and off and also be embraced into
garments or anybody-based accessories [70].

In MS, the usage of Al-based wearables very much adds onto effective patient
monitoring and in turn helps to assess and alter treatment plans for the individual.
Gait and cognition are important parameters to be tracked in MS patients and this
can be addressed by various intelligent wearables. In fact these wearables can be
categorized as software and hardware based. The parameters that can be effectively
tracked by these systems are activity levels, fatigue, mood changes, cognitive and
mood changes. Adding on as a self-management tool, these systems can aid in timely
medication administration and adherence to the same. A few examples of these wear-
ables are ‘ActiGraph), ‘StepWatch’ to monitor activity levels, in terms of the number
of steps taken by MS individuals are increasing or decreasing [71]. ‘myBETAapp by
Bayer’, which aims to provide assistance to its autoinjectors BETACONNECT, which
helps patients to confidently self-manage their symptoms and dose [72]. ‘MyeReport
France’ is a mobile app for reporting adverse reactions in relapsing remitting MS
(RRMS) patients [73]. Another app that aids in monitoring balance and cognition is
‘Floodlight’ [74].

Another issue that needs to be effectively monitored is the cognitive level of MS
patients. As per extensive literature, cognitive impairment is one of the specific
features observed in patients with MS, and it is reported that around 45-70% of
individuals with MS have cognitive dysfunction [75]. Hence, this can be a potential
biomarker for assessing disease status. Recently, a self-administered AI software-
based solution, which comprises 5 minutes computerized tests, has been explored to
evaluate cognitive dysfunction in MS patients. It uses MLR (multiple linear regres-
sion) classifier algorithm to furnish a predictive score in line with the individual’s
cognitive status [76].

In the new drug discovery process, more than 1060 molecules make up the enor-
mous chemical space, which encourages the creation of many different pharmaco-
logical compounds. However, new drug discovery is constrained by a dearth of new
technology, rendering it a costly and time-consuming endeavor that may be resolved
by applying Al [77]. DeepDTnet is an advanced, network-based DL technology for
identifying drug targets as well as drug repurposing that forecasts novel molecular
targets within existing pharmaceuticals through systematic embedding of 15 differ-
ent kinds of chemical, genomic, phenotypic, and cellular networks [78]. DeepDTnet
outperforms earlier state-of-the-art network-based as well as conventional machine
learning algorithms, according to thorough evaluations, and reveals established
drug-target interactions [79]. In one instance, researchers discovered that DTINet
performed well when predicting novel targets for medications with high degree in the
established drug-target network, but poorly when predicting targets for compounds
that had a low degree [80]. DeepDTnet, however, has strong performance in foretell-
ing drug-target interactions across both drugs and targets of high and low degrees.
DeepDTnet and DTINet were assessed using a comparable dataset that was previously
published in order to accurately compare their performance. DeepDTnet was found to
be superior to DTINet as well as NeoDTI, a currently developed successor to DTINet,
on both the earlier published dataset and a real-time study data validated drug-target
network constructed in a study [81, 82]. Positive-unlabeled matrix completeness as
well as autoencoder embedding were two novel deepDTnet components that were
used to compare DTINet along with NeoDTI. Both autoencoder embedding along
with positive and unlabeled (PU) matrix completeness helped deepDTnet perform
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better together [78]. This is a systematic deep-learning method that incorporates

the biggest biomedical network datasets for target discovery, drug repurposing, and
experimental testing of discoveries. By doing this, the translational gap that cur-
rently exists between the outcomes of preclinical testing in experimental animals and
clinical outcomes in patients can be minimized [80]. The importance of automation
will increase as a result of the use of the most recent Al-based technologies, which
will additionally reduce the time it takes for new drugs to reach the market while also
improving product quality, production process safety, and resource utilization [83].
The biggest concern with implementing these technologies is the potential loss of jobs
and the tight rules required for Al implementation. However, these tools are simply
meant to facilitate work, not to entirely replace people [84].

5. Conclusions

Artificial intelligence, machine learning, and deep learning in this era are making
a significant impact in the healthcare medical vertical. These advanced intelligent
systems are being vastly explored in detection, prediction, monitoring, and drug
discovery for various disease areas including neurodegenerative and neuroinflam-
matory conditions such as MS. Though these systems may have noticeable specificity,
sensitivity and accuracy in their assessments, further validations and refinements are
required to create an extremely robust system. At this juncture, it needs to be empha-
sized that Al will not replace physicians, but physicians who are not aware of the same
may get replaced!
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Chapter 6

Cognitive Impairments in Early
Multiple Sclerosis

Raphiq Ibrahim

Abstract

Over the past few decades clinical and research awareness has grown about the
nature and prevalence of cognitive disorders in multiple sclerosis (MS). It is assumed
that 65% of hospitalized MS patients develop cognitive impairments which have
consistently demonstrated a pattern of decline in the following areas: attention
working memory executive functions and verbal episodic memory. This chapter
reviews the evidence for its associated comorbidities which may address early in the
disease course that supports the importance for early recognition and management of
cognitive impairment in MS before it becomes an irreversible entity. The focus is on
three areas of inquiry: The first aims to provide a description of cognitive impairment
in MS at all disease stages and in all subtypes. The second tried to evaluate the clinical
imaging and neuroanatomical aspects. And the third focuses on cognitive assessment
therapy and rehabilitation based on the literature.

Keywords: multiple sclerosis, cognitive impairment, comorbidities, assessment,
imaging, memory disorder, therapy, rehabilitation

1. Introduction

Deficits of diseases of the brain have been extensively characterized in the last
decades. However, few studies have examined their associated cognitive impairments.
In the last decade, interest has focused on the cognitive impairments that develop
following encephalitis (see, [1]) and multiple sclerosis (MS) [2, 3]. The symptoms of
MS disease impairments were determined mainly by examining the hospital records
of those previously admitted with degree of central nervous system damage (cerebral
inflammation), who were assessed after detecting motor, and other neurological dys-
function. We now know that cognitive impairment associated with multiple sclerosis
can have many faces, and like other symptoms of multiple sclerosis, the cognitive
deficits are highly variable. Although cognitive impairment in MS impacts negatively
on many patients at all disease stages and in all subtypes, full clinical cognitive assess-
ment is expensive, requiring time and expert staff. In addition, standardized tests are
not available for all languages and cultures. This chapter deals with these stages and
subtypes, clinical assessment, imaging and neuroanatomical aspects, therapy, and
rehabilitation based on the literature and subjective clinical experience and follow-up.
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2. Background

Multiple sclerosis (MS) is a chronic disease affecting the central nervous system
(including the brain, optic nerves, and spinal cord). It is characterized by the destruc-
tion of the insulating myelin layer of nerve fibers within the brain. The classical
course of the disease evolves when the immune system attacks the nerve cells. Usually,
the initial stage of the disease alternates between inflammatory autoimmune attacks
on myelin by infiltrating T-cells and periods of remission and partial recovery, called
relapsing-remitting MS (RRMS) [4]. Two major courses of multiple sclerosis have
been described: an offensive course and the preliminary chronic course. The myelin
sheath surrounds the nerve cells and serves the dual purpose of augmenting the
conduction of nervous signals. Once the myelin sheath is damaged, nerve signaling is
impaired, and this malfunction leads to various symptoms such as numbness, fatigue,
weakness, blurry vision, and cognitive dysfunctions (high-level functions that
include: information processing speed, attention, memory, and executive function).
There is a broad-spectrum symptom, whose manifestation depends on the degree of
brain damage and the neuroanatomical scattering. According to Lublin et al. [5], the
frequency of relapses can vary from patient to patient. While most cases of RRMS are
mild and the symptoms could last for a long time, it can be followed by a progressive
stage of irreversible degeneration of demyelinated and exposed nerve cells, called
secondary progressive MS (SPMS). In some cases, the disease is progressive from the
onset. This type of MS is called primary progressive MS (PPMS). These destructive
processes cause severe symptoms including blurred vision, loss of balance, poor coor-
dination, slurred speech, tremors, numbness, fatigue, paralysis, and dysfunctions in
memory and concentration. This chapter explores the way that MS affects high-level
functions with a focus on memory and executive functions according to the stages
and subtypes of multiple sclerosis.

3. Cognitive impairment in multiple sclerosis

Over the past few decades, clinical and research interest has grown about the
nature and prevalence of cognitive impairment associated with multiple sclerosis.
Cognitive impairment has been reported in all stages and subtypes of multiple sclero-
sis. The severity and type of cognitive impairment vary between individuals and can
be observed in both early and progressive stages. The cognitive impairment, which
is based on the findings of many studies, has consistently demonstrated a pattern
of decline in the following areas: ability to maintain attention over time, retrieving
information received after time delay, information processing speed, spatial visual
perception, abstraction ability, and verbal fluency.

Prevalence studies of community and clinical samples indicate that 53-65% of
hospitalized MS patients develop cognitive impairments [6]. Cognitive impairment
contributes significantly to the patients’ disability status, but there is no significant
correlation between cognitive impairment and physical disability [7]. However, it is
known that cognitive impairment increases morbidity in patients and is associated
with a decrease in participation and functioning of daily life activities, such as driv-
ing, making medical decisions, adhering to treatment, and managing finances and
work. Furthermore, cognitive impairment appears to be associated with increased
unemployment rates and lower quality of life. For example, 7 years after diagnosis,
only 54.4% of the MS population remains employed. This is associated with the

98



Cognitive Impairments in Early Multiple Sclerosis
DOI: http://dx.doi.org/10.5772/intechopen.108928

presence of cognitive impairment (CI) at the time of, or shortly after, MS diagnosis
[8]. The most common cognitive deficits in MS are slowed cognitive processing speed
and episodic memory decline in addition to difficulties in executive function, verbal
fluency, and visuospatial analysis. Cognitive decline often emerges early in disease,
but impairment is more prevalent and may differ qualitatively (e.g., working memory
deficits) among patients in progressive stage.

In view of the fact that memory disorder is one of the most common symptoms
reported in MS patients, it is obvious that this chapter focuses on this and related
function according to stages and subtypes of multiple sclerosis. As the nature and
source of memory impairment are still in debate in the professional literature, the
main question in this regard is whether memory loss is caused as a result of a deficit in
acquisition process, encoding deficit, or retrieval ability. In a number of studies, it has
been found that while MS patients demonstrate relatively normal short-term memory
functions, they show difficulties in remembering long-term information, and the
difficulties increase as they are more exposed to various distractions (interfer-
ence) [9, 10]. In the field of verbal memory, difficulties in spontaneous retrieval are
described with an improvement in the performance of recognition tasks. In examin-
ing nonverbal memory tasks, shortages in the recall of visual information were dem-
onstrated. It has been found that when MS patients are compared to control subjects,
they show poorer performance in remembering practical forms and in remembering
their spatial location [9]. Ron et al [10] even argued that memory impairments in
MS patients are more prominent in the visual stimuli than in the verbal stimuli. In
the same study, a correlation was found between cognitive decline and the extent of
brain damage and the duration of the disease. Regarding the effect of different disease
characteristics on memory functions, [11] found that MS patients in a progressive
stage show deficiency in information acquisition. However, their performance was
not found significantly different in the identification tasks than those of the control
subjects. Most of the studies conducted among the MS patient population were built
on the awareness level paradigm when acquiring new information. A later study
conducted by [12] examined memory functions under different conditions: explicit
vs implicit memory. In their study, they used the task of completing the roots of the
word, in order to separate explicit and implicit learning. It was found that while MS
subjects diagnosed as having cognitive decline, they showed normal performance in
tasks that tested for non-intentional learning and poor performance in tasks that test
intentional learning. MS patients not diagnosed as suffering from cognitive decline
performed all tasks at a level similar to that of a group of control subjects. This study
reinforces the assumption of [13] that an emplicit process of acquiring information
is based on conserved cortical structures, with a deliberate learning process more
closely linked to the subcortical structures. Namely, the main cause of implicit learn-
ing disorder in MS patients suffering from cognitive decline is due to a disconnection
between the cortical regions and subcortical structures. In regard to performance
in autobiographical memory in multiple sclerosis [14], found that close to 66% of MS
patients exhibit autobiographical memory impairments, with the ability to remember
episodic autobiographical events being more impaired than the ability to remember
semantic autobiographical information. It should be noted that this study examined
patients at an advanced stage of the disease a factor that may explain the severity
of the deficiencies that were demonstrated. A supporting result came from clinical
studies with head injury patients. De Sonneville et al. [15] used a neuropsychologi-
cal battery designed to test for split attention, ability to focus attention, ability to
maintain an attention over time, and executive functions. Significant deficiencies
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were found in MS patients compared to control group in all areas examined. In addi-
tion, patients in the progressive disease stage were significantly inferior to the group
of patients with relapsing-remitting disease stage. Along with the previous results
demonstrated by [16], a significant correlation was found between the subtype and
duration of the disease and the decline in cognitive functions. The Paced Auditory
Serial Addition Test (PASAT) task is the most used task in trying to detect defects in
the areas of working memory and information processing, and it has been included
as a central part for these purposes in a specific battery designed for MS patients
(MSFC). Fisk and Archibald [17] pointed out a certain difficulty in interpreting the
results of this test because an increase in the level of complexity of the task leads to an
executive strategy of chunking, which may disguise the true ability. Reporting bugs in
areas that test visual information processing, Laatu et al. [18] used visually displayed
objects in order to detect whether there is a deficiency in specific information process-
ing stages that may be present in MS patients. The results revealed that MS patients
with a diagnosed cognitive decline had difficulty with tasks that required the distinc-
tion and identification of visual forms (early stage of information processing) and
the ability to associate objects according to semantic-lexical information. Due to the
great variability between different patient groups, it has been hypothesized that even
cognitively normal MS patients may have difficulty in processing visual information.
It is important to note that standard neuropsychological tests in some cases fail
to detect clinically emergent cognitive deficits and cognitive complaints reported by
patients, which can be confounded by other subjective symptoms (comorbidities) (see,
[7]). That is, cognitive functions can be affected by emotional stress, depression, sleep
disorders, menopause, aging, or fatigue. Furthermore, some prescription treatment
drugs can impair cognitive performance. But this issue falls out the scope of this work.

3.1 Cognitive assessment

Although a high incidence of CI is recognized in advanced stages of MS, the
point at which CI first appears is not clearly defined. It is likely that the disease is not
diagnosed in the early stages even after neuropsychological assessment, and indeed
the presence of CI does not seem to be highly correlated with the its duration.

However, accurate measurement is an important aspect of comprehensive patient
management. Routine clinical evaluation by the neurologist lacks sensitivity in
detecting CI, compared to standard neuropsychological tests. This is due to both
patient underreporting and the use of brief cognitive assessment measures in clinical
practice. The most commonly used are the Mini-Mental State Examination (MMSE)
and the Montreal Cognitive Assessments, which test mainly for cortical functions;
short-term memory loss, aphasia, apraxia, construction, and orientation, areas that
are usually affected in dementia, but not in MS. With only limited testing of attention
and executive functions, they are not sensitive or specific tests for CI in MS.

There is no single test that measures cognitive problems in MS. Some screening
tools are available, but none of them are perfect. Research studies often use the PASAT
(Paced Auditory Serial Addition Test). It takes a few minutes and consists of a task that
measures addition and repetition of previous numbers. It may be moderately stress-
ful. A formal neuropsychological examination is the best test for assessing disturbing
cognitive changes in MS. During a neuropsychological evaluation, multiple tests are
used to measure memory, attention, and many other parts of cognition. The speed of
cognitive processing is usually estimated as the amount of work done within a time
limit (e.g., the number of items completed). There are number of cognitive batteries
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developed for MS, include tests of processing episodic memory (e.g., the amount of
information learned and remembered: words, visual stimuli), speed, memory, and
other functions managed separately by skilled professionals. We critically reviewed
the most common tasks and identified the Symbol Literature Test (SDMT), the Short
Vision-Spatial Memory Test (BVMT-R), and the Selective Reminder Test or Verbal
Learning Test in California-II (CVLT-II) as the tasks that are most sensitive and the
most available today for cognitive monitoring in multiple sclerosis. SDMT is the most
sensitive, probably because good performance depends on a number of functions
affected by MS (mainly processing speed, but also memory and visual scanning).

Although MS is short on neuropsychological standards, the need for even 15 minutes
of one-on-one testing for each patient is impractical, so cognitive monitoring is not part
of standard MS treatment. A computerized test may be a worthy alternative to a con-
ventional paper and pencil evaluation. For example, the Processing Speed Test (PST)
is a tablet-based test designed according to the SDMT (and part of MS Performance).
The quality of the battery used for assessment in MS should be determined based on
the following: standardization, ability to differentiate the MS population from controls,
test-retest reliability, availability of normative data, and learning effects.

The Brief Neuropsychological Test of Repetition Battery (BRB-N) consists of
five different neuropsychological tests: selective recall, spatial recall, symbolic digit
modes, rhythmic serial auditory addition, and word list generation tests. It has been
validated as a sensitive measure of early CI in MS, with a sensitivity of 71% and a
specificity of 94%, in distinguishing cognitively impaired from cognitively intact MS
patients. It takes 45 minutes to administer and requires staff trained in neuropsychol-
ogy. PASAT is particularly subject to learning effects when repeated, which usually
do not stabilize until repeated at least three times in a participant. Both are the most
commonly used and validated neuropsychological batteries for MS. They are compa-
rable in their discriminative power, with equal abilities to discriminate between MS
patients and healthy controls. Because both are time-consuming and require special-
ized materials and experienced neuropsychologists to administer and interpret, they
are not used in routine clinical practice.

A diagnosis of probable mild-to-moderate cognitive impairment may trigger a
person with MS to engage in a more “brain-healthy” lifestyle, if they have not already
done so [7]. Marrie and Horwitz [7] claimed that although the interaction between
comorbidities and chronic diseases is strong, the effect of comorbidities receives little
attention in many chronic diseases. Patterns of cognitive impairment in multiple scle-
rosis and clinical assessment are present in all subtypes of MS, but are more common
and more severe in progressive rather than relapsing MS.

To summerize, MS can induce different types of damage to the cognitive system.
Although the ability to detect cognitive difficulties has improved over the past few
years, there are many patients who are not diagnosed. Morever, in patients with
multiple sclerosis and cognitive impairment, the full etiology remains unclear, as little
is still known about their relative contribution to the underlying process of cognitive
impairment. There is also a poor correlation between symptoms of cognitive impair-
ment and conventional MRI measures of structural damage. At present, neurologists
perform short assessments as a screening tool for cognitive impairment in MS. This is
because a formal cognitive assessment done by neuropsychologists may be expensive
and require several hours, expert staff, and special equipment. Furthermore, the
neuropsychological assessment should take into account comorbidity and distinguish
between cognitive impairment and other causes of perceived impairment, including
anxiety, depression, and quality of life. Neuropsychological batteries yield quantitative
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values, and impairment is generally defined as performance below the selected
threshold (e.g., 1.5 SD below norm). However, the definitions of impairment have
changed between studies, affecting the prevalence of impairment. Future work should
better characterize groups as those with isolated or combined deficits (phenotypes,
e.g., impaired memory but intact speed; impaired speed and memory) and use purer
indices of each cognitive domain (e.g., latent variables or complex domain scores).

3.2 Imaging and neuroanatomical aspects of CIin MS

Recent developments in magnetic resonance imaging (MRI) techniques show a
better association with CI than conventional measures of demyelination and offer
insights into its pathogenesis. The literature suggests patterns of CI in MS associated
to radiological findings. The focus is particularly on the evidence in the early stages of
MS after diagnosis.

In fact, there is an increasing arsenal of function-based MRI assessment protocols
(e.g., functional and effective connectivities (EC) and the generation of dysconnectiv-
ity maps) providing insight into the causal relations that may be impaired [19]. Effective
connectivity (EC) estimations as derived from fMRI allow quantification of informa-
tion flows in neural networks. Hence, EC is able to explore causal effects between corti-
cal areas, which are highly relevant for biological network behavior and can be traced
longitudinally to depict brain reorganization processes in brain diseases [20, 21].

The first evidence for the existence of cerebral compensatory processes in multiple
sclerosis was received about four decades ago. In 1984, Mintun, Raichle, Martin, and
Herscovitch examined a patient with a right demyelinating focus documented on a
CT scan. This focus was demonstrated as a hypometabolic region on PET examination
and was accompanied by a hypermetabolic region in the left hemisphere. There are
neuroanatomical correlations of existing cognitive impairments (e.g., thalamus), but
it is unclear whether such correlations are directly underlying the impairments or are
reliable proxies for total (or other) brain damage, mediating links to cognition [22].
According to Ross and Ebner [22], the thalamus is very sensitive to retrograde degen-
eration and has a better scan-to-scan reliability than other structures. The thalamus
volume constitutes a good measure of disease load across patients with variable cen-
tral nervous system damage even it does not directly underlie a specific deficit (e.g.,
memory). In that regard, a large prospective longitudinal study with multimodal neural
imaging needed to carefully document temporary correlations of specific cognitive
impairments that arise with changes in specific brain structures and functions, thus
informing advanced models of disease-related impairments that will help identify
therapeutic goals. Other researchers have suggested that longitudinal work may help
establish transverse associations between memory impairments and changes in the hip-
pocampus [23]. There is also a growing body of literature of neurostimulation employed
for memory improvement to enhance lateralization and functional connectivity [24].
Veréb and his colleagues [24] confirm previous descriptions of Resting State Networks'
(RSN) dysfunction in relapsing-remitting MS and show that altered functional con-
nectivity lateralization patterns of RSNs might contribute to cognitive performance and
structural demodulation even in patients with mild clinical symptoms.

! Resting-State Setworks (RSNs) refer to distant brain regions display synchronous BOLD signal oscilla-
tions, testifying to functional connectivity between regions and forming intrinsic functional networks.
RSN are related to cognition and their alteration has been linked to various brain pathologies.
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Huber et al. [25] examined a group of MS patients using neuropsychological tests
and MRI. They found that only 28% of patients met the criteria for dementia, but
the number and location of cortical lesions were no different from dementia patients
compared to 72% of non-dementia patients. A further study by Steffan [26] using
fMRI found differences in activation patterns when performing an attention task in
MS patients compared to controls. In control subjects, an activation focus was found
in the right frontal area, whereas in MS patients, the activation was more diffuse and
was observed in both the right and left frontal areas. This finding is interpreted as an
expression of a compensatory process that plays an important role already in the early
stages of the disease (Mintun, Raichle, Martin & Herscovitch, 1984). In a similar
technique used by Zivadinov and his colleagues [27], they found an indication of
metabolic imbalance in brain tissue, even in disease stages that had no clinical mani-
festation (without permanent neurological damage). Furthermore, a correlation was
demonstrated between the degree of brain parenchyma damage and cognitive impair-
ments, demonstrating important aspects that may contribute to both understanding
the disease itself and the nature of its effects on cognitive processes. In general, even
today we are still talking about the following factors and their important role in the
pathogenesis of cognitive decline in MS: several brain lesions, intensity of pathologi-
cal damage to brain tissue around lesions (parenchime), and axonal loss. Both clinical
and associated radiological findings will apply particularly to processes involved in
the early stages of MS after diagnosis.

4. Cognitive therapy and rehabilitation

Neuropsychological rehabilitation is currently the mainstay of treatment for cog-
nitive disorders in multiple sclerosis. Training that improves cognitive function can
significantly improve the quality of life of a person with multiple sclerosis. There is
also a chance to support prevention of cognitive decline through, among other things,
interventions and healthy lifestyles that promote brain maintenance. In cases of
relapsing-remitting attacks, drug treatments for multiple sclerosis may help stabilize
and possibly improve cognition if the disease is caught early enough.

The literature shows that rehabilitative cognitive therapy may be beneficial to
the overall picture and make it easier to deal with difficulties in daily life. However,
there are few controlled studies on the effectiveness of MS treatment, and these
studies have provided limited evidence that disease-modifying therapies are effective
in treating cognitive dysfunction. In recent research, Moreau and his colleages [28]
asked if cognition can be enhanced via training. On the one hand, there is potential
to prove the effect of intervention with applications ranging from developmental
disorders to cognitive aging, dementia, and traumatic brain injury rehabilitation. On
the other hand, it is difficult, because establishing clear evidence for an intervention
is particularly challenging in psychology. Due to logistic shortcomings or to common
difficulties in disguising the underlying hypothesis of an experiment, it is not always
feasible to assure double-blind randomized controlled experiments. These limitations
have important consequences for the strength of evidence in favor of an intervention
[28]. Himildinen and Rosti-Otajdrvi [29] based on rehabiliation and traning program
concluded that there are positive effects of neuropsychological rehabilitation in MS.

Lizanne Evavan den Akker and her colleagues [30] tested short and long-term
effects of cognitive behavioral therapy (CBT) for the treatment of MS-related fatigue.
They performed a meta-analysis of the effectiveness of CBT for fatigue in patients
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with MS. The results indicated a moderately positive short-term effect of CBT for the
treatment of fatigue in patients with MS. However, this effect declined after cessa-
tion of treatment. The authors suggested that since the short-term effect of CBT on
MS-related fatigue is positive, more research is needed to develop interventions that
maintain these short-term effects for the long term.

Regarding the nature of the effect obtained following cognitive therapy, work by
Penner et al. [31] used neuroimaging techniques to study the effects of cognitive reha-
bilitation in MS including task-based fMRI across multiple realms of cognition (e.g,
executive functioning, attention, and processing speed). MS patients were examined
using fMRI before and after cognitive practice in attentional tasks. The results of the
study indicated that after the practice, there was an increase in activation that was
more pronounced in the parietal and frontal areas, but the degree of activation was not
correlated with an improvement in the performance of tasks. Apparently, performance
improvement depends on the capacity of the brain to establish new functional pathways.

Hayes and his colleagues [31] reviewed 13 studies with 839 participants involving
various types of fall interventions, most comparing an exercise intervention with
no intervention or two or more fall prevention interventions. They tried to explore
whether 1. people with multiple sclerosis (MS) who received interventions to reduce
falls show better fall outcomes than those who received no treatment?2. different
types of falls interventions result in different outcomes for people with MS. Based on
the results, they concluded that “there is some evidence in favor of exercise interven-
tions for the improvement of balance function and mobility. However, this must be
interpreted with caution as the results represent data from a small number of studies.”
Looking at the whole picture, we require a science of cognitive rehabilitation capable
of yielding high levels of evidence. Toward this end, theoretical models of MS-related
cognitive dysfunction and ways to identify mechanisms of action to treat deficits
must be developed. Finally, standards for a priori reporting of methods must be
upheld for cognitive rehabilitation, including greater transparency for outcomes. In
this regard, cognitive rehabilitation researchers are directed to Simons et al. [32] for a
thorough discussion of essential guidelines for the conduct of high-quality cognitive
intervention trials.

5. Conclusions

Several neurological disorders have a positive association with MCI cognitive
deficits. This chapter reviews this association in the case of multiple sclerosis (MS),
covering MS subtypes and staging, clinical and imaging assessments, and therapeutic
options. MS is invariably progressive, though mild symptoms may persist for vari-
able intervals, a fact of notable interest to patient and clinician alike. The chapter’s
focus on high-level cognitive function and memory-related deficits affords a unique
perspective not often found in MS research with an exploration of MS-specific,
memory impairments that, tragically, occur at all MS stages. The discussion of the
evolution of MS with its consideration of the extent and character of these impair-
ments as a function of stage provides a valuable backdrop against which to distill
clinical diagnosis. MS subjects, as noted, can display MS-specific sets of deficits,
[normal performance in non-intentional learning tasks and poor performance in tests
of intentional learning; the demonstration of relatively normal short-term memory
functions, while having difficulties in recollection of long-term information]. Based
on these unique footprints, this chapter makes the inference that the implicit learning
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disorder observed in MS patients suffering from cognitive decline is due to a discon-
nection between the cortical regions and subcortical structures, a point of interest
for targeting causal factors. It was proven that in multiple sclerosis (MS), there are
physical and mental comorbidities, and adverse health factors such as smoking and
obesity are common and can affect the disease. These comorbid diseases and lifestyle
factors affect clinical manifestation, the disability progression, and health-related
quality of life [7]. People with MS can benefit from maintaining a healthy weight,
keeping up regular exercise, getting enough sleep, and staying psychologically well.
This brain-healthy lifestyle could protect against further progression of MS. This
chapter recommends that numerous clinical batteries can be expected to facilitate the
choice of batteries optimally suited to the MS subject. These recommendations should
be separate but related to and joined to the recommendation of Langdon et al. [33],
for a brief International Cognitive Assessment for Multiple Sclerosis that will take
into account the caveats and the comorbidities mentioned.
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Chapter7

Innate Immunopathological
Mechanisms in Multiple Sclerosis

Abhishek Shastri, lesha Singh and Uday Kishore

Abstract

Multiple sclerosis (MS) is a progressive disease that affects the central nervous
system. The core features of MS are demyelination and inflammation. Demyelination
refers to degeneration of myelin that covers the neurons and helps facilitate neuro-
nal impulses. Loss of myelin results in inability to conduct impulses, which causes
core symptoms of MS such as unsteadiness, weakness, numbness, and tingling.
Inflammation is observed at the site of demyelination in the form of scars, and hence,
the term sclerosis. Innate immunity is that part of the immune system that is present
from birth. Over the years, adaptive immunity has been extensively studied with
respect to MS in human and experimental disease models. However, recent evidence
has increasingly pointed to significant involvement of innate immune mechanisms
in the pathogenesis of MS. This chapter reviews the latest evidence regarding innate
immune components such as blood-brain barrier, microglial cells, and complement
system, and their role in MS pathogenesis.

Keywords: innate immunity, complement system, neuroinflammation, multiple
sclerosis, blood-brain barrier, microglia

1. Introduction

Multiple sclerosis (MS), a progressive neurological disease, is a lifelong illness. The
course of the disease can be heterogenous, with reversible neurological deficits seen in
clinically isolated syndrome and relapsing-remitting type MS; progressive form of MS
results in chronic progression of clinical deficits, and is termed as primary progressive
MS. The complexity and heterogeneity of clinical presentation make it imperative to
understand the aetiopathogenesis of MS in order to help understand the disease and
develop effective treatment modalities. Developing MS means a lifelong process for a
person and till date, there has been no known cure for the disease.

The MS pathogenesis has traditionally been considered to be autoimmune in
nature. In this regard, myelin proteins, such as myelin basic protein, myelin-associ-
ated glycoprotein, and myelin oligodendrocyte glycoprotein, have been extensively
studied and used in animal models to induce paralytic and demyelinating disease
resembling MS called as experimental autoimmune encephalomyelitis (EAE) [1].

Some of the immunopathological changes observed in MS include break-
down of blood-brain barrier (BBB), neuroinflammation, demyelination, gliosis,
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oligodendrocyte degeneration, and gliosis [2]. This chapter will focus on neuroin-
flammation involving innate immune components such as BBB, microglial cells, and
the complement system.

2. Role of blood: brain barrier in MS

BBB is a tightly regulated barrier that is known to facilitate homeostasis of CNS
allowing for controlled exchange of metabolic substances and prevent the entry of
pathogens into the CNS, thereby acting as a basic first line of defense for the CNS. It
is formed of cerebral endothelial cells tightly joined to each other and dynamically
interacting with astrocytes, pericytes, and basement membrane (together known as
neurovascular unit) [3]. In MS, BBB has been shown to be compromised as the first sign
of disease pathogenesis, preceding infiltration of immune cells into CNS and demyelin-
ation. Some of the core changes observed include BBB disruption, perivascular astroglio-
sis, and increased expression of endothelial cell adhesion molecules [4]. Neuroimaging
studies have revealed that gadolinium (a marker for detecting BBB disruption) is seen
with active inflammation in MS lesions and is a key diagnostic sign. In fact, BBB disrup-
tion has now been observed in normal-appearing white matter before enhancing lesions.
Furthermore, in few patients, optic neuritis can be the earliest sign of MS, and perme-
ability of BBB has been shown to be predictive in progression from optic neuritis to MS
[5]. This highlights the heterogeneity involved in initial MS pathogenesis in the context
of BBB breakdown. Another interesting feature observed is that during the initial phases
of illness, that is, in the first year of the disease, gadolinium-positive lesions are observed
on MRI scans indicative of high permeability of BBB, and this is associated with frequent
relapses. As time goes by, the course of illness changes to that of less BBB breakdown
and more of an intrinsic CNS inflammation, which occurs as a result of the influx of
leucocytes and other adaptive immune components as a part of autoimmune processes,
adding to the complexity in devising effective disease management strategies [6].

Several metabolic changes are observed in BBB of MS patients. In vitro studies
using sera from relapsing-remitting type MS patients have shown that BBB undergoes
significant metabolic dysfunction such as reduced expression of proteins, such as
occludin and cadherin, which maintain junctional integrity, reduced glycolysis in
cells, and increased pro-inflammatory status indicated by higher release of reactive
oxygen species from endothelial cells. These changes cause increased BBB permeabil-
ity and lead to increased susceptibility to disease progression [7].

One of the early features of increased permeability of BBB in MS is infiltration of
neutrophils into the CNS. Neutrophils play an important role in the MS pathogenesis
and in EAE models. MS patients show higher peripheral neutrophil count as compared
to healthy controls [8]. In EAE mice model, neutrophils have been shown to increase in
number before and during the onset of clinical EAE and accumulate in the meninges
[9, 10]. Depletion of neutrophils in EAE mice using antibody against neutrophils,
prior to disease onset has been found to inhibit the early stages of disease and future
relapses, with prevention of breakdown of BBB considered to be a significant factor in
this process [11-13]. Migration of neutrophils across the BBB has been found to induce
production of interleukin (IL)1p, which are known to, leads to increased production
of Granulocyte Macrophage Colony-stimulating factor (known to promote expansion
and enhance release of bone marrow-derived neutrophils), thereby further exag-
gerating neuroinflammation in EAE [14, 15]. Activated microglia and macrophages
are known to produce enzymes such as myeloperoxidase (MPO), which are known to
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activate and promote accumulation of neutrophils in the CNS. Postmortem brain stud-
ies of patients with MS when compared to healthy controls, show elevated MPO level
which associates significantly with demyelination [16]. Neutrophils are considered

to promote disruption of BBB via release of MPO; inhibition of MPO using a specific
peptide called as N-acetyl lysyltyrosylcysteine amide in EAE model caused reduced
migration of neutrophils to CNS, reduced breakdown of BBB, and attenuation of the
EAE severity [17].

3. Role of microglia in MS

Microglia are innate immune cells of the CNS. These resident macrophages of CNS
are responsible for various homeostatic functions such as synaptic pruning, secretion
of neuronal growth factors, phagocytosis of cells in developing nervous system, and
maintaining vascular tone of the BBB [18]. Microglial cells show ‘ramified’ appear-
ance when in resting or homeostatic state surveying the CNS as an innate immune
cell, while activated microglial cells tend to reveal a more ‘amoeboid’ appearance [18].

Microglial cells can form about 45% of the pool of macrophage-like cells in MS
lesions, as measured by marker TMEM119, which is present on microglia and not on
macrophages. In addition, microglia in MS lesions show reduction in specific marker
P2RY12 that is expressed only in resting or homeostatic microglia and not in active
microglia, thus showing presence of activated microglia in MS lesions [19]. In areas of
active demyelination, microglia show proinflammatory-type phenotype, also known
as M1 type polarization that is associated with neuroinflammation and neurotoxicity
(characterized by markers such as CD86, CD68, p22phox, and MHC Class II anti-
gens). Lesions of later or inactive stages are associated with microglial cells that show
anti-inflammatory phenotype, also known as M2 polarization, which is associated
with resolution of neuroinflammation and neuroprotection (characterized by mark-
ers such as CD206, CD163, and ferritin) [19]. Clinically, magnetic resonance imaging
(MRI) is the first choice to detect focal inflammatory lesions. However, in progres-
sive type of MS, plaques that are associated with chronic and progressive forms of
disease are characterized by ‘slowly evolving/expanding’ type of lesions, also known
as smoldering lesions that are represented by a ‘rim’ of microglia and macrophages,
and ongoing demyelination and loss of axons [20]. To increase specificity of detect-
ing activated microglia, positron emission tomography (PET) is done using tracers
that target a specific protein called translocator protein (TSPO), which is expressed
on the outer mitochondrial membrane of microglia. This is considered to be a more
specific marker for neuroinflammation and progression of MS, along with assessing
the effects of treatment in MS [21].

Another interesting aspect of microglial involvement in MS includes its role
in lipid metabolism. Triggering receptor expressed on myeloid cells 2 (TREM2)
is an immunoreceptor expressed on microglia that helps in lipid metabolism and
regulation of lipid transport in CNS, along with recognition of bacterial ligands
such as lipopolysaccharide, cardiolipin, sulfatides, as well as physiological ligands
such as low-density lipoprotein and apolipoprotein E (apoE) [22]. TREM2 and
apoE metabolic pathways are crucial in microglial switching from homeostatic state
to a neurodegenerative state; mutations in TREM?2 are associated with increased

! TSPO ligands are used to target translocator protein found on outer mitochondrial membrane of microg-
lia. This is used as a marker to observe ‘real time’ activation of microglia under PET scanner.
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microglia-mediated neurodegeneration [23, 24]. Soluble TREM2 level in cerebro-
spinal fluid (CSF) has been proposed to be a useful biomarker for microglial activa-
tion in MS, as well as for assessing response to treatment in MS. Increased level of
soluble TREM2 is observed in CSF of MS patients when compared to controls, which
is reduced to physiological levels following treatment with natalizumab® [25, 26].
Postmortem histopathological studies of MS patients also show high expression of
TREM2 in demyelinating lesions. Mice deficient in TREM2 show reduced microglial
activation and increased accumulation of myelin debris, while antibody-dependent
TREM2 activation was found to increase oligodendrocyte production, which sustains
and enhances remyelination [27].

Neuroinflammation also promotes lipid peroxidation, which leads to genera-
tion of oxidized phospholipids such as oxidized phosphatidylcholines (OxPCs).
OxPCs, considered to be mediators of neurodegeneration, are found in the lesions
of MS [28]. In MS, OxPCs have been directly implicated in the disease pathogen-
esis, along with microglia and TREM2. In an elegant study, endogenous OxPCs
were found to be formed in a histopathological study on MS patients brain tissue.
The authors then showed that OxPCs in vitro are toxic to neurons and oligoden-
drocytes. Direct injection of proinflammatory factors such as IL-1p in EAE mice
model showed OxPC deposition in spinal cord lesions, indicating a possible role
of caspase-3 pathway in this mechanism. Moreover, direct injection of OxPCs into
the spinal cord of mice also resulted in demyelination and loss of oligodendrocytes,
while neutralization of OxPCs by antibody showed reduced neurodegeneration.
Microglial cells were found to accumulate OxPCs; loss of such microglial cells were
found to exacerbate neurodegeneration, thus highlighting a protective role for
microglia. TREM2 was shown to directly bind OxPCs; mice lacking TREM2 showed
exacerbated neurodegeneration. Thus, TREM2 can bind and clear OxPCs and help
in preventing neurodegeneration [29, 30].

4. Role of complement system in MS

The complement system is a major part of the innate immunity and consists of
more than 40 serum and membrane-bound proteins. There are three activating
pathways, namely (i) classical pathway, which is mainly antibody-mediated with
C1q being the first ligand recognition subcomponent; (ii) alternative pathway is
activated spontaneously by low-level hydrolysis of C3 to C3(H,0); (iii) lectin pathway
is activated via mannan-binding lectin (MBL) and ficolins. Each pathway leads to
the generation of target cell lysing membrane attack complex (MAC). For further
information on the role of complement system in CNS physiology and pathology, see
review by Shastri et al. [18]. Here, we will focus on its role in MS and possible treat-
ment avenues.

Complement proteins, such as C4, C1-inhibitor, and properdin, have been
found to be elevated in the CSF of patients with MS. Postmortem immunohis-
tochemistry of MS tissues has shown positive staining for several complement
proteins such as C1q and C3; for activation products such as C3b, C4d, MAC; and
for regulators such as factor H, clusterin and C1-inhibitor. Complement activa-
tion is observed in both white and gray matter lesions, indicating a key role for

% Natalizumab is a humanized monoclonal antibody against a4 integrins and is an effective treatment used
in relapsing-remitting type of MS. It prevents the migration of leucocytes across the blood-brain barrier.
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complement system in the MS pathogenesis [31-33]. Systemic inhibition of MAC
by subcutaneous administration of a specific antisense oligonucleotide specifically
targeting murine C6 mRNA that blocks formation of MAC, in EAE disease model
has been found to successfully limit chronic relapsing symptoms by reducing neu-
roinflammation and protecting from axonal and neuronal synaptic damage. The
key mechanism involved reduced secretion of IL-1p [34]. Lectin pathway activity
and MBL-associated serine proteases-2 plasma levels were found to be increased in
MS patients’ serum when compared to controls [35].

An involvement of complement system in MS is quite evident in EAE disease model
studies. Mice deficient in either C3 or factor B showed significantly reduced severity of
disease and protection from demyelination [36]. Another study showed an increased
level of C1q and C3 in EAE mice; C3 deficiency was shown to protect mice from synaptic
loss and reduced level of microglial activation [37]. In an elegant study, it was found that
in patients with MS and as well as EAE animal model, significant loss of synapses occurs
along with engulfment of presynaptic terminals by microglial cells associated with
activation of C3. Blockage of C3 by viral overexpression of C3-inhibitor Crry restored
the demyelinating function, thus indicating a key role for complement interaction with
microglial cells in MS [38]. C3 levels are also increased the dentate gyrus (a key region of
hippocampus involved in episodic memory) of EAE disease model, with microglial cells
being the main source of C3 in the region. Inhibition of C3 function using rosmarinic
acid, which blocks C3b attachment to complement-activating surface, showed reduced
loss of synapses and improved memory performance in EAE mice [39]. Clq level has also
been found to be increased in MS patients and EAE model. Inhibition of Clq function
by knockdown of C1s subunit of C1 was found to reduce demyelination and improve
neurological function in EAE mice [40].

Recent studies have assessed the usefulness of measuring complement activa-
tion as a potential biomarker for MS progression. For example, neuromyelitis
optica (NMO) is another autoimmune demyelinating disorder; it can be hard to
differentiate NMO from MS especially in the early stages of the disease due to
similar clinical presentation. In a study that included CSF analyses of patients with
MS and NMO, a statistical model involving six complement proteins namely C3,
C9, factor B, Clgq, factor I, and properdin was able to differentiate between MS
and NMO [33]. Response gene to complement-32 (RGC32) is a molecule induced
by activation of complement; RGC32 mRNA expression is significantly decreased
during relapse and increased in responders to a specific treatment called as glat-
iramer acetate therapy. Predictive statistical model is considered to be about 90%
accurate in detecting relapses and about 85% accurate in detecting response to
therapy [41]. It is also worth noting that phase 3, randomized, double-blind clinical
trials using eculizumab, a monoclonal antibody against C5, has been found to be
significantly effective in relapse prevention in NMO [42].

As mentioned earlier, the progressive form of MS is characterized by smolder-
ing lesions represented by microglial cells. Absinta et al. [43] identified that white
matter from healthy individuals consisted of mainly oligodendrocytes, while those
from MS lesions contained immune cells such as microglia, macrophages, mono-
cytes, dendritic cells and astrocytes, along with reduced oligodendrocytes. The
authors further studied microglial cells in MS lesion edges and found an increased
expression of C1 complex (Clq, Clr, and C1s) genes. Further analysis of a cohort
of more than a thousand MS patients revealed that complement protein risk
variants (C1QA, CR1, and C3) were associated with clinically significant lesions
observed on MRI scans. The authors then induced EAE in a conditionally knocked
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out C1q mice model that specifically ablated C1q in microglia, which attenuated
microglia activation, suggesting the importance of Clq-mediated microglial
activation in MS. Blocking C1q in EAE mice reduced density of microglial cells in
white matter lesions [43, 44].

5. Role of other pattern-recognition receptors

Apart from complement system, a number of innate immune pattern-recognition
receptors (PRRs) have also been implicated in the pathogenesis of MS. Toll-like recep-
tors (TLRs) are type 1 membrane proteins and contain an extracellular leucine-rich
domain involved in pathogen-associated molecular pattern (PAMP) recognition and
a cytoplasmic Toll/IL1 receptor (TIR) domain, which is involved in signaling path-
way. It is well-known that TLRs are expressed on microglia and other CNS cells such
as neurons and astrocytes [18]. Upon PAMP receptor (PRR) binding with ligand,
adapter protein recruitment takes place as part of the signaling pathway. Adapter
proteins include myeloid differentiating factor 88 (MyD88), MyD88 adapter-like
protein, TIR domain-containing adapter inducing interferon-p (TRIF), TRIF-related
adapter molecule, and sterile-a and armadillo-motif- containing protein. These
adapter proteins activate microglia that ultimately lead to release of chemokines and
proinflammatory cytokines such as IL-1f, tumor necrosis factor « (TNFa), and IL-6
[18]. TLR2 levels are increased in the serum of MS patients. An enhanced activation
of TLR2 was observed in peripheral blood mononuclear cells (PBMCs) of MS patients
when stimulated with TLR2 ligand [45, 46]. In another study involving PBMCs from
MS patients, a lower baseline level of TLR8 was found when compared to healthy
controls, and transcriptional response of proinflammatory cytokine IL-12f was
also found to be impaired in serum of MS patients [47]. TLR and MyD88 activation
pathways influence adhesion molecules of BBB, thereby playing a role in BBB disrup-
tion and subsequently in MS pathogenesis [47, 48]. Furthermore, TLR4 is considered
to play a dual role with its involvement in remyelination as well as demyelination
processes, which remains unclear. EAE studies have shown that TLR4-deficient mice
develop more severe symptoms, while other studies show that TLR4-deficient mice
develop less severe symptoms [48, 49]. This discrepancy is possibly explained by the
method of induction of EAE, which varied in both these studies, and a difference in
using MOG peptide by Kerfoot et al. [48] as compared to MOG protein by Marta et al.
[49], which show a difference in induction of B and T cell response, thereby having
an impact on demyelination process. Modulation of TLR9 activity in MyD88-deficient
mice was found to render it resistant to developing EAE [50].

Nucleotide-binding and oligomerization domain (NOD)-like receptors (NLRs)
are intracellular PRRs and contain a central nucleotide-binding and oligomeriza-
tion (NACHT) domain and C-terminal leucine-rich repeat (LRR). NLRs can be
further divided based on their N-terminal component into caspase activation
and recruitment domain, pyrin domain, and baculovirus inhibitor of apoptosis
protein repeat, respectively, called NLRC, NLRP, and NLRB. Binding of NLR
to ligand leads to a signaling process causing formation of inflammasomes and
ultimately cause release of proinflammatory cytokines such as IL-1p and IL-18
[18]. Clinically, a homozygous variant of NLRP1 gene has been found to be associ-
ated with a familial type of MS [51]. Also, in MS patients who respond to treat-
ment, NLRP3 expression is increased, as compared to those who do not respond
to treatment [52]. In EAE, deficiency of NLRP3 [53] or NLRP12 [54] is associated
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with reduced severity of the disease. Inhibition of NLRP3 inflammasome activity
was found to reduce production of IL-1p and diminish response of T-cells, thereby
reducing severity of disease [55].

6. Conclusions

MS can be described as being heterogeneous in terms of clinical presentation,
complexity, and progression of disease (summarized in Figure 1). This is largely due
to numerous pathophysiological changes occurring in the patients. Adaptive immu-
nity has been studied extensively over the years, but less emphasis had been placed
on innate immune changes that occur in MS. This notion has changed, and now there
is an increasing number of studies that are looking at the key role of innate immune
components in the pathogenesis of MS. One of the challenges in this regard is recruit-
ment of patients at different stages of illness and replicating such findings to arrive
at a robust and reliable conclusion. Other useful aspects of studying innate immune
components are to understand and establish their role in facilitating predictive,
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Figure 1.

Pathophysiology of multiple sclerosis: Contact in early childhood with a pathogen and other susceptibility factors,
such as racial and demographic background, can elicit veactivation, triggering innate immune mechanisms via
toll-like receptors (TLRs), which signal downstream through MyD88 (myeloid differentiation primary response
88) and phosphorylated IkB, allowing nuclear translocation of NF-kB and the transcription of IL-6, TNF, IL-1,
IL-12, and E-selectin. IFN/transcription is signaled by TLR via IRFy (interferon regulatory factor 7). Another
significant signal is provided by NOD receptors (nucleotide-binding oligomerization domain), which ave activated
by potassium efflux-inducing substances such as ATP and TLR stimulation; pathogen associated molecular patterns
(PAMPs) toxins, danger, or stress activate the inflammasome through nucleotide-binding oligomerization domain,
leucine rich repeat and pyrin domain containing (NLRP), which forms a complex with ASC (apoptosis-associated
speck-like protein containing a CARD) and caspase-1, triggering IL-1p. All of these proinflammatory cytokines
and growth factors stimulate microglia and endothelial cells, upregulating the expression of adhesion molecules
such as E-selectin and increasing the movement of T cells into the CNS. Matrix metallo proteases (MMP) degrade
the blood—brain barrier (BBB), hence facilitating the migration of autoreactive T lymphocytes and macrophages
via proinflammatory cytokines (CX3CL-1). The Th1 response induced by IL-12 and IFN-stimulates macrophages,
activating CD8" T cells. Th2 response mediated by IL-6 primarily increases B cell maturation and autoantibody
production. Cytotoxic oligodendrocyte destruction results in myelin loss and axon exposure to reactive oxygen species
that delay or stop action potentials and the formation of neurological symptoms. OPCs (oligodendrocyte precursor
cells) are intended to remyelinate these lesions, but neuronal factors such as TLR2 impede their migration.
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diagnostic, and prognostic markers in the clinical setting. Further understanding of
innate immune components in MS would also aid future research using animal or
experimental models that incorporates innate immune aspects as a part of studies in
order to justify the heterogenous nature of MS pathophysiology.

In this regard, considerable progress has been made in establishing role of BBB,
PRRs, and microglial cells. There is considerable evidence to suggest that BBB
breakdown is a key stage in MS pathogenesis, along with complement activation.
Experimental studies have been successful in attenuating severity of MS by blocking
activated complement proteins. More evidence continues to accumulate to highlight
the possible protective role of microglial cells in association with lipid metabolism
and myelination. There is still a long way to go in terms of developing clinically useful
biomarkers, better research disease models, and effective and safer treatment strate-
gies to benefit patients and improve their overall quality of life.
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EAE experimental autoimmune encephalomyelitis
CNS central nervous system

BBB blood-brain barrier

MPO myeloperoxidase

TREM2 triggering receptor expressed on myeloid cells 2
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CSF cerebrospinal fluid

OxPC oxidized phosphatidylcholine

MBL mannan binding lectin

MAC membrane attack complex

NMO neuromyelitis optica

TLR toll-like receptor

MyD88 myeloid differentiating factor 88

TRIF TIR domain-containing adapter inducing interferon-p
NOD nucleotide-binding and oligomerization domain
NLR NOD-like receptor
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