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ABSTRACT

Background: Multiple sclerosis (MS) is the most common chronic inflammatory and
neurodegenerative autoimmune disease of the central nervous system. The cause of
MS remains unknown, but both genetic and environmental predisposing factors have
been identified. Vitamin D deficiency, smoking and Epstein-Barr virus (EBV)
infection are the most prominent identified environmental risk factors for MS, but how
early before MS onset these risk factors have impact is not known. EBV infection,
smoking and vitamin D deficiency are risk factors also associated with cancer. The
risk of cancer among Finnish MS patients has not been studied since 1990s.

Aims of the study: Finnish Maternity Cohort (FMC) is a serum bank collected
from Finnish pregnant women since 1983. The main aims of this thesis were to study
whether maternal smoking and vitamin D status during pregnancy are associated
with later risk of MS among Finnish women, and to study whether maternal EBV
antibodies affect the MS risk of the mother and her offspring. Further aims were to
investigate the safety and efficacy of vitamin D supplementation in combination with
fingolimod therapy in MS patients, and to study cancer risk and factors affecting it
among MS patients in Southwest Finland from January 2004 to December 2012.

Results: Vitamin D deficiency during pregnancy was associated with an almost
2-fold risk of MS in both the Finnish mothers and their offspring. Smoking Finnish
mothers had a 45% higher future MS risk compared to non-smokers. Highest titers
of maternal EBV antibodies in comparison with the lowest tripled the MS risk in the
mother and doubled it in her offspring independently of vitamin D and cotinine
levels. Use of vitamin D supplements as an add-on to fingolimod showed beneficial
effects on magnetic resonance image (MRI) outcomes and depression. Risk of cancer
among MS patients in Southwest Finland was equal to controls, but age at breast
cancer diagnosis was significantly higher among the MS patients. Smoking history
of the patients was incompletely documented.

Conclusions: Correcting for vitamin D deficiency during pregnancy can be
beneficial in MS prevention for both the mother and her child. Smoking is a risk
factor for MS in Finnish women and should be a target for lifestyle intervention in
young women. Prevention of EBV infection by vaccination could hold potential for
decreasing the risk of both numerous cancers and MS, but the risk of increasing MS
predisposition by postponing the timing of the EBV infection is a potential risk that
must be taken into consideration.

Keywords: Multiple sclerosis, pregnancy, vitamin D, EBV infection, smoking, cancer
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TIVISTELMA

Taustaa: Pesikekovettumatauti eli multippeliskleroosi (MS) on yleisin krooninen
tulehduksellinen ja rappeuttava keskushermoston autoimmuunisairaus. Sen
aiheuttaja on tuntematon, mutta useita altistavia geneettisid ja ympdristotekijoitd on
tunnistettu. D-vitamiinin puutos, tupakointi ja Epstein-Barr virus- (EBV) infektio
ovat merkittdvimmat ympéristoriskitekijat, mutta sitd kuinka varhain nadmai
riskitekijit vaikuttavat ei tunneta. Tupakointi ja EBV-infektio ovat riskitekijoitd
paitsi MS-tautiin myds syOpddn sairastumiseen. Suomalaisten MS-potilaiden
syopdriskié ei ole tutkittu 1990-luvun jilkeen.

Tavoitteet: Viitoskirjatyon keskeisend tavoitteena oli tutkia, onko suomalaisten
ditien raskaudenaikaisella tupakoinnilla ja matalalla D-vitamiinipitoisuudella yhteys
didin ja lapsen myShempéén riskiin sairastua MS-tautiin, ja onko didin EBV vasta-
aineilla vaikutusta didin ja lapsen myShempéddn MS-riskiin. Lisdksi véitoskirjassa
tutkittiin - D-vitamiiniliséin tehoa ja turvallisuutta MS-potilailla yhdistettyna
fingolimodihoitoon ja selvitettiin MS-potilaiden syOpériski Varsinais-Suomessa
tammikuun 2004 ja joulukuun 2012 vélisend ajanjaksona.

Tulokset: Aidin raskaudenaikainen —D-vitamiinipuutos —kaksinkertaisti
suomalaisen &itiyskohortin naisten ja raskauksista syntyneiden lasten riskin sairastua
MS-tautiin. Aidin EBV vasta-aineet lisdsivit MS taudin riskid kolminkertaiseksi
naisilla ja 2.5-kertaiseksi heidin jilkeldisilldén riippumatta seerumin D-vitamiini- ja
kotiniinitasoista. Kohortin tupakoivien suomalaisten naisten riski sairastua MS
tautiin tulevaisuudessa oli 45% korkeampi kuin tupakoimattomilla. D-vitamiinilisd
fingolimodia kayttavilla MS potilailla oli turvallista ja silld oli suotuisa vaikutus
magneettikuvauksella todettaviin MS-tautimuutoksiin ja depressioon kahden
vuoden seurannassa. Varsinais-Suomen MS potilaiden syOpériski ei eronnut
sairaanhoitopiirin kontrollivdeston syOpdriskistd, mutta MS-tautia sairastavilla
rintasyOpéd todettiin merkitsevisti myohemmalld idlld kuin verrokeilla. Tupa-
kointitausta oli puutteellisesti dokumentoitu.

Johtopéitokset: Raskaudenaikaisen D-vitamiinipuutoksen korjaamisesta
saattaa olla hyotyd MS taudin ehkdisemisessd niin dideilld kuin heidén jalke-
ldisilldén. Tupakointi on MS taudin riskitekija myos suomalaisilla naisilla ja
tupakoinnin ennaltaehkiisy tulisi olla keskeinen interventio nuorilla naisilla. EBV-
infektion ennaltachkidisy rokotteella saattaisi suojata MS taudilta, mutta EBV
infektion lykkdantyminen rokotteella saattaisi jopa lisdtd MS riskia.

Avainsanat: MS-tauti, raskaus, D-vitamiini, EBV-infektio, tupakointi, syopa
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MS Multiple sclerosis
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OCT Optic coherence tomography

ON Optic neuritis

OR Odds ratio
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PPMS Primary progressive multiple sclerosis
PBVC Percentage brain volume change
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1 Introduction

Multiple sclerosis (MS) is the most common chronic, inflammatory, demyelinating
and neurodegenerative autoimmune disease affecting the central nervous system
(CNS) in young adults. It is a leading cause of disability, early retirement and
socioeconomic burden (Rotstein ef al., 2006; Fromont et al., 2014; Hollenbach and
Oksenberg, 2015; Filippi et al., 2018). Women are affected more commonly than
men and a steady global increase in MS incidence and prevalence in females has
been observed in recent years (Koch-Henriksen and Serensen, 2010; Trojano et al.,
2012; Sumelahti et al., 2014; Leray et al., 2016; Filippi et al., 2018; Magyari and
Sorensen, 2019). The rapidly increased female predominance of MS may reflect a
possible role of environmental risk factors mainly affecting women (Orton et al.,
2006; Koch-Henriksen and Serensen, 2010). Several studies support the presence of
a clear genetic component, whereas the relatively low concordance among
monozygotic (MZ) twins and an increasing concordance in Finnish dizygotic (DZ)
twins during the past two decades indicate that environmental factors also play a
central role in the increasing prevalence and risk of developing MS (Sérkijérvi et al.,
2006; Kuusisto et al., 2008; Hedstrom et al., 2009). The cause of MS remains
unknown, but a generally accepted hypothesis is that it is a predominantly immune-
mediated inflammatory and neurodegenerative disease and is likely to be a product
of complex associations between genetic susceptibility, infectious risk factors and
environmental exposures (Leray et al., 2016; Sospedra and Martin, 2016). Some of
the most pertinent environmental factors consistently associated with an increased
risk of developing MS are previous Epstein-Barr virus (EBV) infection, vitamin D
deficiency, smoking and adolescent obesity (Hedstrom et al., 2009; Leray et al.,
2016; Olsson, Barcellos and Alfredsson, 2016; Filippi et al., 2018). Whether a
potential future vaccine or antiviral treatment of EBV would be beneficial in MS
prevention, or whether a vaccine with partial efficacy potentially leading to later
timing of the primary EBV infection could in a worst case scenario indeed increase
the MS risk are not known. Although the epidemiological evidence supporting the
role of vitamin D deficiency as a risk factor for developing MS is comprehensive
(Munger et al., 2006), the optimal timing of vitamin D supplement initiation for MS
susceptible subjects or to the general population is not known. Determining whether
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this would ultimately lead to a reduction in MS occurrence would require decades of
follow-up and taking into account changes in other known and unknown
predisposing factors. Although the disease biomarkers, clinical and paraclinical
measurements (including imaging) and MS treatments have evolved such that it is
possible in most cases to stop the inflammatory phase, there is still no cure for MS.
The highest unmet therapeutic need is the treatment of progressive disease and
restoration of CNS damage. Despite the challenges, the ultimate goal of MS research
needs to be prevention through more effective identification and modification of
lifestyle and environmental risk factors.

12



2 Review of the Literature

2.1 Multiple sclerosis

211 Clinical features

MS has traditionally been classified largely based on its clinical characteristics into
the phenotypes relapsing remitting (RRMS), secondary progressive (SPMS),
primary progressive (PPMS) and progressive relapsing MS (PRMS) (Lublin and
Reingold, 1996). Since the phenotypes are more complex and often clinically
overlapping, refinements were proposed in 2013 in an attempt to add clinically
relevant information to MS categorizations (Lublin et al., 2014). The reclassified
categories are descriptive of the level of inflammatory activity observed compared
to the degenerative progression of the disease and include the inactive clinically
isolated syndrome (CIS), and if active, eventually RRMS. The designation of
progressive MS disease comprises both the former PPMS (progressive accumulation
of disability from onset) and SPMS (progressive accumulation of disability after
initial relapsing course) phenotypes. Progressive MS can be divided into the
subtypes active and with progression, active without progression, inactive with
progression and inactive without progression. Activity is determined by clinical
relapses or magnetic resonance imaging (MRI) activity (contrast-enhancing lesions;
new and enlarging T2 lesions), whereas progression is mainly clinically evaluated
(Lublin et al., 2014; Oh, Vidal-Jordana and Montalban, 2018).

In a majority of the MS population (~80-85%), the disease starts with an acute
relapse and succeeds with a relapsing remitting course. RRMS is characterized by
acute exacerbations and remissions during the early focal inflammation phase,
followed by progression due to neurodegeneration (Weinshenker, Issa and
Baskerville, 1996; Leray et al., 2010; Confavreux and Vukusic, 2014). A relapse is
considered to be a clinically expressed acute, focal or multifocal inflammation and
demyelination in the CNS, characterized by occurrence, recurrence or worsening of
neurological symptoms during at least 24 hours (Youl et al., 1991; McDonald et al.,
2001).

The majority of RRMS cases eventually convert to SPMS over time (after
approximately 10-20 years in untreated MS patients), defined by a steady disease

13
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progression and disability accumulation (Confavreux, Aimard and Devic, 1980;
WEINSHENKER et al., 1989; Debouverie et al., 2009; Tedeholm et al., 2015). The
median time to SPMS conversion has been about 19 years in several large studies
(Tremlett et al., 2008; Rzepinski et al., 2019), whereas it is less clear when RRMS
patients convert to SPMS in the modern treatment era (Oh, Vidal-Jordana and
Montalban, 2018).

PPMS affects ~10-15% of the MS population and is characterized by
neurodegeneration leading to disease progression and accumulated disability
(Confavreux and Vukusic, 2014).

Pediatric onset MS (POMS) affects <10% of the MS population and is defined
as MS debuted in childhood (<15-18-year-old subjects). In Finland, child cases are
considered pediatric when <16 years old. 95-100% of all POMS are classified as
RRMS. Progression to SPMS is slower than in the adult MS population (Boiko et
al., 2002; Krupp, Banwell and Tenembaum, 2007; Bar-or, 2008; Krupp et al., 2013;
Waldman et al., 2014; Alroughani and Boyko, 2018).

If the criteria of MS are not readily met, the first relapse event is referred to as a
CIS, which most often is monosymptomatic, and usually affects the optic nerve,
spinal cord or brainstem. The overall probability of developing MS after an attack of
optic neuritis (ON) is 50% in 15 years (Brodsky et al., 2008). The risk of developing
MS increases if there are paramedical findings of cerebrospinal fluid (CSF)
oligoclonality or at least one clinically silent white matter lesion in the MRI (Brex et
al., 2002; Tintoré et al., 2006, 2008; Fisniku et al., 2008).

In 2009, Okuda et al introduced a formal description of the radiologically
isolated syndrome (RIS), based on observations of incidental MRI findings
suggestive of demyelinating disease in persons without typical clinical MS
presentations (Okuda et al., 2009). Later study observations suggest that a significant
proportion of RIS cases have cognitive impairment similar to that seen in part of the
MS population and approximately two-thirds of RIS cases develop radiological
progression and 30-45% develop either acute or progressive neurological symptoms
during a mean follow-up time of five years (Granberg et al., 2013; Okuda ef al.,
2014).

Life expectancy among MS patients is reduced by ~10 years compared to the
general population and mortality is almost 3-fold higher than in the general
population (Sumelahti ef al., 2010; E Kingwell et al., 2012; Lunde et al., 2017).
Patients older at MS onset or with PPMS have shorter survival (E Kingwell et al.,
2012; Scalfari, Knappertz, et al., 2013). In about 50% of the MS population, MS is
the cause of death (Sumelahti et al., 2010). Infection and suicide rates are higher
(Scalfari, Knappertz, ef al., 2013) and excess mortality rates from accidents and other
comorbidities, except from cancer (Brennum-Hansen, Koch-Henriksen and
Stenager, 2004; Koch-Henriksen et al., 2017), are higher than among the general
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population (Brennum-Hansen, Koch-Henriksen and Stenager, 2004; Burkill et al.,
2017; Lunde et al., 2017, Pirttisalo et al., 2018). Stroke was observed to decrease
the survival rate among MS patients in a population-based Finnish Northern
Ostrobothnia cohort and infections in Southwest Finland (Krokki et al., 2014;
Murtonen et al., 2018), whereas mortality from cancers in the MS population of
higher age was increased in Finland (Sumelahti ef al., 2002).

2.1.2 Epidemiology

Approximately 2.3 million people have MS worldwide (Multiple Sclerosis
International Federation, 2013), over 700,000 individuals in Europe (European
Multiple Sclerosis Platform, 2013; Multiple Sclerosis International Federation,
2013; Browne et al., 2014; Gitto, 2017), and the worldwide prevalence varies with
geography and ethnicity (Pugliatti, Sotgiu and Rosati, 2002; Kingwell et al., 2013).
The disease is associated with a high economic burden of ~14.6 billion euros within
Europe in 2010 (Gustavsson ef al., 2011). MS onset usually occurs at an age ranging
from 20 to 40 years. The incidence and prevalence of the MS population are
increasing globally with a female-to-male predominance of 2-3:1 (Bentzen et al.,
2010; Koch-Henriksen, Magyari and Laursen, 2015; Howard, Trevick and Younger,
2016; Leray et al., 2016; Amato et al., 2018; Filippi et al., 2018; Magyari and
Sorensen, 2019).

The epidemiological hallmark of MS is an uneven geographic distribution. The
incidence and prevalence of MS vary significantly between countries, with a global
median prevalence of 33 per 100,000 people (Sumelahti et al., 2000, 2003; Tienari
et al., 2004; Simpson et al., 2011, 2019; Trojano ef al., 2012; Oh, Vidal-Jordana and
Montalban, 2018). In North America and Europe the prevalence rates are high
(>100/100,000), whereas prevalence levels are low in Eastern Asia and Sub-Saharan
Africa (2/100,000) (Leray ef al., 2016). A higher global risk of MS has been strongly
associated with latitude, with an increasing MS occurrence following a longitudinal
south-north gradient in northern parts of the globe and a north-south gradient in
southern part of the world, and with a minimal prevalence at the equator (Alonso and
Hernan, 2008; Koch-Henriksen and Serensen, 2010; Simpson ef al., 2011, 2019).

A high-risk focus for MS in Scandinavia, Finland included, was identified in the
1960s (Kurtzke, 1968, 1974). Finland is a high-risk region for MS with large regional
epidemiological differences, and prevalence varies from 100 to over 200 per 100,000
inhabitants in different areas (Sumelahti et al., 2001, 2003; Sarasoja et al., 2004;
Tienari et al., 2004; Krokki et al., 2011; Holmberg et al., 2013). National MS
prevalence in Finland has not been studied, but an estimate of 10,000 to 11,000
patients at the end of 2018 has been presented based on Finnish MS register data
(Laakso et al., 2019). The female-to-male ratio in RRMS in western Finland has
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increased from 2.2 to 2.7 since the 1990s and at the same time, the mean age of the
MS population has increased from less than 40 years to over 50 years (Holmberg et
al., 2013; Sumelahti et al., 2014; Pirttisalo, Soilu-Hénninen and Sipild, 2019). The
east-west gradient was recently confirmed by showing an age-standardized
prevalence to European standard population of 280/100,000 in Southwest Finland
versus 168/100,000 in North Karelia and an annual age-standardized incidence (5-
year period from 2012 to 2016) of 12.1/100,000 versus 8.6/100,000 respectively
(Pirttisalo, Soilu-Hanninen and Sipild, 2019).

The prevalence of MS reported from other Nordic countries is also increasing.
In Norway, MS prevalence was 208/100,000 inhabitants on December 31, 2013. This
observation was based on the Norwegian Patient Registry, although without the
evidence of a latitude gradient that had been observed in previous studies. The
increase in Norwegian MS prevalence was speculated to have several causes,
including improved and more accessible neurological health care services and
diagnostics, with possible contributions of environmental risk factors such as
smoking and vitamin D and changes in lifestyle behavior along with an increased
survival in MS (Berg-Hansen et al., 2014, 2015; Grytten, Torkildsen and Myhr,
2015). Similar factors may contribute to the prevalence changes observed in other
Nordic countries.

In Sweden, nationwide prevalence on December 31, 2008, was 189/100,000 and
significantly increased with increasing north latitude for both males and females.
Incidence had increased to an average of 10.2/100,000 (Ahlgren, Odén and Lycke,
2014). In 2008, immigrants constituted 14% of the Swedish population. Prevalence
increased in migrants from countries with a lower MS risk, and among Iranian
migrants to a prevalence rate exceeding that in the general population, suggesting a
genetic risk altered by changed environmental-lifestyle MS risk factors (Ahlgren et
al., 2010; Ahlgren, Odén and Lycke, 2011, 2012).

In Denmark, MS prevalence and incidence have been continuously updated with
accumulated data from the Danish Multiple Sclerosis Registry established in 1956.
Standardized prevalence increased to 232/100,000 inhabitants in 2013 (Bentzen et
al., 2010; Koch-Henriksen, Magyari and Laursen, 2015). Similar to other Nordic
countries, MS prevalence in Iceland is 166.5/100,000 inhabitants (Eliasdottir,
Kjartansson and Olafsson, 2018).

The pooled prevalence of familial MS (FMS), defined as MS cases with at least
one family member in the first, second, third degree or other relatives of probands
that are affected by MS, has been calculated at 12.6% of the global total MS
population, with a significant heterogeneity independent of latitude or ethnicity, that
highlight the accumulation effects of genetics and environmental factors (Harirchian
etal.,2018).
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21.3 Diagnosis and follow-up

2.1.3.1 Diagnostic criteria

There is no single specific test for MS, be it lab-based or otherwise, due to the
unknown etiology and specific pathogenesis of the disease (Deisenhammer et al.,
2019). Diagnosis is based on the demonstration of dissemination of focal
neurological deficits in space (DIS) and time (DIT), as well as exclusion of
differential diagnoses (Aktas et al., 2018). The first clinical diagnostic criteria for
MS were established in 1965 (Schumacher et al., 1965). Poser et al later added
paraclinical evidence and laboratory findings to the diagnostic criteria of definite
(Table 1) and probable MS in the 1980s (Poser et al., 1983).

Table 1. Diagnostic criteria for multiple sclerosis by Poser et al., modified from Poser et al. 1983

Clinical Paraclinical CSF

Category Attacks evidence evidence OCB/IlgG
Clinically definite

1. CDMS A1 2 2

2. CDMS A2 2 1 and 1
Laboratory supported

1. LSDMS B1 2 1or 1 +

2. LSDMS B2 1 2 +

3. LSDMS B3 1 1 and 1 +

OCB/IgG = oligoclonal bands or increased immunoglobulin G (IgG) specific to the cerebrospinal
fluid (CSF). Paraclinical evidence of central nervous system (CNS) lesions = findings elicited by
hyperthermia, evoked potential studies, computed tomography (CT) and nuclear magnetic
resonance (NMR) scans or special urological studies. CDMS = clinically definite MS, LSDMS =
laboratory supported definite MS. Modified table printed with permission (Poser et al., 1983).

The McDonald diagnostic criteria for MS were issued in 2001 by the International
Panel on the Diagnosis of Multiple Sclerosis (McDonald et al., 2001) and have since
been updated in 2005, 2010 and 2017 to facilitate diagnostic accuracy and exclusion
of differential diagnoses. Diagnosis is made based on clinical and/or paraclinical (i.e.
imaging and laboratory) findings of disseminated CNS lesions attributable to MS
(Polman et al., 2005; Brownlee et al., 2017; Thompson et al., 2018). The Barkhof-
Tintore MRI criteria were used to demonstrate DIS in the two first versions and
replaced by simplified MRI criteria for DIT contrived by Swanton et al in 2010,
enabling diagnosis of MS based on a single MRI in some CIS patients (Swanton et
al., 2006). Revisions of MRI criteria for the diagnosis of MS proposed by the
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European Magnetic Resonance Imaging in Multiple Sclerosis (MAGNIMS) network
were incorporated in the 2017 revision (Rovira et al., 2015; Filippi et al., 2016).

Laboratory findings of cerebrospinal fluid (CSF)-specific oligoclonal bands
(OCBs) were used as part of MS criteria in the 2001 and 2005 McDonald revisions,
but were excluded in the 2010 revision. They were again included in the 2017
McDonald criteria, since CSF-specific OCBs in numerous studies were shown to be
an independent predictor of the risk of a second attack in adult patients with a CIS
(Thompson et al., 2018).

CIS is defined as an episode of a symptom or symptoms attributable to a debut
of MS, that lasts for 24 hours up to one month, but that does not yet meet the 2017
McDonald criteria for definite MS. Clinical evidence of at least one symptom
episode attributable to focal CNS demyelination is compulsory for CIS and MS
diagnosis. MRI of the CNS can demonstrate further DIS by one or more T2-
hyperintense lesions (symptomatic or asymptomatic) that are characteristic for MS
in two or more of four CNS areas: periventricular, cortical or juxtacortical,
infratentorial brain regions and the spinal cord. MRI can confirm DIT by the
simultaneous presence of gadolinium (Gd)-enhancing T1 lesions and non-enhancing
lesions at any time or by a new T2-hyperintense or Gd-enhancing lesion on follow-
up MRI, with reference to a baseline scan (Thompson et al., 2018).

The Radiologically Isolated Syndrome Consortium presented their first
retrospective cohort in 2014 with an observed five-year conversion rate to the first
clinical event of 34% among RIS patients (mean age at RIS diagnosis of 37.2 years).
Cervical lesions are central predictors of clinical conversion from RIS to CIS or MS
(Granberg et al., 2013; Lebrun, 2015), and infratentorial, spinal cord involvement
and the total number of lesions are more relevant predictors of progression than Gd
enhancement (Maia Jr. ef al., 2012; Okuda et al., 2014).

Diagnosis of PPMS requires one year of disease progression independent of
clinical relapse and two of the three following criteria must be met: A) One or more
(symptomatic or asymptomatic) T2-hyperintense lesions characteristic of multiple
sclerosis in at least one of the following brain regions: periventricular, cortical or
juxtacortical, or infratentorial B) Two or more (symptomatic or asymptomatic) T2-
hyperintense lesions in the spinal cord and C) Presence of CSF-specific OCBs
(Thompson et al., 2018). Definition of the time when RRMS converts to SPMS still
poses a diagnostic challenge (Oh, Vidal-Jordana and Montalban, 2018). The 2017
McDonald criteria for MS in patients with an attack at onset demonstrated by DIS
and DIT are shown in table 2.

For pediatric onset MS (POMS), many different diagnostic criteria have been
proposed to meet the challenges of distinguishing MS from various acquired
demyelinating syndromes that can occur in childhood. In most studies, the criteria
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by the Pediatric International Study Group have been applied (Alroughani and
Boyko, 2018).

The differential diagnosis of neuromyelitis optica spectrum disorders (NMOSD)
should be considered in any patient being evaluated for MS, since MS treatments
can exacerbate NMOSDs (Kimbrough et al, 2012). Serological testing for
antibodies to aquaporin 4 and myelin oligodendrocyte glycoprotein (MOG) should
therefore be individually considered (Aktas et al., 2018; Thompson et al., 2018).

Table 2. The 2017 McDonald criteria for diagnosis of multiple sclerosis in patients with an attack
at onset, modified from Thompson et al. 2018.

Number of lesions with objective | Additional data needed for a diagnosis of

clinical evidence multiple sclerosis
=2 clinical | 22 None*
attacks
22 clinical | 1 (as well as clear-cut historical None*

attacks evidence of a previous attack
involving a lesion in a distinct
anatomical location)

22 clinical | 1 Dissemination in space demonstrated by an
attacks additional clinical attack implicating a different
CNS site or by MRI**
1 clinical | 22 Dissemination in time demonstrated by an
attack additional clinical attack or by MRI*** OR
demonstration of CSF-specific oligoclonal
bands****
1 clinical |1 Dissemination in space demonstrated by an
attack additional clinical attack implicating a different
CNS site or by MRI**
AND

Dissemination in time demonstrated by an
additional clinical attack or by MRI*** OR
demonstration of CSF-specific oligoclonal
bands****

*No additional tests are required to demonstrate DIS and DIT. However, if possible, all patients in
whom the diagnosis of MS is being considered should obtain a brain MRI. Spinal cord MRI or CSF
examination is recommended in patients with scarce or atypical clinical findings lacking paraclinical
supportive evidence of MS. If imaging and paraclinical tests are negative, an alternative diagnosis
should be considered. **At least one attack must be supported by objective findings. Clinical
diagnosis based on objective clinical findings for two attacks is most secure. Reasonable evidence
for another previous inflammatory demyelinating attack is sufficient for diagnosis, but caution is
needed in the absence of residual objective evidence. *** The MRI criteria for DIS and DIT are
described in the text above. **** The presence of CSF-specific OCBs does not demonstrate DIT
per se but can substitute for the requirements for demonstration of this measurement (Thompson
et al 2018). CIS = clinically isolated syndrome; MS = multiple sclerosis; DIS = dissemination in
space; DIT = dissemination in time; MRI = magnetic resonance imaging; OCB = oligoclonal bands;
CSF = cerebrospinal fluid; CNS = central nervous system. Modified table printed with permission
(Thompson et al., 2018).
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2.1.3.2 Follow-up

2.1.3.2.1 Clinical outcome measures

MS prognosis and intervention efficacy assessment are challenging, since the disease
has a heterogenous nature that makes it difficult to capture disease activity and
progression in a reliable, valid way. Many scorings reflecting the MS disease course
have been introduced over time to meet the needs for objective and subjective
evaluation tools in the clinic and for trial outcomes, for treatment and rehabilitation
efficacy evaluation, and for assessment of the patients’ need for assistance or
capacity to work (Elovaara et al., 2006).

The traditionally used primary clinical outcome measures in MS phase 3 trials
are the relapse rate and the Expanded Disability Status Scale (EDSS) (Uitdehaag,
2014; van Munster and Uitdehaag, 2017). The American neurologist John Kurtzke
created the Disability Status Scale (DSS) in the 1960s and later an expanded version
(EDSS), as a method of qualifying MS disability. EDSS ranks the disease burden
severity based on clinical symptoms on a scale from 0 (no clinical signs or subjective
symptoms of MS in the neurological examination) to 10 (patient deceased) in 0.5-
unit increments. EDSS scoring covers assessment of the functional systems: visual,
brainstem, pyramidal, cerebellar, sensory, bladder and bowel, and cerebral, as well
as consideration of gait and walking distance ability with or without aids (Kurtzke,
1983, 2015), and reflect fluctuations during relapses, remissions and disease
progression useful in the evaluation of MS treatment efficacy (van Munster and
Uitdehaag, 2017). Treatment of MS has been focused on reducing the number of
relapses, regardless of the fact that the rate of relapses characteristic of RRMS shows
no association with longtime disease prognosis (Confavreux and Vukusic, 2006;
Scalfari, Neuhaus, et al., 2013). The annual relapse rate (ARR) is, however, still used
as a primary outcome measure in most clinical phase 3 trials (Lim and
Constantinescu, 2010; van Munster and Uitdehaag, 2017) although it is becoming
overly restricted in the era of new and emerging potent disease modifying treatments
(DMTs) for MS that have led to a shift in treatment expectations from one of partial
response to one of potent remission.

No evidence of disease activity (NEDA-3) has emerged as an outcome measure
that consists of a composite of clinical relapses, EDSS disability and MRI outcomes
(defined by the absence of clinical relapses, EDSS progression and radiological signs
of disease, i.e. no new/enlarging T2 lesions or Gd-enhancing T1 lesions on MRI)
(Rotstein, Healy, Malik, Chitnis, et al., 2015; Lu et al., 2017, 2018; Parks et al.,
2017).

Today, national MS patient registries have become widely used and provide
insight about key observations including disability progression rate, predictors of
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increased disability, and changes in lifespan of the natural history of MS (Glaser et
al.,2019). They provide a tool for treatment efficacy evaluation, both in MS research
and clinics. Quality registers are valuable, as they provide data that cannot otherwise
be captured, and particularly informative if multiple registries confirm similar
findings that could also be utilized in conjunction with data from clinical trials to
optimize treatment and improve long-term outcomes (Hurwitz, 2011a, 2011b; Koch-
Henriksen, Magyari and Laursen, 2015). In Finland, a national MS register was
launched in 2014 (Laakso et al., 2019).

2.1.3.2.2 Radiological outcome measures

MRI technology and availability have improved since the 1990s and have become
central in the diagnosis and follow-up of MS patients, possibly even contributing to
the observations of increased MS prevalence in recent years by providing improved
methods of case ascertainment (Howard, Trevick and Younger, 2016). In 2001, MRI
was included in the MS diagnostic work-up recommendations of patients with CIS
by an International Panel of experts, since it is more sensitive in detecting disease
activity and new inflammatory lesions than clinical evaluation and monitoring of
relapse numbers (McDonald et al., 2001). Guidelines for MRI use in MS diagnostics
and follow-up have been modified since then and continue to be updated by the
MAGNIMS, allowing both earlier, more accurate diagnosis and initiation of
treatment (Filippi et al., 2016; Thompson et al., 2018).

Relevant MRI findings are white matter focal lesions in the CNS, typical for MS
in terms of distribution, morphology, evolution, and signal abnormalities on the
following conventional MRI sequences; T2-weighted, T2-FLAIR (fluid attenuated
inversion recovery) and T1-weighted scans before and after intravenous (IV) Gd
contrast distribution (National Multiple Sclerosis Society, 2019). Gd enhancement
is currently the reference standard to detect active inflammatory lesions in MS and
demonstrates blood-brain barrier (BBB) breakdown in association with
inflammation and demyelination. The disrupted BBB and glymphatic system allows
the Gd molecule to traverse into the lesions where it can persist for two to three
months and thus provide evidence of recent disease activity informative in MS
treatment monitoring (Cotton et al., 2003; 1liff, Goldman and Nedergaard, 2015;
Jessen et al., 2015; Saade et al., 2018; National Multiple Sclerosis Society, 2019).
T2 lesions are unspecific but can be used to measure disease activity by providing
information about serial imaging when active lesions (new or enlarging T2 lesions)
are present between two scans (Simon, 2014). Radiologically, the burden of MS
disease is measured by the total volume of T2 lesions, and MRI lesion load in early
disease is a prominent prognostic factor for disease accumulation as well as a
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predictor of RIS conversion to CIS and MS (Maia Jr. et al., 2012; Granberg et al.,
2013; Okuda et al., 2014; Lebrun, 2015; Rovira et al., 2015).

A more suitable MRI measure of irreversible pathology in progressive MS is
brain and gray matter atrophy, which reflects demyelination, axonal loss and gliosis
(Fisher et al., 2008; Geurts et al., 2012; Rocca, Absinta and Filippi, 2012; Nandoskar
et al.,2017). T1 hypointense lesions (“black holes”) reflect focal neurodegeneration
when chronic and not enhancing and correlate with MS-related disability (Sahraian
et al., 2010; Giorgio et al., 2014). Annualized percentage brain volume change
(PBVC) as a measure of brain atrophy is also used in clinical trials as an outcome
measure, since MS patients are shown to lose more brain volume per year (0.7%
brain volume/year demonstrated for a group consisting of patients with first-
generation DMT or no treatment), well above rates associated with normal ageing
(0.1-0.3% brain volume per year) (De Stefano et al., 2014; Vollmer et al., 2015).

2.1.3.2.3 Biomarkers as outcome measures

There is no specific test for MS due to the unknown etiology and specific
pathogenesis of the disease (Deisenhammer et al., 2019). However, there are
biomarkers that can be used as helpful tools in diagnosis, prediction and follow-up.
A biomarker is an objective and quantifiable measurement that reflects the activity
of a disease process (Strimbu and Tavel, 2010). According to Amur et al, there are
four different types of biomarkers: diagnostic, prognostic, predictive and response
biomarkers (Amur et al., 2015). Surrogate markers are defined as a subset of
biomarkers characterized by specific criteria, making them suitable to use in trials as
a substitute for a clinically meaningful endpoint as a direct measure of how a patient
feels, functions or survives, and are expected to predict the effect of a therapy
(Prentice, 1989; Hauser and Oksenberg, 2006).

Potential serum and CSF biomarkers have not yet led to consensus on a marker
that fulfills the criteria for surrogacy, although CSF-specific OCBs are a hallmark of
MS-specific changes found in the majority of MS patients and implemented in the
last revision of the McDonald 2017 criteria to demonstrate DIT (Nandoskar et al.,
2017; Thompson et al., 2018; Deisenhammer et al., 2019). OCBs strongly predict
conversion from CIS to definite MS and increase the risk of a relapse 1.7-fold
independently of baseline MRI (Tintor¢ et al., 2008; Dobson et al., 2013). Lack of
OCBs has a high negative predictive value of 88% in lumbar puncture (LP) of CIS
patients (Tintoré et al., 2001), indicating a red flag and consideration of alternative
diagnoses in such patients during diagnostic work-up (Deisenhammer et al., 2019).
Differences in MS disease mechanisms between OCB positive and negative MS
subjects in Scandinavia (Norway, Sweden and Denmark) have been suggested
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related to genetic differences based on genome-wide association studies (GWAS)
(Mero et al., 2013).

Neurofilaments (NF) are components of the neuronal cytoskeleton released in
CSF in association with CNS damage, and are promising as future biomarkers for
MS activity, progression, and treatment response (Cairns, Lee and Trojanowski,
2004; Soelberg Sorensen and Sellebjerg, 2016; Varhaug et al., 2018, 2019; Bridel ef
al., 2019; Damasceno et al., 2019; Martin et al., 2019)(Teunissen and Khalil, 2012).

Optic coherence tomography (OCT) is an optical form of ultrasound imaging
that has shown potential as a noninvasive documentation biomarker for cell loss in
the retinal nerve fiber layer through serial measurements correlating with disability,
whole-brain and gray matter atrophy (Francis, 2013; Narayanan et al., 2014; Saidha
et al.,2015; Garcia-Martin et al., 2017). OCT can be used to monitor macular edema
in fingolimod-treated MS patients (Turaka and Bryan, 2012; Francis, 2013; Fragoso,
2017; Fruschelli ef al., 2019).

2.1.3.2.4 Electrophysiological outcome measures

The clinical use of function analyses by electro-neurophysiological measurements
and evoked potentials (EPs) to confirm damage sites at different locations in the CN'S
has decreased in MS diagnostics (Paty et al., 1988; Polman et al., 2011; McGuigan,
Fernandez and Fernandez, 2013). EPs, however, remain relevant, as they provide
functional quantitative in vivo data on multimodal afferent and efferent pathways
through cerebral and spinal long tracks and reveal subclinical lesions on the long
sensory-motor pathways. Alteration of signal conduction is the main mechanism of
signs and symptoms in MS, and multimodal EPs may thus serve as a representative
measure of the functional impairment in the disease although they are insensitive to
cerebellar, frontal and cognitive dysfunctions and have not yet been validated for
evaluation of individual patients. Sensory EPs include brainstem auditory EP
(BAEP, an auditive testing for abnormalities in hearing), visual EP (VEP) and
somatosensory EP (SEP) (Hardmeier, Leocani and Fuhr, 2017). According to
prospective and retrospective studies, EPs have good accuracy in monitoring and
predicting short- and long-term functional evolution and disease progression and
have a strong cross-correlation with EDSS (Kallmann ef al., 2006; Invernizzi et al.,
2011; Margaritella ef al., 2012; Ramanathan et al., 2013; Schlaeger, D’Souza, et al.,
2014; Schlaeger, Schindler, et al., 2014; Giffroy et al.,2017; Martinelli et al., 2017).
In PPMS, VEP are abnormal in about 90% of the patients, adding diagnostic support
(Leocani et al., 2006). SEP can be used to objectively confirm abnormalities by
stimulating sensation tracts with electrical signals registered in an arm or a leg,
whereas motor evoked potentials (MEP) can be applied to demonstrate motor
dysfunction in the CNS.
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214 Treatment

2.1.41 Disease modifying therapies

DMTs have been available since the first publication of interferon (IFN) effect on
MS disease in the mid-1990s. Since then, several DMTs have been approved,
including treatments with oral bioavailability and IV distribution (Niiranen and
Remes, 2017; Trojan