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To Mama & Papa Bear. 

Thank you for always supporting and encouraging me. 

I finally learned how to roar. 

  



Popular science summary of the thesis 
Understanding the causes and consequences of multiple sclerosis  

The purpose of the research reported by this thesis was to better understand the causes 
and consequences of multiple sclerosis (MS). MS is a neurological disease affecting the 
brain and spinal cord, but it is also an immune mediated disease, meaning the body 
mistakenly attacks itself causing damage to nerves. It is hard to diagnose initially because 

it has many symptoms that are not the same among different people. Almost three times 
as many females are diagnosed with MS than males. When studying MS, it is important to 
combine information about a person’s genes, lifestyle, and their environment as all of 
these factors together might influence MS to develop and to make it worse. This thesis 
investigated these three factors in four studies, and tried to understand differences in MS 
between females and males. Individual data from Swedish residents from nationwide 

registers were linked to genetic and lifestyle data using epidemiological methods. 
Epidemiology uses statistics to understand the patterns and frequency of disease among 

large groups of people. 

Study I’s aim was to see if being diagnosed with pneumonia as a child or teenager was a 
risk factor for MS. A risk factor is associated with whether a disease develops, like MS. 
Some research has shown that risk factors happening in teenage years might have the 
largest magnitude association with risk of MS developing, so pneumonia in different age-
groups was included. Overall, this study showed being admitted to hospital with 
pneumonia aged 11-15 years was associated with double the risk of developing MS, 

compared with never being diagnosed with pneumonia at this age. As few people had 
pneumonia, analysing males and females separately was not possible. To understand the 
results better, urinary tract infections were also included in case undiagnosed MS was 
increasing the risk of infections, instead of the other way around. Urinary tract infections 
had no association with MS, so it is unlikely undiagnosed MS explains the association of 

pneumonia in adolescence with MS risk. Including infectious mononucleosis, the infection 
usually caused by Epstein-Barr virus which is thought to be a cause of MS, also did not 

change the association of pneumonia with MS risk. 

The purpose of Study II was to better understand the treatment of spasticity, a frequent 
consequence of MS. Spasticity affects muscles, causing them to be painfully stiff, twitch 
or spasm on their own. The timing of a treatment called baclofen, which is used to treat 
spasticity, was examined. Spasticity treatment has been studied before, but rarely among 
people newly diagnosed with MS. This study investigated three things: when did people 
receive baclofen, what were the factors influencing who got baclofen, and when did they 

start and stop using it? Surprisingly, most often people with MS received baclofen within 
a half year to three years after their MS diagnosis. Previous studies showed that it was 
after many years of MS that people needed treatment. We also showed that younger 



 

 

people with MS who are more disabled received treatment more often than older people 

with MS who had similar disability. No differences between males and females were found, 
which was important because it was previously thought that males most often received 
spasticity treatment. And lastly, we found that most people stopped using baclofen within 
two years after they started it, showing that treatments that are either better at stopping 

spasticity, or that do not have as many side effects, are needed for people with MS. 

Study III and IV focused on possible genetic causes and consequences of MS. This study 
investigated whether the melanocortin-1 receptor (MC1R) gene is a risk factor for MS 
developing, and if it is also a risk factor for making MS worse. The MC1R makes a receptor 

in the skin that controls the skin’s reaction to ultraviolet radiation from sunlight, but it also 
affects the immune system. This receptor controls if you tan or burn in sunlight, and since 
MS is thought to be influenced by ultraviolet radiation and vitamin-D (vitamin-D is made 
by ultraviolet radiation when it hits the skin), it could be that the MC1R might influence 
how MS develops and progresses. Study III found that some variations in the MC1R were 
associated with a reduced risk of MS, but only among females. The MC1R was not 

influenced by other MS risk factors, such as low vitamin-D, whether people in your family 
have MS, individual body mass index and smoking. This is relevant because it shows that 
the MC1R might be a specific risk factor among females, and that other factors might be 
involved in MS developing among females. Study IV looked to see if the MC1R affected 
the severity of MS, using an Age-Related MS Severity Score, which measures MS severity 

correcting for a person’s age. Although the MC1R affected MS risk among females, it did 

not seem to affect MS severity. 

In conclusion, this thesis adds to the field of MS in several ways. It considered the timing 
of risk factors because knowing when the most critical time is for MS developing, such as 

pneumonia in adolescence, can help understand future ways to avoid getting MS. Knowing 
when treatments for MS symptoms, like spasticity, are most used can help doctors and 
patients understand when to expect and treat the symptoms to avoid further disability. 
Finding that MS patients stop taking a treatment such as baclofen, is useful in showing 
that better treatment alternatives might be needed. Using a combination of data about 

individuals and genetics can help to better understand how different factors work 
together in MS. In this case, the MC1R gene variations decreased MS risk among females, 
but did not influence MS severity for females or males. Making sure to consider causes 
and consequences of MS separately among males and females can help to better 
understand MS, and why females are diagnosed with MS more often. In conclusion, it is 

the hope of this author that this thesis helps to better understand risk factors before and 

after MS diagnosis both for future studies, and to help people with MS. 

  



Populärvetenskaplig sammanfattning 
Syftet med denna avhandling var att skapa en bättre förståelse för orsaker och 
konsekvenser av multipel skleros (MS). MS är en neurologisk sjukdom som påverkar 

hjärnan och ryggmärgen, men det är också en autoimmun sjukdom, vilket innebär att 
kroppen attackerar sig själv och åsamkar nervskador. Det är till en början svårt att 
diagnosticera då MS kan ge upphov till många olika symptom som kan skilja sig mellan 
olika personer. Nästan tre gånger fler kvinnor än män diagnosticeras med MS. När man 
studerar MS är det viktigt att kombinera information om personens gener, livsstil och 

deras miljö då alla dessa är faktorer som tillsammans kan påverka utvecklingen av MS och 
förvärra sjukdomen. Denna avhandling utreder dessa tre faktorer i fyra studier, och 
försöker förstå hur MS skiljer sig mellan kvinnor och män. Individuella data från svenska 
invånare i nationella register länkas till genetisk och livsstilsdata genom epidemiologiska 
metoder. Inom epidemiologi använder man statistik för att förstå mönstren och 

frekvensen av sjukdomen hos större grupper av människor. 

Studie I; Denna studie syftade till att utreda om diagnos av lunginflammation som barn 
eller tonåring var en riskfaktor för MS. En riskfaktor är en faktor som ökar sannolikheten att 
en sjukdom utvecklas, såsom MS. Viss forskning har visat att riskfaktorer som man utsätts 

för i tonåren har störst påverkan på risken att utveckla MS. Av denna anledning har ett 
flertal olika åldersgrupper inkluderats i studien. Resultaten visade att sjukhusinläggning för 
lunginflammation i åldern 11–15 år var associerad med dubbelt så stor risk att utveckla MS 
jämfört med någon som inte diagnosticerats med lunginflammation i den åldern. Då det 
var få personer som hade lunginflammation gick det inte att analysera kvinnor och män 

separat. För att utesluta att inte odiagnostiserad MS ökar risken för infektioner, istället för 
det motsatta, inkluderades även urinvägsinfektioner i studien. Urinvägsinfektioner hade 
ingen association med MS, så det är inte troligt att odiagnostiserad MS förklarar den ökade 
MS-risken hos ungdomar med lunginflammation. Inte heller när körtelfeber (infektionen 
som ofta orsakas av Epstein-Barrvirus, som också misstänks orsaka MS) inkluderades 

förändrades associationen mellan lunginflammation och MS-risk. 

Syftet med Studie II var att bättre förstå behandling av spasticitet, ett frekvent symptom 
vid MS. Spasticitet påverkar muskler och får dem att smärtsamt stelna, krampa eller rycka 
av sig själva. Tidpunkt för behandling med baklofen, ett läkemedel mot spasticitet, 

undersöktes. Spasticitetsbehandling har studerats tidigare, men sällan hos personer som 
nyligen diagnosticerats med MS. Denna studie undersöker tre saker: När fick personer 
baklofen, vilka faktorer påverkade vem som fick baklofen, samt när började och slutade 
de använda baklofen? Överraskande nog så upptäcktes det att de flesta personer med 
MS som fått baklofen fick det inom ett halvår till 3 år efter deras MS-diagnos. Tidigare 
studier hade visat att det var först många år efter MS-diagnos som personer behövde 

behandling. Vi såg också att yngre personer med MS högre svårighetsgrad fick behandling 



 

 

oftare än äldre personer med MS som hade motsvarande svårighetsgrad. Inga skillnader 

kunde urskiljas mellan män och kvinnor, vilket var viktigt då man tidigare trott att män 
oftare får spasticitetsbehandling. Avslutningsvis såg vi att de flesta personerna slutade 
använda baklofen inom två år efter att de börjat använda det, vilket tyder på att 
behandlingar som antingen är bättre på att behandla spasticitet eller som har mindre 

biverkningar behövs för personer med MS. 

Studie III och IV undersökte möjliga genetiska orsaker och konsekvenser av MS. Mer 
specifikt undersöktes om gener för melanocortin-1-receptor (MC1R) var en riskfaktor för 
utveckling av MS, och om det även var en riskfaktor för försämring av MS. MC1R producerar 

en receptor i huden som kontrollerar hudens reaktion till ultraviolett (UV-) strålning från 
solljus, men den påverkar även immunsystemet. Denna receptor kontrollerar huruvida en 
person blir solbränd eller blir röd i solljus. Då MS misstänks påverkas av UV-strålning och 
vitamin-D (vitamin-D produceras när huden utsätts för UV-strålning) kan det innebära att 
MC1R påverkar hur MS utvecklas och försämrats. I Studie III fann vi att vissa variationer i 
MC1R kunde associeras med minskad risk för MS, men enbart hos kvinnor. MC1R 

påverkades inte av andra riskfaktorer för MS, såsom låga nivåer vitamin-D, huruvida andra 
personer i ens familj har MS, ens body mass index (BMI) eller rökning. Detta är relevant då 
det visar att MC1R kan vara en specifik riskfaktor hos kvinnor och att olika faktorer kan vara 
involverade i hur MS utvecklas hos kvinnor jämfört med män. Studie IV undersökte om 
MC1R påverkade svårighetsgraden av MS, genom att använda den så kallade Age-Related 

Multiple Sclerosis Severity Score, vilket mäter sjukdomens svårighetsgrad korrigerat för 
en persons ålder. Även om MC1R påverkade risken för MS hos kvinnor verkade det inte 

påverka svårighetsgraden av sjukdomen. 

Sammanfattningsvis bidrar denna uppsats till MS-forskningen på flera sätt. Den har 

undersökt hur olika tidpunkter i livet påverkar MS-risk, då det är viktigt att veta om det 
finns en period i livet som är mest kritiskt för utvecklingen av MS, såsom lunginflammation 
i ungdomen. Det bidrar till att förstå hur man i framtiden kan hitta sätt att förhindra 
insjuknande i MS. Att veta när behandlingar för MS-symptom, såsom spasticitet, används 
mest frekvent kan hjälpa läkare och patienter att förstå när de kan förvänta sig och 

behandla symptom för att förhindra utvecklingen av rörelsehinder. Upptäckten att MS-
patienter slutar ta behandlingar såsom baklofen är viktigt för att visa att bättre 
behandlingsalternativ kan behövas. Genom att använda en kombination av data om 
individer och genetik kan förståelsen för hur olika faktorer samverkar i MS förbättras. Vissa 
MC1R-genvariationer minskar MS-risken hos kvinnor, men påverkar inte svårighetsgraden 

av sjukdomen hos varken kvinnor eller män. Genom att studera orsaker och konsekvenser 
av MS separat mellan män och kvinnor kan förståelsen för MS förbättras, exempelvis varför 
kvinnor i större grad diagnosticeras med MS. Som slutsats hoppas författaren att denna 
avhandling ska öka förståelsen för riskfaktorer före och efter MS-diagnos inför framtida 

studier, men även hjälpa personer med MS.  



Abstract 
Multiple sclerosis (MS) is an immune mediated, neurological disease that results in a 
chronic accumulation of disability over time. Many advances in the understanding, 

diagnosis and treatment of MS have been made, yet questions surrounding causes and 
consequences still remain. The scope of this thesis was to examine aspects of MS 
aetiology and complications using individual level data from large, nationwide registers in 
Sweden. Register data was linked with genetic and lifestyle data and analyses used classic 
and genetic epidemiological methods. Using a multi-disciplinary approach in MS research 

is of importance given MS is believed to develop through a combination lifestyle and 
environmental factors coupled with underlying genetic susceptibility. This thesis includes 
a total of four studies with the overall goal of further understanding the timing of factors 

in MS risk and complications, while considering sex-specific differences. 

Study I aimed to understand whether pneumonia, a common occurrence after MS 
diagnosis, is also involved in MS risk and if there are specific ages at which risk is elevated. 
The timing of risk factors is important to consider as there is evidence to support a critical 
risk period in adolescence for MS development. MS cases and matched general-
population controls were included between 1968-2012. The National Patient Register and 

MS Register were the main exposure (hospital-diagnosed pneumonia) and outcome (MS) 
data sources. This study showed that pneumonia between ages 11-15 years was 
associated with increased risk of MS by 200% compared with no pneumonia between 
these ages. Examining sex differences was not possible due to small numbers. The 
association remained even after controlling for additional infectious risk factors. These 

were infectious mononucleosis, an infection that is usually a result of Epstein-Barr virus 
which is thought to be a cause of MS, and a control infection of urinary tract infections for 

prodromal or reverse causation effects.  

Study II was a cohort study among people with MS that identified factors associated with 

first oral baclofen treatment. This study used various national registers including the 
Prescribed Drug Register and included MS patients between 2005-2014. Baclofen is a 
specific pharmacological treatment for spasticity, and its use among MS patients, 
particularly newly diagnosed patients, has not been well studied. This study included both 
people with incident and prevalent MS, to identify possible time-specific patterns of 

spasticity treatment. A larger proportion of new MS patients received baclofen than 
previously thought, as patients with incident and prevalent MS received baclofen most 
often 0.5 to 3 years after diagnosis, respectively. Males and females were similar in their 
spasticity treatment patterns after controlling for MS-specific factors. Age and disability 
specific patterns emerged with younger, more disabled patients receiving baclofen 
treatments at a rate three times that of older, similarly disabled patients. This is of 

importance as baclofen use previously has been reported more often among males and 



 

 

more disabled, older patients. Discontinuation of baclofen occurred rapidly, with over 75% 

of individuals discontinuing treatment within two years. This demonstrates the need for 

more effective, tolerable treatments for spasticity among people with MS.  

The final two studies investigated associations with a human pigmentation gene, 

melanocortin-1 receptor gene (MC1R) for MS risk (Study III) and severity (Study IV). The 
MC1R codes for a receptor in the skin controlling skin sensitivity to ultraviolet radiation, 
which may be important in MS given low exposure to ultraviolet light and low levels of 
vitamin-D are risk factors. To investigate MS risk, a case-control study examined whether 
MC1R single nucleotide polymorphisms (SNPs) were associated with MS risk. This also 

included a possible overlapping, additional gene region with MC1R, tubulin beta class III 
(TUBB3). This identified rs885479-A, a SNP in the overlapping MC1R-TUBB3 region, as 
being inversely associated with MS only among females, with a 25% reduction in MS risk 
among female carriers. This SNP is known as a red hair colour variant in the MC1R, as it is 
also associated with red hair colour and high skin sensitivity to ultraviolet radiation. The 
association of this SNP with MS was further investigated and was shown to be 

independent of other known MS risk factors including genetic risk for low vitamin-D level, 
familial history of MS, body mass index and smoking. To investigate whether the MC1R-
TUBB3 region was associated to MS severity, a cross-sectional analysis was used. Red 
hair colour MC1R variants were investigated for their association with the Age-Related 
Multiple Sclerosis Severity Score. There were possible sex-specific differences, but no 

association with MS severity withstood correction for multiple testing. 

In conclusion, this thesis contributes to the understanding of the risk factors for MS 
aetiology and consequences. It adds to the growing evidence of a critical risk period in 
adolescence for MS risk and highlights the importance of assessing risk factors such as 

pneumonia prior to the potential prodromal period for MS. This thesis underlines the 
importance of using cohort studies to assess treatment timing for aspects such as 
spasticity to be able to identify age- and disability-specific trends. It further emphasizes 
the importance of long-term, effective management of MS symptoms given the high rates 
of spasticity treatment discontinuation. Ensuring that causes and consequences of MS 

are considered separately among males and females can help to better understand MS, 
and why females are diagnosed with MS more often. Using a combination of information 
types, including genetic data, can help to better understand how factors work together in 
MS. In this case, MC1R variants decreased MS risk among females only, but did not 
influence MS severity. Lastly, examining the same risk factors prior to and after MS 

diagnosis can help to better determine the causes and consequences of MS to inform 

future study directions, with the ultimate goal of helping people with MS.  

Keywords: Multiple sclerosis, risk factors, severity, pneumonia, spasticity, melanocortin-1 

receptor gene, register-based, Sweden 
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1 Introduction and literature review 

1.1 MS: A brief lookback through time 

The earliest text outlining what was likely multiple sclerosis (MS) was in the early 1300s 
describing a palsy-like disease. This occurred hundreds of years prior to the lectures of 
Jean Charcot, the French physician who has been credited with first describing MS as a 
specific medical affliction.1 Charcot and his colleague Edmé Vulpian observed lesions in 
the spinal cord of patients presenting with symptoms of what Charcot would name 

scleros en plaques in his series of lectures and lessons.2 It is known today as MS.1 

Great advancements in the understanding and treatment of MS have occurred since 
Charcot’s characterisation of the disease, especially in the past 30 years. Diagnosis has 
progressed with new and specific disease diagnostic criteria allowing for earlier 

diagnoses. Treatments have also rapidly become available with the first specific disease 
modifying therapies (DMTs) arriving in the 1990’s, subsequently followed with additional, 
highly effective treatments a short ten years later. In conjunction with diagnosis and 
treatment progress, understanding of MS also expanded. Various studies determined the 
relationship between the central nervous system (CNS), the body’s immune system and 
their involvement in MS development and progression. Prominent risk factors emerged 

such as female sex, smoking, and specific MS risk genes. Yet, despite all advancements, 
specific causes and biological mechanisms of MS development and progression remain 

stubbornly elusive. 

MS is a notoriously complex, chronic, neurological, immune mediated disease with disease 
processes beginning years prior to overt clinical manifestation. The description of the 
disease itself alludes both to its complexity, but also what remains to be fully understood 
about its causes and consequences. It is thought to be caused by an interaction of 
underlying genetic susceptibility, triggering environmental and lifestyle factors3,4 with 

exposures increasing risk among individuals as early as childhood leading eventually to 
pathogenesis of MS. MS development is likely a result of the combined influence of 
accumulated risk factors over time, rather than one single source. Once these processes 
begin to develop and manifest, there is currently no way to stop the inevitable diagnosis 
and progression of MS. Symptoms of MS can be non-specific, subtle and fleeting, which 
can often lead to their dismissal or misinterpretation, especially in the very earliest pre-

clinical stages of the disease, years prior to a diagnosis. Symptoms can affect multiple 
areas of the body including numbness, tingling, or limb weakness, vision and balance 
problems, difficulties with grasping objects, bladder or bowel issues among others. 
Symptoms are individual and varied and are often difficult to attribute a symptom to MS. 
Once diagnosis is made, the variation in initial symptoms continues throughout the course 

of the disease, necessitating a multi-disciplinary approach to treatment and management 
of MS. This multi-disciplinary approach is also reflected in the research of MS with a 
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growing number of consortia, multi-centre, multi-national efforts and cross-field 

approaches to understand how MS develops, and how to effectively treat patients. 

1.2 Epidemiology and impact of MS 

The variability in MS makes it both an interesting, albeit difficult disease to study. The 
variability makes it difficult to directly pinpoint precise biological mechanisms of how it 

develops. It also means that a variety of people worldwide with different backgrounds, 
genetics, and exposures, all with various MS characteristics, are affected by MS. Yet, 
commonalities still exist and are described through epidemiological efforts. In 2020, the 
Atlas of MS conducted the largest world-survey of MS to date, collecting data from 87% 
of countries worldwide. An estimated 2.8 million people live with MS, which has increased 

from the estimate of 2.3 million in 2013.5 The increase in prevalence could be due to a 
number of reasons, including increased life expectancy for people with MS, increased 
awareness and surveillance, clearer and earlier diagnostic criteria, or even an increased 
risk of MS resulting in a higher incidence of the disease. The prevalence overall could also 
be higher than currently recorded, as data are mostly collected from high income 

countries than low and lower middle-income countries.5 Trends in multiple countries in 
several studies have also shown increases in incidence and prevalence over time.6 
Globally, the prevalence is 36 per 100,000 individuals, or 1 in 3 000 adults, but varies 
greatly among countries.5,7 Historically, it has also been noted that Scandinavians seem to 
have a high prevalence of MS,8 a pattern that is observed today. The top ten countries 
with the highest prevalence are in Europe, with Sweden among them in seventh place with 

a prevalence of 218 per 100,000 individuals, and incidence of 8.7 per 100,000 individuals.5 

A total of 766 people are diagnosed with MS in Sweden per year (Figure 1).  

MS is most often diagnosed among females as compared with men: nearly 70% of people 

with MS are female.3,7 This pattern is present in a multitude of countries worldwide 
including Sweden (Figure 2).3,7,9 Historically, MS was previously thought to primarily affect 
males, with even a review of disseminated sclerosis from the 1930s stating that 
populations where females were affected to a higher proportion was “owing to small 
numbers, this [sex difference] is probably of no significance.”8 Today, the sex difference 
is large, and has steadily increased over time. The change in the sex demographic of MS 

has been hypothesized to be due to lifestyle changes among females,6 but could also be 

due to increased recognition of women’s health in general, and overall awareness of MS.  

MS is often diagnosed between 20-40 years of age, with the average age at diagnosis in 

Sweden of 38 years.5 MS poses significant burden and cost to individuals, society and 
health-care systems. It is diagnosed during a person’s early adulthood resulting in 
substantial indirect costs such as loss of productivity and early-retirement.10,11 Direct 
costs to the individual patient such as primary care, in-or out-patient hospital care, 
disease modifying therapies, diagnostic tests, nursing care, travel costs, and wages lost 
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to time off from work are also high. Annual costs increase over time with increasing 

disease severity from an estimated 20 000 Swedish krona (SEK) or approximately 2 000 
Euro annually on low ends of disease severity, to 74 000 SEK (7 300 Euro) for more 

severely affected patients in Sweden.10,12  

 

 

Figure 1: Sweden’s MS epidemiological factsheet. Reproduced with permission from the MS 
International Federation. Sweden’s Factsheet, The Multiple Sclerosis International Federation – Atlas of MS – 
3rd Edition, downloaded 2023-04-26. These values were identified by using the Swedish National Patient 
Register and MS Register for all individuals with MS alive with MS or newly diagnosed up to Dec 31, 2018 in 
Sweden. Contributors to Sweden’s data: Kelsi A Smith, Scott Montgomery, Peter Alping, Leszek Stawiarz, and 
Jan Hillert.  
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These direct patient costs are reduced in Sweden in comparison to countries without a 
comprehensive social welfare and health-care system, but with an average total cost of 
illness per patient of over 200 000 SEK (20 000 Euro) per year, societal costs are high.13 
Years lost to disability are high among people with MS14 given their wide variety of 
symptoms requiring treatment and management in their daily lives. This is partly because 

life expectancy for individuals with MS has greatly improved15 coupled with access to 
earlier and more effective treatments.16 Despite improvements, people with MS still 
experience a lowered life expectancy of approximately 7-14 years15,17 and increased 
disability not only due to their MS, but also due to their additional comorbid disease 

burden over time, occurring up to 10 years earlier than the general population.18 

1.3 Understanding MS: Diagnosis, symptoms and consequences 

MS is a heterogeneous disease, with varying presentation and symptoms among 
individuals. Yet, patterns of development, and presenting clinical course have been 
described succinctly and consistently with classifications today strongly resembling the 

classified clinical courses named 100 years ago.1 In particular, some people with MS have 
an episodic re-occurrence of symptoms, but others instead progress directly.1 New 
discoveries about MS in recent years may yet come to challenge the current 
understanding of the disease, with discussions surrounding MS moving towards 

describing it as a collection of syndromes, or of a spectrum of diseases.19  

Differing clinical courses among males and females have been hypothesised, and even 
new ways of analysing cerebrospinal fluid propose new ways to classify MS.20 These new 
approaches are interesting, though the most widely accepted disease course and 
severity classifications are included in this thesis. Additionally, understanding the 

Figure 2: Sex proportion trends in MS in Sweden and globally. Additional country classifications 
based on the World Bank and WHO region country classifications. Reproduced with permission 
from the MS International Federation– Atlas of MS – 3rd Edition, downloaded 2023-04-26.  
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pathogenesis of MS is also becoming better understood with respects to timing of 

exposures, and even the addition of a prodromal period for MS is changing the research 
landscape and are explored in this thesis. The current perspectives are presented below 

that are relevant for setting the works of this thesis in context. 

1.3.1 Diagnosing MS: McDonald criteria & disease courses 

Several changes to the diagnostic criteria for MS have taken place over time with the 
current criteria being the 2017 McDonald criteria.21 The diagnosis of MS is mainly an 
exclusionary diagnosis in which other possible causes are ruled out in conjunction with a 

combination of clinical, imaging and laboratory investigations. This combination of 
information has made it possible to diagnosis MS earlier, reduce misdiagnoses and 
facilitate timely access to treatment options and care. In the research context, changes 
in diagnostic criteria over time are important to consider when considering time-periods 
of pre-clinical activity, as well as in the severity of the disease. The timing of the diagnosis 
in particular with respects to start of DMTs plays an important role in the overall long-

term outcomes of MS.22 

Two main criteria for MS diagnosis are that findings have a dissemination in time and 
space, meaning that lesions in the CNS should have occurred at least twice (time) and 

should be in two distinct anatomical CNS areas (space).21 In some cases where magnetic 
resonance imaging (MRI) is not possible (such as in countries where access to MRI are not 
possible, or lack of health-care resources for example) or in the case of baseline criteria 
for MS not being met, a patient’s cerebrospinal fluid is additionally examined. Here, 
oligoclonal bands may be present in cerebrospinal fluid and have been found to be 
indicative of MS21 especially in individuals presenting with clinically isolated syndrome. 

Diagnosis of MS is now possible from a first demyelinating event and clinical lesion, much 
earlier than previously used in other MS criteria where it was most often defined as 

clinically isolated syndrome.19 

1.3.1.1 Clinical courses of MS 

MS is typically classified into two major subtypes: relapsing remitting MS (RRMS), and 
progressive course.21 Progressive course has two subtypes, primary progressive MS 
(PPMS) and secondary progressive MS (SPMS). The majority of MS patients present with 
RRMS at diagnosis with approximately 10-15% making up diagnoses of PPMS,3 though as 

of 2018 in Sweden, 7% were diagnosed with PPMS.23 

For years prior to diagnosis, individuals can experience temporary periods of 
neuroinflammatory activity that do not reach a clinical diagnosable threshold (Figure 3). 

These periods of neuroinflammatory activity manifest with an increase in severity of 
underlying MS that becomes clinically observable and diagnosable, and are called 
relapses. Despite signs and symptoms not crossing a clinically relevant threshold early in 
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MS development, MS disease mechanisms are underway, causing an accumulation of 

axonal loss within the CNS and decreases to overall brain volume, as well as disease 
progression.24 The disease progresses until it results in an initial clinically observable and 
diagnosable episode of neuroinflammation, which may be diagnosed as clinically isolated 
syndrome if accompanied by MRI changes, or radiologically isolated syndrome if only MRI 
changes are observed in absence of a demyelinating event. At the second episode of 

neuroinflammation or evidence of lesions within the CNS visible on an MRI, a diagnosis of 
MS can be made, and if fitting a relapsing remitting disease profile, patients are diagnosed 

as having RRMS.21 

 

Many RRMS patients transition from a relapsing phase, to a progressive phased described 
as SPMS, that parallels aspects of the disease trajectory of individuals diagnosed with 
PPMS. The transition from RRMS to SPMS is possibly characterised by a reduction in 
neuroinflammatory markers within lesions in the CNS as a transition to neurodegeneration 
occurs.24 A change in diagnosis is often made retrospectively, as it is difficult to measure 

when a relapsing type course seemingly switches to a steadier accumulation of disability 
outside of relapse activity.25 Making the distinction from RRMS to SPMS is difficult and has 

Figure 3: MS clinical disease course trajectories describing changes with increasing age and 
increases to disability due to inflammatory relapses, neurological dysfunction, axonal loss, and 
brain volume changes. Figure from Dendrou et al.24 Immunopathology of multiple sclerosis. 2015. Nat Rev 
Immunol. 15(9):545-558 reproduced with permission from Springer Nature (SNCSC). 
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no uniform criteria.26 Disability among people with SPMS increases as compared with 

RRMS, with additional brain volume and axonal losses. Few DMT treatment options exist 
for SPMS and PPMS, and for patients with severe MS severity. Males and females also 
seem to have different disease trajectories from one another. Females may experience 
more inflammatory activity as they typically have more relapses than males, and males 

more often have a progressive course with a faster accumulation of disability over time.27 

1.3.2 Assessing the severity of MS over time 

Measuring MS disease severity is typically measured using the Expanded Disability Status 
Scale (EDSS), which largely measures evidence of motor disability. Other clinical scales 
measuring fatigue, cognitive impairments, or gait impairments are also used, though they 
are not included in this thesis. This thesis used EDSS-based and related measures as they 
are available in the MS Register, and most consistently and uniformly used as an indicator 

of severity changes in MS clinics across Sweden.  

1.3.2.1 Expanded Disability Status Scale  

The EDSS was developed by John Kurtzke in the 1980s to measure and evaluate MS using 
a combination of information about overall function in a variety of functional systems, and 

walking abilities.28 The original Disability Status Scale was developed in the 1950s, to which 
the functional system assessments were added to be able to identify possible differences 
in severity due to MS lesions. These functional systems describe different regions of 
neuronal networks and include aspects of pyramidal, cerebellar, brain stem, sensory, 

bowel and bladder, visual, and cerebral functions. 

The EDSS comprises of a step-wise ordinal scale from 0-10 that increases by 0.5. A score 
of 0 describes no impairments and 10 is death from MS. The scale increases in steps of 
0.5. Scores from 0 to 4.5 are made using a combination of functional system scores, and 
walking distances. Scores from 5-9.5 are primarily defined by various impairments to 

walking capabilities. Limitations of the EDSS score include that it is primarily based on 
motor symptoms that may only reflect part of the total disability or severity of MS over 
time. It is also somewhat subjective, and criticism has been made with respects to its 
inter-rater reliability.29 Despite the limitations, it still is a useful tool in benchmarking 

changes over time that is relatively easy to administer within a busy clinic environment.  

1.3.2.2 Age-Related Multiple Sclerosis Severity Scale  

In addition to EDSS, the Multiple Sclerosis Severity Score (MSSS) was developed to 
correct EDSS with MS disease duration, as severity is likely to increase with increased time 

from MS diagnosis. The MSSS groups patients of a similar disease duration in which they 
are ranked and compared to derive a composite score.30 A drawback of the MSSS is that 
disease duration is based on date of MS onset, which can often be missing in patient data, 
or unknown. Additionally, onset date is set retrospectively. Therefore, a similar measure, 
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the Age-Related Multiple Sclerosis Scale (ARMSS) was developed.31 This score is 

generated similarly to MSSS, but instead of using MS disease duration, patient age is used. 
People with MS of similar ages are compared with respects to their EDSS, and ranked to 

give an ARMSS score.  

1.3.3 Consequences of MS 

Consequences of MS, similarly to the symptoms of MS, widely vary among individuals. 
Initial symptoms can remain and become more troublesome, increasing in severity over 
time. These consequences include increases in pain due to damage to sensory nerve 

tracts, to bladder and bowel incontinence, to cognitive impairments and fatigue.16 People 
with MS also have an increased comorbid disease burden, developing additional diseases 
earlier than people without MS and a greater number of them. These comorbid diseases 
include renal disease, depression, and respiratory disease18 that have direct implications 
for their long-term care and treatment plans.32 One particular and commonly occurring 

consequence of MS explored directly in this thesis is spasticity. 

1.3.3.1 Spasticity among people with MS 

Spasticity is a common occurrence among people with MS. It is also a common 
complication among people who have experienced brain/spinal cord trauma due to 
external forces33 or stroke.34 In particular, spasticity is observed among people with 
general damage to upper motor neurons35 resulting in upper motor neuron syndromes as 
seen in cerebral palsy36 and as amyotrophic lateral sclerosis37 among others, can also 

result in spasticity.39 

The overlap of spasticity among a number of neurological and other conditions results in 
a highly variable clinical presentation, even among individuals with the same diagnosis and 
a similar level of functioning.38,39 Muscle stiffness, tightness or cramping, clonus, flexor and 
extensor muscle spasms, and aching pains for example, are some of the symptoms. 

Varying levels of severity can occur even over a short period of time appearing unilaterally 
or bilaterally in the body, occurring most commonly in lower extremities, especially among 

people with MS, but are also often present in the upper body.38,40,41 

Treatments for spasticity vary by country, but involve a multi-disciplinary approach42 that 

include pharmacological and non-pharmacological treatments such as massage and 
exercise.43–45 Approved first-line pharmacological treatments in Sweden include oral 
baclofen, diazepam, clonazepam, gabapentin, and cannanibinoids46 though the latter is 
rarely used. Unresponsive spasticity can be additionally treated with second-line 
pharmaceuticals including tizanidine, dantrolene, intrathecal baclofen, or botulinum toxin 

A injections.46 

The underlying pathophysiology of spasticity among people with MS is unknown. One 
main hypothesis supposes that spasticity is due to lesions within the CNS within upper 
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motor neuron pathways. This damage may increase in muscular reflex stretches and 

muscle tone in one or many muscles that is similar to spasticity observed within diseases 
resulting in upper motor neuron syndromes.35,41 Other proposed mechanisms suggest that 
spasticity could be affected by immunological signalling that alters excitability and 

plasticity of neuronal signalling.41 

Few studies of treatment patterns and the particular timing of treatment among MS 
patients have been conducted. Studies have mainly included prevalent MS patients,38,40 

been in the context of clinical trials47–49 or assessed individuals with prevalent spasticity.50 

1.4 MS pathogenesis: Immune system, prodrome and risk periods 

MS is thought to be an immune mediated disease. It is marked by inflammatory markers 
in the various clinical courses51 with infiltration of immune cells into the CNS through the 
blood brain barrier (BBB). This infiltration causes the axonal degeneration and loss, 
inflammation, and demyelination resulting to disruption in signalling and increases in 
disability.24 MS is often considered an autoimmune disease, as lymphocytes launch 

attacks against CNS autoantigens, resulting in demyelination.24 Lymphocytes involved in 
the pathogenesis of MS are both T- and B-cells, and although MS is typically described 
as a T-cell mediated disease,16 mounting evidence of B-cell involvement is shifting this 

view in light of effective therapies for treatment of MS targeting B-cells.52 

Lesions, or focalised plaques within regions of the CNS such as white and grey matter of 
the brain, spinal cord and the optic nerve, are zones in which demyelination has occurred 
due to breakdown of the BBB.16,24 Specific mechanisms as to why the breakdown of the 
BBB occurs are incomplete, however evidence suggests that there is a strong 

dysregulation of the cells involved in maintaining the BBB, possibly due to increases in 
inflammatory cytokines.16 This disruption results in the barrier becoming permeable, 
allowing migration of various activated T-cells, B-cells and macrophages into the CNS that 
normally should not be present.24 Their presence and coordinated attack on self-tissues 
cause additional inflammation, demyelination, and axonal loss within the CNS, resulting in 
clinically observable MS. However, the BBB does not have to be disrupted in order for T-

cells to cross, but they must have the necessary activation markers. 

The activated T-cells that become present within the CNS are thought to become 
activated in the periphery of the CNS, although hypotheses exist about their ability to 

become activated also within the CNS24 and are called the so-called outside-in versus 
inside-out hypotheses. Evidence of this peripheral activation has been observed in animal 
models of MS, such as the mouse model of experimental autoimmune encephalomyelitis 
(EAE).53 In order to induce mice to exhibit EAE, an injection of activated T-cells into mice 
is performed. Odoari et al showed that despite these injected cells being activated, they 
do not directly cross into CNS and instead migrate first to the lung tissues such as the 

bronchus-associated lung tissues of the respiratory system.53 Here, the T-cells remain 
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until they are reprogrammed to have a migratory profile that will allow them to cross the 

BBB resulting in MS-like lesions and activity.53 

1.4.1 Prodromal MS 

A prodrome is defined as a period in which an individual experience a combination of 
signs, symptoms, diagnoses or other findings that occur prior to onset of a disease. The 
term “prodrome” is more widely accepted in the context of MS today, as the widely 
accepted fact in the 1990’s was that MS had no prodromal period.54 The term prodrome 
would only come to be frankly used in conjunction with MS in 2010.4 Especially in the past 

six years, the MS field has expanded as consistent evidence in a variety of countries show 

a measurable, marked prodromal period in the context of development MS.55–57 

The prodromal period is proposed to be five to ten years prior to MS onset as there are 
changes to the health-related behaviour of future MS patients, such as increased visits to 

doctors, hospitals and pharmacies resulting in higher rates of hospitalizations and filled 
prescriptions as compared to a general population.55 A variety of conditions have been 
reported, varying greatly individually, much like the MS symptoms themselves. Cognitive 
impairments, dermatological visits, a variety of mental health problems such as 
depression, increased pain, bowel issues, sleep issues, and even changes to birth control 

measures have been observed in the five to ten years prior to MS onset, within the 
prodromal period.54,58 The pathogenesis of MS has already begun in the prodromal period, 

driving the appearance of initial symptoms. 

1.4.2 Defining a risk period for MS 

Given the pathogenesis of MS is underway during the prodromal period, it becomes 
crucial to consider risk factors outside of this period. Traditionally, many risk factors for 
MS were determined in the period directly prior to MS diagnosis or onset. In light of the 
MS prodrome, it is possible that many of the factors described as risk factors were 

assessed within the prodromal period or may even characterize the prodromal period.  

A true risk period should occur prior to disease initiation, and thus prior to the beginning 
of prodromal MS and most certainly prior to the onset of MS (Figure 4). Given that MS has 
a variety of signs and symptoms that vary individually, including the length of time from 

initiation to clinically diagnosable MS, pinpointing a true risk period is difficult.  

Several recent studies have taken approaches to minimize the cross-over of the risk 
period and possible prodromal period, and to also reduce the risk of reverse-causation 

(the fact that a risk factor may be associated to MS only due to prodromal MS, or that MS 
onset that is causing the symptom, rather than the symptom causing MS to develop). 
These studies have left a gap between the exposure period and MS diagnosis or onset in 
order to account for both the prodromal period and onset period of MS.59–61 Additionally, 
the usage of register-based data that is not subject to recall bias of the individuals 
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participating in a study asked to recall information prior to their MS diagnosis also helps 

to better identify possible periods at risk.54 

1.5 Risk factors for MS development and progression 

Several known risk factors of MS have been determined, such as vitamin-D deficiency,62 
low sun exposure, smoking,63,64 and infections, including infectious mononucleosis (IM) 
primarily due to Epstein-Barr virus (EBV).60,65–67 MS is well known to disproportionally 

affect females three time more than males,3 a pattern that begins to emerge in 
adolescence14 with risk factors possibly affecting females to a larger degree than males 
such as vitamin-D deficiency and sun exposure,68 although no definitive female-specific 
environmental or lifestyle risk factors are known. There are few sex-specific genetic 

reasons behind the disparity,4,69 which points to the hypothesis of MS being caused by a 
combination of genetic, environmental and lifestyle factors. Specific risk factors, and the 

timing of risk factors relevant to this thesis are presented below. 

1.5.1 Evidence of a critical risk period 

Research in in recent years suggests the period of adolescence is emerging as a critical 
age period as some risk factors acting within this time greatly increase the risk of MS as 
compared to risk factors prior to, or after this developmental period. This key risk period, 

and in particular the ages between 10-20 years, seem to be especially of importance 
when considering individual susceptibility. A number of studies have identified a variety 
of environmental or lifestyle risk factors within this period.60,70,71 Concussions in this period 
of susceptibility also have been shown to increase the risk of MS later in life by 200%.71 
Obesity in adolescence is also a known risk factor for MS,70,72 with increases to body mass 

index (BMI) even within normal ranges that increase the risk of MS.70 Adolescence obesity 

has also been shown to interact with underlying genetic susceptibility for MS.73 

Furthermore, studies have shown that immigrating to a country that has a higher risk of 
MS, such as Sweden or Canada, as compared with countries closer to the equator 

increases the risk of MS, but only if migrating prior to adolescence.4,74 Puberty and changes 

Figure 4: Major timepoints in the risk, initiation and development of MS. Abbreviations: CIS= 
clinically isolated syndrome; RIS=radiologically isolated syndrome. *Classical onset is what is considered to 
be the typical clinical onset in medical practice today. Onset year or date is often decided upon by the 
treating neurologist after discussions with the MS patient about their possible previous signs or symptoms of 
MS. The question marks and time periods denoted are estimations. 
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in sex hormone levels have also been proposed as risk factors for MS, in particular the age 

of menarche.9  

1.5.2 The role of infections 

There have been long-standing hypotheses and evidence of infections being part of the 
cause of MS development. Viral infections in particular have been investigated for their 
role in MS development and include cytomegalovirus, EBV, human herpes virus-6 among 
others.24 EBV in recent years has gained traction as a possible main cause of MS.67 Though 
an infection of EBV alone is not a sufficient cause of MS, meaning other triggering factors 

in combination with EBV are necessary.  

However, infections also play a possible role in MS progression as people with MS have a 
higher level of a variety of infections in general, but also those that require hospitalization. 
People with MS are more likely to have respiratory infections, urinary tract infections (UTI), 

skin infections and other infections75 and infection burden among MS patients have been 
shown to be associated with disability and disease progression.76 Respiratory infections 
for example, may increase relapses through similar mechanisms that affect MS risk by 

reprogramming immune cells to cross the BBB and increase CNS inflammation.77 

As infections can be both causes and consequences of MS, particular attention should be 
paid attention to assessing these factors in the possible prodromal period of MS.54This 
thesis has tried to consider the timing of exposures surrounding diagnosis in order to 

establish a possible risk period outside of a prodromal period.  

1.5.3 Genetic factors 

Many studies have determined that there are genes influencing the development of MS. 
Clustering of MS is often observed among families: studies of families show that the 
majority of risk is observed among first degree relatives, although studies report 

conflicting magnitudes and ranges of relative risk estimates. Studies had shown that the 
children of parents affected by MS were 10-25 times more likely to develop MS than the 
general population,4,78 but this was disputed by a more complete Swedish study. The large, 
national, matched cohort study in Sweden showed4,82 that the relative risks were much 
lower, with parent-child relative risks lower than 10 times the risk of the general 

population.79 Studies can agree that this risk sharply decreases with each increasing 
degree of relatedness, meaning that the greater the number of genetic factors shared 
with someone who has MS increases the risk of also one developing MS. This supports the 
involvement of inherited, genetic factors in MS development. It is unknown however, as to 
whether there is a larger maternal or paternal contribution in the transmission of MS, as 

studies have had conflicting results.79  

Despite the familial aggregation observed in MS, MS has been shown to be only a partly 
heritable disease. Twin studies of MS are an effective way to determine heritability as by 
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studying the occurrence of MS among both monozygotic and dizygotic twins, the total 

proportion of MS risk that can be determined by genetic variation (heritability) can be 
assessed. Approximately 50-70% of MS risk can be explained by genetic variation,79,80 the 

rest of the risk remains unaccounted for by genetic factors.  

Familial studies and twin studies are only some of the methods that have been used to 
determine genetic influences on the risk of MS. Large-scale, multi-national genome wide 
association studies (GWAS) have also been conducted to identify specific MS risk genes. 
The most recent study to date nearly doubled the number of known risk variants by 
identifying a total of 233 MS susceptibility risk genes, including the first known variant on 

the X chromosome, the female sex chromosome.69 

A combination of linkage and GWAS have shown that genes within the major 
histocompatibility complex, particularly genetic variants within the human leukocyte 
antigen (HLA) region, have the highest magnitude associations with MS risk. Evidence for 

the HLA region’s involvement in MS is longstanding.81,82 Individuals carrying HLA-DRB1*15:01 
have been shown to have nearly four times the risk of MS as compared to non-carriers, 
and individuals with HLA-A*02:01 variants having a third lower risk of developing MS.83,84 
Overall, various genetic influences within the major histocompatibility complex suggest 
possible immune causes of MS; including the well-known involvement of various T-cell 

subsets and as well as more recently B cells, which may explain why some of the newer 
DMTs, such as ocrelizumab and off-label use of rituximab, that act to deplete B cells may 
be so effective.52 However, it is not only immune-related systems that are involved. The 
majority of MS risk variants known to date are intergenic and are thought to have a 
regulatory function in genes with immune function or downstream effects in the immune 
system,69 which demonstrates the large number of possible biological mechanisms that 

may involved in the development of MS. 

Although a remarkable number of genes are associated with MS, they each confer a very 
low proportion of the total risk for developing MS. HLA genes confer the main genetic risk, 

but many other additional genes contribute to MS risk. This likely occurs in conjunction 
with lifestyle or environmental factors that increase underlying susceptibility, rather than 
one or two risk alleles or risk factor conferring the majority of the risk. This is also true of 
any one lifestyle or environmental risk factor, but many gene-environment, gene-lifestyle 

as well as gene-gene and environmental-lifestyle interactions may take place.3,85  

Furthermore, no MS risk variants seem to impact MS progression or severity. Recently, a 
GWAS approach was used to identify associated variants to MS severity in more than 
22,000 MS cases, which is the largest cohort to date. This GWAS also replicated their 
results at two loci, and found in particular that one variant was associated to MS severity 

as measured by ARMSS (author manuscript).86 
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1.5.4 Melanocortin-1 receptor gene, sunlight and vitamin-D 

It is well known that the prevalence of MS worldwide varies among countries and regions. 
Countries such as Sweden and Canada have some of the highest prevalence rates of 
MS,5,23 with countries within Sub-Saharan Africa and East Asia having very low rates.6,87 The 
difference in rates may in part be due to underestimation caused by a frequent lack of 
diagnosing equipment and neurologists.88 However, for many years this variation in 
distribution has been termed a “latitude gradient” corresponding to higher MS risk with 

increasing distance from the equator. In Sweden, a north-south gradient has been shown 

in MS89 but also been shown in other countries3 although whether it exists is debated.6  

Individual ancestry as a risk factor has also been frequently discussed as individuals with 

Northern European ancestry have increased risk of MS. However, MS affects individuals of 
many populations, including individuals living at lower latitudes not of Northern European 
ancestry.6 Large differences in living conditions, patterns of infections and ultraviolet 
radiation (UVR) between countries exist, possibly contributing to differences in risk and 
progression that are not easily generalizable by latitude. Additionally, the latitude gradient 
exists when considering prevalent cases, but not incident cases.6 This implies latitude 

could not be a cause of MS as it follows a pattern of prevalent cases, whereas UVR and 

incidence of MS seems to have a stronger correlation. 

Apart from the latitude hypothesis, and possible northern European genetic influences, 

alternative reasons for the distribution of MS worldwide is often discussed in the context 
of sunlight and vitamin-D. Decreased UVR is the most widely accepted hypothesis of the 
driving factor for the latitude gradient. UVR is an established risk factor for MS as it directly 
affects vitamin-D levels. Although both are risk factors for MS and are biologically 
connected, they have been shown to be independent risk factors, and 62,90 UVR has also 

been shown to suppress EAE.91 Sunlight controls the production of vitamin-D within the 
body, and low vitamin-D has been repeatedly shown to be a strong risk factor for MS 
through EAE models,92,93 but also through robust studies including mendelian 

randomization studies.90,94 

One possible genetic explanation in risk differences among individuals could be due to 
differences in human pigmentation genes, such as the melanocortin-1 receptor gene 
(MC1R), and timing of exposures such as UVR. The MC1R is a receptor expressed on 
melanocytes in the skin controlling the production of melanin and therefore a person’s 
tanning response to UVR (burning versus tanning). In the presence of UVR, a signalling 

cascade activates the switch from production of pheomelanin (lighter melanin) to 
eumelanin (darker melanin), resulting in the darkening of the skin for higher UVR protection 
and reduced skin reactivity to sunlight.95,96 MC1Rs have been shown to also be expressed 

on various immune cells such as leukocytes and mast cells.97,98  
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Recently, studies have shown associations of MC1R single nucleotide polymorphisms 

(SNPs) with MS development and risk99–101 and in MS progression.102,103 Additionally, the 
MC1R has been shown to be neuroprotective in mouse models against neuro-
inflammation and as a possible therapeutic target,99 as well as could be responsible for 
protection against white matter damage seen in MS.100 This relationship is conflicting as 
some evidence shows that MC1R SNPs contribute both to MS disease progression104 and 

delays in disease onset.105 Typically, people with lighter pigmentation have MC1R SNP 
variants responsible for their sun-sensitivity, however, individuals of darker pigmentation 
can also have these variants without having apparent sun-sensitivity.106 Females also have 

more skin reactivity to UVR.107 

The MC1R is highly polymorphic and SNPs in the MC1R can result in loss of function in 
MC1Rs,108 resulting in UVR sensitive skin97,109 which may potentially dysregulate the immune 
response, increasing individual risk of MS. Specifically the MC1R has been well-studied in 
the context of melanoma, and in particular SNPs in the MC1R called red hair colour (RHC) 
variants, are associated with increased UVR sensitivity.106,109 People carrying these RHC 

variants are also likely to have red hair colour, however people may also carry the variants 
without having red hair.95,97,108 People may also carry RHC variants that only have highly or 
somewhat reactive skin to UVR.106 However, the relationship between MC1R and MS is 
complicated by the fact that the RHC variants are found in a possible overlapping region 
with another gene downstream of the MC1R, the tubulin beta class III (TUBB3) gene. 

Alternative splicing occurs producing a chimeric MC1R-TUBB3 protein110 that can still be 
expressed. TUBB3 is a structural protein responsible for axonal and dendritic growth in 
the CNS.111,112 Although TUBB3 has not previously been associated to MS, its function in the 
CNS and overlap with MC1R warrant further investigation. Therefore, variants within TUBB3 

alongside MC1R have been included in this thesis.  
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2 Research aims 
The overall aim of this PhD project was to further understand aetiological pathways in MS 
risk and complications. Each study’s specific aims as well as a short summary of the 

background to each study are presented.  

Study I – Respiratory infections and subsequent MS risk  

This study aimed to investigate hospital-diagnosed infections of pneumonia as a risk 

factor for MS.  

Rationale: Determining if there is an association of pneumonia with MS risk was motivated 
by the association of respiratory infections post-MS diagnosis that seem to exacerbate 
MS relapses. As increase in inflammatory activity in the lungs may be responsible for 
triggering an MS relapse, similar inflammatory activity may be a triggering factor for MS 

pathogenesis. Additionally, other infectious causes of MS have long been proposed, with 
EBV, cytomegalovirus, and herpes-zoster all possible infectious candidates hypothesized 
to act through molecular mimicry. To the best of our knowledge, this was the first study 
to specifically examine pneumonia infections as a possible risk factor for MS, and in 
particular to identify if there are sex-specific associations, or age-specific periods in 

which associations with MS are elevated.  

Study II – Risk factors for spasticity treatment in people with MS 

The aim of this study was to determine associations with spasticity treatment initiation 
and discontinuation among people with newly diagnosed (incident) and previously 
diagnosed (prevalent) MS. Baclofen is the most specific pharmaceutical treatment 
prescribed for spasticity among people with MS in Sweden, and here it is used to measure 

spasticity treatment patterns.  

Rationale: Spasticity is a common occurrence among people with MS. Typically studies of 
spasticity have been conducted in the context of clinical trials for efficacy or safety of 
treatments, or in cross-sectional studies in which characteristics of patients requiring 

spasticity treatments were typically progressive-course patients and mainly males. 
Overall, characteristics of patients who receive spasticity treatment are not well 
understood, and in particular when MS patients receive spasticity treatment. Our study 
adds clinical understanding of the characteristics and timing of spasticity prescriptions 

among MS patients.  

Study III –Melanocortin-1 receptor gene and MS risk 

The specific aim of this study was to determine whether MC1R variants are associated 
with MS risk, and whether associations differ among males versus females. Additionally, 

given MC1R is directly involved in the skin’s response to sunlight, we aimed to determine 
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whether any associations of the MC1R with MS risk are independent of vitamin-D, and 

sunlight. Furthermore, the shared region between MC1R-TUBB3 was investigated to 

assess if one gene in particular is involved in MS risk. 

Rationale: Sunlight, vitamin-D, and female sex have been shown extensively to be 

associated with MS risk, however mechanisms as to how these factors may be linked are 
lacking. Therefore, the focus of this study using a hypothesis-driven, genetic-based 
approach involving skin pigmentation genes and a combination of these above-

mentioned factors was to further understand their possible role in MS risk. 

Study IV – Melanocortin-1 receptor gene variants and MS severity  

The aim of this study was to determine associations of the MC1R with MS severity as 
measured by ARMSS at different time-points. Furthermore, given sex-specific differences 

in progression and severity of MS, we aimed to determine sex-specific associations of 

MC1R with MS severity. 

Rationale: This study was an extension of the MC1R risk study as the MC1R has been 
previously implicated in both MS risk and progression. Thus, expanding the risk study to 

the other side of the MS diagnosis was a natural continuation to understanding how MC1R, 

sunlight and vitamin-D may be involved in the MS disease process.  
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3 Methods 

3.1 Research in the Swedish context 

Researching MS in the Swedish context allows for a depth of data linkage that is expansive 
and can be used to understand MS from a multi-disciplinary perspective. The work of this 
PhD thesis was especially facilitated through Sweden’s propensity to collect and record 
data on its residents, and of the tolerance and willingness of people to participate not 
only in register-data collection, but also in various studies. A combination of data 
including administrative and specialised population-based register data, individual 

lifestyle and environmental factor self-reported questionnaire responses, and genetic 
samples were used. This breadth of data is linked together through use of a personal 

identification number assigned to each resident of Sweden.  

In this thesis, the focus of investigating causes and consequences of MS required 
assessing information about individuals before and after MS diagnosis. In this thesis, we 
examined factors and characteristics from birth to long after the MS diagnosis to assess 
complex questions. In this context, the ability to include a wealth of information over a 

long period of time is tremendously beneficial.  

Register-based data is especially valuable as nearly the entire Swedish population is 
available for some measures. This is because Sweden has a universal tax-funded 
healthcare system that is accessible and affordable to residents. It provides coverage for 
all residents including in- and out-patient hospital visits, and pharmacological treatments, 

among others. What costs residents incur are reimbursed at different levels, helping to 
ensure that when health care is required, people do not abstain from seeking care. This is 
especially relevant in the context of studying MS, as signs and symptoms of MS can be 
observed long before clinical detectability and diagnosis. Healthcare access, and in turn 
the recording of health care visits in registers, goes hand-in-hand when studying complex 

diseases such as MS.  

3.2 Data sources  

Three types of data sources were included: register, self-reported questionnaires, and 
genetic. Several administrative and quality registers, meaning specialized disease-
specific registers comprise the register-base data. Both the questionnaire and genetic 

data were obtained through several epidemiological studies of MS. An overview of the 

data used is shown in Figure 5. 
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Figure 5: Sources of data included in Studies I-IV
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3.2.1 Register-based data 

In particular, Swedish register-based data have been key to determine various exposures, 
outcomes and additional variables. Using a combination of information including hospital-
based diagnoses, dispensed prescriptions, demographic information, and especially 
specific MS characteristics, has allowed study of exposures among a large number of 

people, over long periods of time. 

The three key registers used in this thesis included the Swedish MS Register, the National 
Patient Register, and the Prescribed Drug Register and are described in detail below. 

Register-based sources of demographic data are also described.  

The Swedish MS Register 

The Swedish MS Register was developed specifically to monitor and track MS patients and 

treatments in the clinic and for research. The MS Register’s goal is to optimize health care 
for MS patients.113 Informed consent is required for inclusion, and both treating neurologists 
and patients can voluntarily report data, though patients can only report restricted 
measures. Participation in the register is not mandatory and data are not automatically 
collected from clinical charts. Approximately 18,000 people, a total of 85% of the population 

with MS in Sweden, are registered and data include diagnosis and onset dates, disease 
course, disease severity, DMT use, relapses, and other clinically relevant data since 1996. It 
first covered patients in specific regions such as Stockholm and Gothenburg prior to 

receiving public funding and being formalized as the Swedish MS Register in 2001.114  

Despite its clinical and research-based usefulness, data have only been recently validated 
on a large-scale basis. A validation study found that the measures used in this thesis such 
as DMTs, relapse and EDSS had high accuracy as 91-99% of these values were confirmed 
between the patient’s medical records and the register values.115 The amount of missingness 
was higher for relapses, and EDSS, but moderate for DMT uses (35%, 14%, and 5% 

respectively). Missingness overall was greater for patients using older therapies such as 
glatiramer acetate or interferon-beta, but when updates were completed for EDSS, the 
overall mean values for EDSS remained similar as the mean prior to the update. This 

suggested missingness at random rather than systematic differences.  

In this thesis, the MS Register was used to identify the first signs and symptoms of MS, as 
well as to effectively determine consequences of MS, including spasticity and disease 
worsening, measured using increases in EDSS scores. The MS Register data, including dates 
of onset and diagnosis, was used in combination with hospital-based visits where MS was 
diagnosed, to be able to establish the earliest signs of MS. This was in order to be able to 

assess possible risk factors for MS outside of a potential prodromal period of MS.  
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National Patient Register 

The National Patient Register captures in-patient hospital visits from 1964 with national 
coverage beginning in 1987. Out-patient visits to specialised care were added to the 
register in 2001 and to date the estimated coverage is 99%.116 The register records primary 
and secondary discharge diagnoses, using Swedish International Classification of Disease 
(ICD) codes. The register has been previously validated, with a variety of diseases having a 
high positive predictive value and overlap with specialised disease registers.116 Some 

diagnoses, in particular psychiatric diagnoses, were added only from 1973.  

The National Patient Register is complementarily used in several of the studies of this thesis 
in order to capture as many people with MS as possible. As participation in the MS Register 

is voluntary, it covers approximately 85% of the MS population, the remaining individuals 
can be identified by using ICD codes specific for MS. The National Patient Register is an 
administrative, obligatory register, and therefore individuals receiving hospital care who 
have MS can be identified through discharge diagnoses. Additionally, there is sometimes 
discrepancy between the MS Register and Patient Register with respects to diagnosis date, 
or missing diagnosis date in the MS Register, which can be complemented by the Patient 

Register. Not only can the Patient Register be used for MS diagnoses, but also for exposures 
including pneumonia or control diseases such as UTIs in Study I, or for comorbid diseases 

as possible influencers of spasticity treatment in Study II. 

Prescribed Drug Register 

Prescribed and dispensed medications in all pharmacies in Sweden are recorded in the 
Prescribed Drug Register from July 2005.117  Data are classified according to Anatomic 
Therapeutic Classification (ATC) codes and includes all pharmacological treatments with 

the exception of those administered in hospital such as DMTs. Delays in data registrations 
in the first year after the register’s establishment occurred and therefore it is key to have a 
waiting period of several months after the start of the register to ascertain new 
dispensations. Additionally, it is difficult to separate prevalent and new prescriptions within 
the first year of the register, therefore a look-back period typically of one year is used to 

determine if individuals have a treatment within this period to reduce the possibility that 

prevalent prescriptions are classified as new-use.  

The purpose of this register in the Studies of this thesis was to assess specific 

pharmacological drugs used spasticity treatment in Study II, as well as treatments for 
diseases possibly influencing spasticity including Parkinson’s disease and depression. The 
prescription is only recorded in the register once dispensed. This means it is not possible 
to see what drugs are prescribed that have not been dispensed. Typically, conditions 
diagnosed and treated within primary care are captured through the Prescribed Drug 
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Register, as a nationwide primary care register is currently not available. Some conditions 
such as spasticity or depression are often encountered within the primary care setting that 
would not be elsewise measurable without the Prescribed Drug Register. Very serious cases 

may be captured by hospital-records, but this would underestimate these conditions.  

Registers for demographic data 

The Total Population Register contains demographic information such as sex, region of 
residence and vital status of the entire resident population in Sweden. Data has been 
recorded from 1968 onwards.118 The Total Population Register is also a source from which 
individuals from the general-population can be identified and matched as controls for MS 
patients, as was done in Study I (pneumonia) and III (pigmentation genes and MS risk). 

Migration and date of death information is also available in this register, which is of value 
when determining follow-up time or time-specific exposures or outcomes in all of the 
studies. Date of death can also be complemented by dates recorded in the Cause of Death 

Register which started in 1961.119 

The Longitudinal Integrated Database for Health Insurance and Labour Market Studies 
(Swedish acronym LISA) records the highest achieved educational level per year for the 
Swedish population.120 This register officially began in 2001, but information is available from 
1990 as this data had already been collected using censuses. Highest attained education 
was used as a proxy in Study I and II for socio-economic position, as this could have 

influenced the association between pneumonia and MS, as well as factors influencing 
receipt of spasticity treatments. Highest attained education could be an indicator of the 
family-home life, as children of more highly educated parents tend to also be more highly 
educated. Educational level could influence health-seeking behaviours with respects to 
hospital-treatment for pneumonia, as well as being diagnosed with MS, or even seeking 

treatment for spasticity.  

3.2.2 Epidemiological study data  

Specific studies of the epidemiology of MS that have been undertaken at Karolinska 
Institutet have been an integral part of this thesis. An overview of each study is provided in 
Table 1 and includes the Epidemiological Investigation of MS (EIMS), the Genes and 
Environment in MS (GEMS), the Immunomodulation and Multiple Sclerosis Study (IMSE) and 
the Stockholm Prospective Assessment of Multiple Sclerosis (STOPMS). The purpose of 
EIMS, GEMS and IMSE is to study risk factors for MS, genetic risk factors for MS, and the 

effects of immunomodulatory drug treatments for MS, respectively. The fourth study, 
STOPMS, consists only of people with MS or possible MS. Its purpose is to identify methods 
for early diagnosis, determine prognosis and treatment effects through biomarkers. Specific 

details of each epidemiological study are provided below. 
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Table 1: EIMS, GEMS, IMSE and STOPMS - Epidemiological study designs at a glance. 

Study  Purpose Time-period Case recruitment 
Control 
recruitment  

Information 
collected 

EIMS Identify 
risk factors 
for MS 

2004-2021 Incident MS; 
included within 
two years of MS 
diagnosis. Enrolled 
at university 
hospital-based 
neurology clinics 
in Sweden. 

Population-based 
controls: Two 
randomly selected 
individuals from the 
Total Population 
Register matched 
by age (5-year 
intervals), sex, vital-
status and region of 
residence to cases 
at MS diagnosis.  

Blood sample, 
lifestyle and 
environmental 
exposure-based 
questionnaire 
asking for 
information 5 
years prior to MS 
diagnosis. 

GEMS Determine 
genetic 
aspects of 
MS 

2009-2011 Prevalent MS: 
selected from the 
MS Register. 

Population-based 
control: One 
randomly selected 
individual from the 
Total Population 
Register matched 
by age, sex, vital-
status and region of 
residence to cases 
at MS onset. 

Blood sample, 
lifestyle-based 
questionnaire 
similar to EIMS, 
but with broader 
time-periods for 
lifestyle and 
environmental 
exposure 
information.  

IMSE New DMT 
effects 

2006-
Current 

Incident and, 
prevalent MS 
initiating new 
DMTs. First 
recruitment DMT 
was natalizumab, 
expanded to other 
DMTs as they 
became available. 

Primarily patients 
with MS: later 
expanded to a 
subset of MS 
patients matched 1:1 
with population-
based controls (age, 
sex, vital status and 
region of residence 
matched). 

Blood samples, 
and for select 
individuals, 
lifestyle-based 
questionnaire 
similar to GEMS. 

STOPMS  Identify 
biomarkers 
for 
prognosis 
and 
treatment 
effects 

2009-
Current 

Newly diagnosed 
with MS, CIS, or 
new DMT 
initiators. Living in 
Stockholm Region.  

Primarily patients 
with MS; later 
expanded to 
include a subset of 
neurological-based 
controls (individuals 
undergoing 
investigation for 
other neurological 
symptoms 
unrelated to MS). 

Blood sample, 
cerebrospinal 
fluid sample, MRI, 
clinical tests.  

Study abbreviations: EIMS: Epidemiological Investigation of MS; GEMS: Genes and Environment in 
MS; IMSE: Immunomodulation in MS; STOPMS: Stockholm Prospective Assessment of MS.  
Other abbreviations: CIS: Clinically isolated syndrome; DMT: Disease modifying therapy; MRI: 
Magnetic resonance imaging. 
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EIMS: Epidemiological Investigation of Multiple Sclerosis 

EIMS is a case-control study that recruited consenting, newly diagnosed people with MS 
within two years of their MS diagnosis aged 16-70 years from hospital-based neurological 
clinics in Sweden from 2004-2021. Cases are individually matched to two randomly 
selected population-based controls from the Total Population Register by age (in five-year 
age strata), sex, vital-status and regions of residence at the time of MS diagnosis. If the 
control did not consent to participate or did not respond, another control was randomly 

selected for the case within a year of case identification. Cases and controls were still kept 

within the study regardless if the matched case or control were excluded at a later stage.121 

Consenting participants were asked to leave a blood sample, and fill out a questionnaire on 

various lifestyle and environmental factors. Cases received the questionnaire at the 
neurology clinic where they were diagnosed and were asked to provide a blood sample at 
the same time. Controls received questionnaires, a blood sample kit, and a return envelope 
by mail. All questionnaires were returned by mail. Participants returning uncompleted 
questionnaires were asked to complete them by mail or telephone (if they wished to do so), 
and up to four reminders were sent by mail to non-responders. MS diagnosis information 

was updated in study data using the MS Register. 

Data were manually entered into the study database for all participants by research 
coordinators for earlier versions of the questionnaire (as there were three versions of paper 

questionnaires used) and subsequently were returned digitally (two additional 
questionnaire versions, updated from the paper versions). Participants who wished to fill a 

paper-copy could request to do so. 

GEMS: Genes and Environment in Multiple Sclerosis 

GEMS, like EIMS, is also a case-control study. GEMS recruited prevalent people with MS that 
had not been included in EIMS between 2009 to 2011. People with MS 18 years of age or 
older who had consented to participate in the MS Register were selected. One individually 

matched, general-population control was selected from the Total Population Register for 
each case. Cases and controls were matched similarly as in EIMS (five-year age strata, sex, 
vital status, and region of residence) though at MS onset. Selected participants were asked 
to participate and received a questionnaire and blood sample tubes by mail, and were 
returned by mail. Reminders to participate were sent by post, three times for the 

questionnaire and twice for the blood samples.  

The completed questionnaires were machine-scanned and stored in the study database. 
Only one questionnaire version was used in GEMS. Recently a quality-check of all 
questionnaire data stored electronically were checked against respondents’ responses 
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from the returned paper questionnaire. Any and all errors were corrected to match 

respondents’ answers. This updated questionnaire data was used in Study III and IV.  

IMSE: Immunomodulation and Multiple Sclerosis 

IMSE first started in 2006 as a post-marketing surveillance study following people with MS 
who were treated with natalizumab. Biological samples including blood and cerebrospinal 

fluid were collected. Originally, comparators were other individuals with MS with a more 
benign course.122 From 2011, IMSE has since been expanded to several DMTs as they became 
available, as well as including an IMSE questionnaire (two separate versions used within 
IMSE) for select participants. The IMSE questionnaire study was similarly designed as EIMS 
and GEMS with population-based controls for each case and similar lifestyle exposure 

questions. Inclusion criteria for IMSE was any individual starting a study drug of interest. 
Individuals could be included in IMSE several times if starting a new therapy, but individuals 
were only asked to fill a questionnaire once. Cases who had not already responded to EIMS 

or GEMS were preferentially selected to complete an IMSE questionnaire. 

STOPMS: Stockholm Prospective Assessment of Multiple Sclerosis 

Individuals with MS or possible MS from the Stockholm Region were asked to participate at 
several participating neurological clinics. Individuals included are either: newly diagnosed 

individuals with MS; people with clinically isolated syndrome; or new DMT initiators. 
Individuals consenting to participate have specifically scheduled clinical check-ups, 
functional tests, imaging tests such as MRI, as well as collection of blood and cerebrospinal 
fluid. This allows for analysis of imaging and biomarker findings in relation to clinical 
progression and severity score changes. Several years after the start of STOPMS, control 
individuals were added to the study. These control individuals were individuals undergoing 

cerebrospinal fluid collection as part of a clinical investigation for neurological disorders 

other than MS. 

3.2.3 Questionnaire data from EIMS, GEMS and IMSE 

Questionnaires for EIMS, GEMS, and IMSE were based on the original EIMS questionnaire 
from 2004. As noted above, the questionnaires over time have had several versions. 
Additionally, although the questionnaires are similar to one another from EIMS, GEMS and 
IMSE, the time-periods in which individuals were asked to self-report their data, varied. For 
example, the majority of the questions in EIMS were designed so individuals provided 

exposure information in the five years prior to MS diagnosis, at the time of their MS 
diagnosis. At the time of study conception, the prodromal period that is now widely 
accepted in MS, was thought to not exist. Additionally, evidence of adolescence as a 
critical-risk period in MS susceptibility also emerged in later years and not widely described 
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in 2004. In more recent versions of the EIMS questionnaires, additional time-periods were 
added to account for the changes in understanding of MS. In GEMS and IMSE 
questionnaires, age-groupings or an age-specific reporting periods were used instead, as 

these study questionnaires were constructed in 2009 or later and could capitalize on the 

changing research landscape of MS factors influencing MS susceptibility.  

However, due to the multiple versioning of the questionnaires, differences in questions are 
not only found between studies but also within studies from version to version. Time-

frames from MS diagnosis to filling out questionnaires also vary and present a wide-range 
of challenges when harmonizing the questionnaire data. Originally planned was the inclusion 
of variables such as individual sunlight exposures, and vitamin-D supplementation. 
Typically, other studies using this data have separately analysed EIMS and GEMS data for 
example, or used it among only EIMS participants. As we involved SNPs with small effects, it 

was necessary to include all individuals. When we began to harmonize data, and in particular 
for the sunlight exposure questions, large differences in how questions were asked made it 
difficult to reduce the complexity of the data as some questions were more in-depth and 
comprehensive than others in different questionnaire versions. Eventually, a decision was 
made to use more objective measures such as a vitamin-D genetic risk score in Study III. 

Other questions encompassing items such as depression or mood disorders, were replaced 
with data from the National Patient Register or Prescribed Drug Register or educational 
information from LISA. This made sure that variables among included individuals were 
assessed in a uniform way. The ability to combine and use different types of data 
demonstrates the uniqueness and power of these large-scale data linkages encompassing 
both questionnaire data and register-based data in order to complement one another in 

providing as complete and complex information at an individual level. 

One must be careful when interpreting exposure status when using self-reported 
questionnaires. Recall bias is a type of systematic error that can be introduced especially 

if participants do not remember events, or their likelihood to remember is influenced by 
their disease status. Potential differences that arise in recalling exposure events or possible 
confounders among people with and without MS can influence possible associations 
between exposures and MS. Therefore, the most objective questions in the questionnaires 
were used in this thesis work, which included BMI reporting, age, possible date of MS 

diagnoses, and immigration information. 

3.2.4 Genetic data from EIMS, GEMS, IMSE and STOPMS 

This section provides an overview of the genetic data used in Study III and IV. Table 2 

provides an overview of relevant genetic terminology.  
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Table 2: Overview of genetic terminology. 
Term Definition 

Allele 

Variations of the same sequence of nucleotides (or a single 
nucleotide) in a specific location in the genome. At a 
specific location in the genome, there are two alleles (one 
inherited from each parent). If the inherited alleles are the 
same, they are homozygous. If different from one another, 
heterozygous.  

Hardy-Weinberg Equilibrium 

Considered a principle of genetic variation. States that 
genetic variation in a given population will remain stable 
over one generation to the next due to random mating. 
Genotype and allele frequencies will be constant in the 
absence of evolutionary forces such as mutations, selection 
or non-random mating. This is an ideal state, and 
departures can still occur.  

Haplotype 
A group of genes, or stretches of DNA, that are inherited 
together from a parent.  

Linkage disequilibrium  

The tendency of two alleles of separate genomic regions 
(loci) are found more commonly together than would be 
expected by chance. This means that alleles of one locus 
may not be independent of another.  

Locus (singular) or loci (plural) A specific location on a chromosome in the genome.  

Minor allele frequency (MAF) 

How frequent the least common allele is present in a 
specific population. An allele appearing less than 5% are 
considered to be uncommon, and less than 1% are 
considered rare variants.  

Principle component (PC) See principle component analysis.  

Principle component analysis (PCA) 

A statistical method used to identify population structure 
of individuals' genotypes. For example, genetic variation can 
be present due to geographical variation or ethnic 
background that can be captured in different principle 
components (PCs).  

Single nucleotide polymorphism (SNP) 
Variation in the genome of one base-pair. Gives rise to 
different alleles at a locus.  

3.2.4.1 Genotyping 

The biological samples collected from each of the above-mentioned studies were used to 
extract deoxyribonucleic acid (DNA) and subsequently genotype all individuals, which was 

necessary for determining the different SNPs used in Study III and IV (pigmentation genes 
and MS risk or severity). For the purposes of Study III and IV individuals had been genotyped 
using a GWAS specific array: the Illumnia Human OmniExpress beadchip array. This array 

has been used in GWAS of MS86 and been previously extensively described.123 

A GWAS specific array means that is has been designed to capture SNPs across the 
genome, typically spread out evenly at “tagging” locations in order to adequately capture 
variations. These tags in the genome are specifically chosen for even coverage, but also in 
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order to take advantage of linkage disequilibrium. Thus, tagging one SNP that is in high 
linkage disequilibrium with another portion of the genome will also capture that un-tagged 
variation and allow for high-quality imputation. The OmniExpress tags a total of 715,322 

SNPs, of which 695,789 are autosomal variants.124 Together, these tagged SNPs capture 
several million SNPs covering the linkage disequilibrium region, and together the whole 
genome. This large number of variants provides a good backbone on which imputation of 

un-tagged variants can take place.  

Once genotyping was finished, extensive additional quality control was necessary.125  As the 
differences between MS cases and non-MS controls with respects to their allele 
frequencies are of interest to determine possible associations with disease, artefacts 
resulting from quality errors can create spurious results.126 The overall quality of the array  
helps inform the quality and coverage of the genotypes that are produced, but the specific 

markers must be robustly quality checked to exclude abnormalities. Quality control for 
each sample was performed, and included the overall sample quality in which genotyping 
success was greater than 98%, detection of possible contaminated samples by assessing 
heterozygosity, and assessment of genetic relatedness through identify by decent. Marker 
quality control was also assessed and encompassed these aspects: marker missingness 

was less than 2%, variants were removed if they deviated from Hardy-Weinberg Equilibrium 
with a significance threshold higher than 10-6 or if minor allele frequency (MAF) was less than 
1%. Finally, to ensure comparability among cases and controls, differential missingness of 

specific variants was assessed for the variants of interest.  

3.2.4.2 Imputation of genotypes 

Genetic imputation capitalises on the inherent linkage disequilibrium structure and 
haplotype nature of the genome in order to calculate the probability of a specific genotype 
at a specific location. As long stretches of DNA can be inherited (haploid) in a given 

ancestral population, imputation takes advantage of this to predict non-tagged variants to 
different degrees depending on the strength of the linkage disequilibrium between tagged 
and untagged markers.127 In our Swedish population, a reference panel from the Haplotype 
Reference Consortium is used in order to reliably impute.128 This means that stretches of 
DNA in an individual are compared to this reference panel. Genotyped SNPs are matched 
to the reference in order to calculate the probability of imputed SNPs in the regions of 

interest. The stronger the linkage disequilibrium between markers of alleles, the better the 

prediction. A quality score is produced indicating the reliability of predicted SNPs.  

3.2.4.3 Accounting for population stratification effects 

Importantly, prior to imputation, underlying genetic population stratification must be 
considered. This stratification occurs when there is a difference in the frequency of alleles 
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between cases and controls that is due to ancestry or geographic location rather than any 
true gene-disease association.129 This may cause spurious associations if not removed. A 
principle component analysis (PCA) is used to identify population stratification effects and 

calculate principle components (PC). This statistical method has applications in other fields, 
but in genetics it is used to identify variability within the data, mathematically reduce this 

stratification and calculate it into PCs.130 

Another method for estimating population stratification is calculation of a genetic 

relatedness matrix (GRM) that is used often in mixed-linear model approaches131 (discussed 
further below). The GRM is partially related to the PCA. The GRM is calculated based on 
imputed data, and can be calculated for an overall population, or specific populations such 
as males and females. The GRM calculates on an additive scale how genetically related 
individuals are within the study population in a pairwise manner and accounts for this in the 

context of a disease.132 It compares individuals using a set of SNPs that are prespecified, in 
Study III and IV, markers were used across the genome. If individuals are very genetically 
similar (i.e. related), a GRM will help to identify these individuals for their removal, but also 
allow for examination of specific genetic differences. The purpose of the GRM is to adjust 
the analysis to prevent confounding due to population stratification, similarly to correction 

using PCs. Individuals who are distantly related or from diverse ancestries introduce 
complexity into the GRM; as these genetic differences could be attributed to population 
structure. Associations produced could be spurious, as they potentially will arise due to the 
underlying population structure rather than an association with disease status. Some 
stratification effects may arise from immigration, as ancestry-specific genetic variants 
contribute to differences, but Sweden also has an indigenous population that is genetically 

distinct from other populations.133 These effects have been accounted for in this thesis work 

in Studies III and IV. 

3.2.4.4 Genetic risk score 

Genetic risk scores (GRS) are a useful tool to combine the information from multiple 
independent loci that may be involved in disease weighted by their effect. Often, GWAS 
methods identify a wide-range of SNPs in different loci of the genome that contribute a 
small individual effect in the risk of a disease. Usually, the top SNP representing each locus 
is chosen and these SNPs can be used in a GRS to summarize an individual’s underlying 

genetic risk of a disease. The cumulative contribution of different SNPs is calculated by 
summing the number of risk alleles (0, 1 or 2 also called dose or genetic load) for each 
disease-associated SNP. Each SNP can also be multiplied by the estimated genetic effect 
from a GWAS to weight its importance in the disease, also called a weighted GRS.134 In Study 
III, a weighted GRS was used to calculate underlying genetic risk of low-serum vitamin-D 

levels.135 
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3.3 Study specific methods and statistical methods 

The specific methods and study designs including exposures and outcomes used in this 

thesis are summarized in an overview in Table 3.  

3.3.1 Study I: Pneumonia as a risk factor for MS 

3.3.1.1 Overview of case-control study design  

This study (along with Study III described below), used a case-control design. Case-control 
studies can improve study efficiency and power, especially in the context of MS. Given MS 
has a long pre-clinical period and takes a number of years to manifest, following a number 
of people over time to see if they develop MS may be impractical. This can be mitigated in 

part by taking a sufficiently large sample of people to ensure that there is a possibility that 
some will develop MS, and when using registers this is often possible. Given MS is an 
uncommon occurrence despite its higher prevalence in Sweden, this still may not be 
sufficient to capture people with MS. A solution is then to identify people with MS, and 
include them into the study while also recruiting controls for comparison. In recruitment of 
study participants, how and where they are recruited matters to avoid selection bias.136 

Using the Swedish registers alleviates this selection bias, as nearly all possible individuals 
with MS in Sweden are able to be selected, especially when using the MS Register and the 
National Patient Register together as further described below. Individuals who did not 
consent to inclusion in the MS Register still are eligible for selection if visiting a hospital from 
1964. Although Sweden has hospitals across the country, regional differences in access to 

hospital are present. In particular, people living in the Northern areas of Sweden have further 

to travel to reach a hospital.  

Selection of controls is equally as important in a case control study, and randomly selected, 

general-population-based controls as used in both Study I and III are highly desirable. Due 
to the large sex-discrepancies in MS, regional differences with respects to access to 
healthcare and frequency of MS, and that MS is often diagnosed between 20-40 years of 
age, completely randomly selected individuals from the general population may not 
adequately reflect the distributions of the possibly confounding demographic 
characteristics of the MS population. This has been mitigated in Study I and III by matching 

on these characteristics. The role of matching is to ensure similarities on demographic 
characteristics, but also to gain statistical efficiency in analysis of the possible exposure-

outcome relationship.137 
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3.3.1.2 Study population and assessment of exposure and outcome 

This study matched cases and controls in a ratio of 1:10 MS cases to controls matched by 
age, vital status, sex and region of residence. Although statistical efficiency is typically not 
increased after a matching ratio of 1:4,138 in our study a larger matching ratio was necessary. 
This is because we had a high number of inclusion criteria, were interested in sub-groups 
of individuals, and wanted to perform sensitivity analyses to ensure the robustness of the 
results. MS cases were identified through a combination of individuals recorded in the MS 
Register (any record) and the National Patient Register using repeated occurrence of MS-

related ICD codes (Table 4). The earliest date of MS diagnosis from either register was used 
as the matching year. MS cases were included so long as they were diagnosed after age 20 
years for the primary analyses, and over 30 years of age for the secondary analyses. 
Individuals were included if they were born after 1964 to have complete information from 
birth when determining diagnoses given the Patient Register began in 1964. A flow chart 

denoting included/excluded individuals can be found in the Study I, Figure 1.139 

The main exposure was a diagnosis of pneumonia in different age-groups throughout 
childhood and adolescence, with the outcome of MS diagnosed over 20 years of age. A 

control disease of UTI was used, as like pneumonia, UTIs are a known complication of MS.140  
A control disease is necessary as there may be a risk of reverse causation where prodromal 
MS or increased MS susceptibility prior MS diagnosis may increase the risk of infections. If 
this was indeed the case, then both UTIs and pneumonia may show associations to MS. 
There are primary and secondary discharge diagnoses recorded in the Patient Register, with 
typically the primary being the main reason for the hospital visit. Any diagnoses of 

pneumonia and UTIs were used in main analyses, but in order to reduce the possibility of 
misclassification, sensitivity analyses using primary pneumonia diagnosis were additionally 

used.  

Possible confounding factors were carefully considered, and included highest attained 
education, as well as diagnoses of IM, an infection as a result of EBV, which is a strong 
infectious risk factor for MS.67 Although sex was a matching variable, we wanted to also 
determine if its effects were sex-specific. In order to do so, a fully sex-stratified analysis 
was necessary, however there were too few of each sex in each exposure group to be able 

to draw robust conclusions. 

3.3.1.3 Statistical analysis using conditional logistic regression 

Conditional logistic regression was used to determine the association between pneumonia 
and MS, while adjusting for the possible confounding factors named above. Logistic 
regression using the maximal likelihood approach is preferred over other methods such as 
the Mantel-Haenszel approach as we are using a number of adjustment variables in addition 
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to the matching variables.141 Logistic regression models the probability of an outcome 
occurring, such as MS, by estimating the log-odds of the outcome using a linear 
combination of independent variables. Odds are measured by the probability of the 

outcome divided by the probability of not having the outcome, and we can compare groups 
by using the odds ratio (OR). Conditional logistic regression is an extension of the logistic 
regression model in which matching characteristics are used as a stratum.137 A term for 
matched stratum is introduced as a constant (provided there are no interactions), while 
estimating a coefficient for the variable of interest, and additionally conditioning over the 

number of cases in each stratum. This produces a log likelihood for each stratum of the 
disease, and summing over each stratum likelihood produces an estimation of the effect of 
the exposure on the outcome that maximizes the conditional log likelihood.142 Unconditional 
models were also tested by including the matching variables, and no differences were 
observed in the results using conditional versus unconditional models.  

Table 4: Study I design considerations with respects to exposure and outcome definitions, 
including additional variables in specific analyses. 

  Main analysis Sensitivity analysis 1 Sensitivity analysis 2 Sensitivity analysis 3 
Exposure Main: Any pneumonia 

diagnosis 
Control: Any UTI 
diagnosis 
Age-groups: 0-5, 6-
10, 11-15, 16-20 

Main: Primary 
pneumonia diagnosis 
Control: Any UTI 
diagnosis 
Age-groups: 0-5, 6-
10, 11-15, 16-20 

Main: Any pneumonia 
diagnosis 
Control: Any UTI 
diagnosis 
Age-groups: 0-5, 6-
10, 11-15, 16-20, 21-30 

Main: Any pneumonia 
diagnosis 
Control: Any UTI 
diagnosis 
Age-groups: 0-5, 6-
10, 11-15, 16-20 

Primary 
outcome 

MS diagnosis 20+ Y 
Record in MSR or 1+ 
diagnosis NPR 

MS diagnosis 20+ Y 
Record in MSR or 1+ 
diagnosis NPR 

MS diagnosis 30+ Y 
Record in MSR or 1+ 
diagnosis NPR  

MS onset 20+ Y 
Record in MSR  

Secondary 
outcome 

MS diagnosis 20+ Y 
Record in MSR or 2+ 
diagnoses NPR 

MS diagnosis 20+ Y 
Record in MSR or 2+ 
diagnoses NPR 

MS diagnosis 30+ Y 
Record in MSR or 2+ 
diagnoses NPR 

MS diagnosis 20+ Y 
Record in MSR or 2+ 
diagnoses NPR 

Additional 
variables 

Highest attained 
education.  
Any diagnosis IM; 
age-groups same as 
exposure.  

Highest attained 
education.  
Any diagnosis IM; 
age-groups same as 
exposure.  

Highest attained 
education.  
Any diagnosis IM; 
age-groups same as 
exposure.  

Highest attained 
education.  
Any diagnosis IM; 
age-groups same as 
exposure.  

Matching factors of sex, age at MS diagnosis/index, and region of residence were used at strata 
variables. Abbreviations: IM: Infectious mononucleosis; MSR: MS Register; NPR: National Patient 
Register; UTI: Urinary tract infections; Y: Years of age.  

3.3.2 Study II: Spasticity treatment patterns among people with MS 

3.3.2.1 Overview of cohort study design aspects in a treatment context 

A cohort study design was used in Study II in order to follow a group of MS patients 
throughout time to assess a variety of characteristics influencing whether or not they 
received a prescription to treat spasticity. This was an effective way to assess different 
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time effects such as age and length of MS disease on the risk of needing spasticity 
treatment. In particular, as spasticity has previously been primarily explored through cross-
sectional studies or in randomized control trials of efficacy and safety, the specific timing 

of when MS patients required treatment had not yet been determined.  

Of importance in a cohort study, is defining the period of time at which an individual is at 
risk of an outcome. A person should contribute person-time, or time at risk of the outcome, 
provided they are outcome free. In order to attribute different characteristics of MS to 

spasticity treatment, it was important to ensure that the person received a spasticity 
treatment after their MS diagnosis. Else, it is not possible to ascertain whether the spasticity 
treatment was prescribed as a result of MS. Therefore, time-at-risk for people with new 
diagnoses of MS started from their MS diagnosis and excluded individuals with a spasticity 

prescription prior to MS diagnosis.  

Additionally, stopping time-at-risk was challenging in the context of prescription-use. Since 
a person dispenses a prescription for a specific purpose, this usually means that they 
already have the occurrence of the symptom prior to dispensing the prescription. In Study 
II, spasticity should already be present or being investigated if a treatment is dispensed. 

What we are measuring is then treatment patterns for spasticity rather than spasticity itself. 
Further adding complexity to assessment of the time-at-risk, is that the Prescription Drug 
Register started in July 2005. This means that some delays in prescriptions being recorded 
into the register can take place and that prescriptions prescribed prior to July 2005 could 
be registered or dispensed again from July 2005 onwards. Therefore, it was not possible to 

determine who had an existing prescription for spasticity treatment and receiving a refill of 
their prescription from a person who is receiving spasticity treatment for the first time. This 
necessitated use of a look-back period of time to exclude suspected prevalent users of 
spasticity treatments. A conservative period of one-year was defined as the look-back 

period. 

Assessment of treatment discontinuation also presents challenges. In this case, time on 
treatment was considered the time-at-risk, and stopping treatment was the outcome. The 
difficulty here is not knowing how a person is using their prescription: taking regular doses, 
sporadically, taking it “just-in-case”, or dispensing and not taking it at all. People can also 

wait different periods of time before refilling their prescription once empty, or they may not 
require an additional dispensation. Therefore, assessing the end of time-at-risk in this case 
was done by using different possible windows of time when people had the opportunity to 
refill a prescription. These windows were defined as 90 to 180 days after the date of the 

last dispensed prescription as different windows will influence discontinuation rates. 
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3.3.2.2 Study considerations: Study population, classification of spasticity treatment use 

This study draws on a population of individuals recruited to EIMS, GEMS, and IMSE who 
provided blood samples and/or questionnaire data. Data from Swedish Registers was 
extracted and linked to these individuals. Diagnoses of MS were identified using the MS 

register, or if they had two or more ICD-10 codes for MS (G350, G359) in the National 
Patient Register at least 180 days apart. Individuals included as MS patients had diagnoses 
verified, and previously identified controls fulfilling the definition of MS were included as MS. 
Using at least two diagnoses reduced the possibility of recorded ICD codes for suspected 
disease rather than confirmed disease and this definition has been validated.116,143,144 MS 

patients were further classified into two groups: incident if diagnosed on or after 1 July 
2005; or prevalent if diagnosed prior to this date. This was necessary in order to further 

identify the specific timing of spasticity prescriptions among new patients with MS. 

Baclofen is the most specific spasticity treatment used in Sweden and its dispensation 

recorded in the Prescribed Drug Register (ATC code M02BX01) formed the basis of the 
primary outcome in this study. New-use prescriptions of baclofen were of particular 
interest as the majority of studies examining spasticity used a cross-sectional approach, 
and were unable to determining the timing of spasticity treatment. Individuals with a 
spasticity prescription (Baclofen: M02BX01; diazepam: N05BA1; clonazepam: N03A301; 

gabapentin: N03AX12; or cannabinoids: N02BG10) during the look-back period were 
excluded. Additionally, persons with incident MS with a baclofen prescription prior to MS 
diagnosis were also excluded as it is not possible to determine if spasticity treatment was 

due to MS.  

3.3.2.3 Variables of interest with respects to spasticity treatment 

Specific MS variables were identified through the MS Register and included: disease course; 
DMT use classified as highly-effective therapies (alemtuzumab, ciclosporin, cladribine, 
daclizumab, dimethyl-fumarate, fingolimod, natalizumab, ofatumumab, rituximab and 

teriflunomide) or moderately-effective (interferons and glatiramer acetate). Relapse dates 
were extracted and erroneous dates, or dates three years prior to MS diagnosis were 
excluded. Relapses with 14 days of one another were considered the same episode. EDSS 
scores and dates of changes to the score between 0-2.5, 3.0-5.5 and 6+ were identified. 
Baseline EDSS was defined as the score closest in time to start of follow-up, provided it was 
not more than 90 days after start of follow-up. All variables of interest are described in 

Figure 6. Other possible comorbid disease conditions were also considered and their 
definitions using a combination of ICD codes and specific pharmacological treatments can 
be found in Appendix 0 of Study II.145 These diseases were chosen as they have been 

previously shown to be associated with spasticity.  
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3.3.2.4 Spasticity treatment discontinuation 

Discontinuation of any treatment for spasticity was also of interest and was defined as the 
date when no additional spasticity prescriptions were dispensed after the previously filled 
prescription. Time-windows were used to determine this, and included a range of days: 90, 
150, or 180 days. Although the prescription strength and the number of tablets dispensed 
are recorded in the Prescribed Drug Register, it was not possible to calculate a daily dose 

or the length of period the prescription was supposed to be taken. This is because the 
dosage prescribed does not always correspond to one pill, and it is not possible to know if 
an individual begins treatment, or adheres to treatment as prescribed. This same problem 
applies to trying to determine an approximate end-date of the prescription from 
dispensation date. Baclofen dosing also needs to be adjusted throughout time, also making 

a daily dose difficult to calculate. Therefore, individuals using baclofen are likely to refill their 
prescription, although in different time-intervals which required use of different lengths of 
gap-time. In some cases, such as for diazepam, prescriptions are filled more frequently as 
the drug is more tightly controlled, and thus re-fills of prescriptions must occur more 

frequently. Thus, some drug-specific gap-window variation was also used.  

3.3.2.5 Statistical analysis: Cox regression, time-varying covariates and coefficients 

Follow-up for incident people with MS started from either 1 July 2006 or MS diagnosis date, 
and 1 July 2006 for all prevalent people with MS. Follow-up ended was date of first baclofen 

initiation, 31 December 2014 (end of follow-up) or death, whichever occurred first. Analyses 

were performed for incident and prevalent patients with MS separately.  

Cox regression models that produced hazard ratios (HR)146 were used to assess the 
association of the variables described above with spasticity treatment. A hazard ratio 

quantifies the difference in the rate of the outcome (hazard rate) at any given time between 
two groups. In this case, time was modelled using age for the underlying timescale. This is 
because MS is often diagnosed at different ages and can influence the course of the 
disease. Spasticity may be both a result of age-related changes in the body in conjunction 
with MS-specific changes. To include the effect of having MS over time, time from MS 

diagnosis was included as a secondary timescale. As a variable can be both varying over 
time in terms of its effects on an outcome (time-varying coefficient), but also the value of 
a variable can change (time-varying covariate),147 both aspects were considered when 
modelling. Therefore, when considering the proportional hazards assumption, (meaning that 
the effect of a variable can take on any magnitude or direction of effect, but that the 

association between a given exposure and the outcome is a constant function over time148) 
departures from proportional hazards were investigated in several ways. First visually by 



 

 41 

plotting rates on a number of scales, secondly through plotting of Schoenfeld residuals,149 

and thirdly by introducing an interaction term with the underlying timescale.148 

Variables that did not have proportional hazards over time and that were not of main 
interest, such as education, were modelled using a stratified Cox model.150 Time-varying 
covariates were used when modelling the effects of comorbid diseases before and after 
their diagnosis on the rate of spasticity treatment. DMTs were also used as time-varying 
covariates as individuals can delay treatment start. EDSS’s influence on spasticity 

treatment were investigated as a baseline characteristic, but also as a time-varying 
covariate as over time changes to EDSS scores are expected, and are not fixed over time.151 
As the effect of EDSS was not constant by age, an interaction between EDSS scores and 

age was introduced.  

Spasticity treatment discontinuation was also modelled using a time-to-event approach. 
As the specific time to discontinuation was of interest, failure functions were estimated 
which model the probability of failure at a given time conditional on being in the risk-set 
until the specific time point. Failure functions were stratified by specific MS characteristics 
such as disease course and EDSS score at time of starting spasticity treatment, as these 

two factors have been previously discussed to have an influence for starting spasticity 
treatment. Cox regression models were also explored with respects to factors affecting 
discontinuation, such as sex, and MS characteristics, but no factors other than EDSS and 

disease course affected the rate of discontinuation and were not further considered.  

3.3.3 Study III & IV: Pigmentation genes and MS risk and severity  

3.3.3.1 Study population, genotyping and classification of MC1R-TUBB3 SNPs 

Both Study III and IV included all individuals from EIMS, GEMS, IMSE and STOPMS who had 
been genotyped using the Illumina Human OmniExpress array, had imputed genotypes and 

passed quality controls as described above in genotyping and imputation. Three study 
populations were derived: the first included cases of MS and controls for the MC1R-TUBB3 
SNP association with MS risk analysis; the second included the cases of MS and controls 
who also had questionnaire information and data linked from Swedish registers for inclusion 
into the environmental/lifestyle analysis; and the third was individuals with MS who had first 
and last EDSS information from the MS Register for the MC1R-TUBB3 SNP association with 

MS severity analysis. Study populations two and three were nested within the first 

population. An overview of the study design is provided in Figure 7. 

The MS diagnosis of study population one was verified using individual study data, National 

Patient Register and MS Register data. For the second population, individuals were included 
only if they: had no missing year of birth or index year (date of MS onset/diagnosis or 
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matching); were born in Sweden; and who did not migrate between birth and index year. 
Migration and birth outside of Sweden were in order to ensure that individuals had similar 
possibility of specific exposures such as sunlight and other factors in Sweden. The third 

study population included only individuals with MS who additionally had a first or a last EDSS 
score and an accompanying date of assessment in the MS Register. Additional details for 
study populations one and two are described in Study III’s manuscript and study population 

three is described in Study IV’s manuscript. 

3.3.3.2 MC1R-TUBB3 SNP associations to MS risk using MLMA-GREML 

The MC1R and TUBB3 are located on chromosome 16 in genome assembly GRCh37 (hg19) 
at base pairs 89,978,527-89,987,385 and 89,985,733-90,002,500 respectively. All variants 
from these positions were extracted. Additionally, in order to consider possible regulatory 

element effects, variants one kilobase upstream of MC1R and downstream of TUBB3 were 
also included. Within these positions, five known RHC variants were available: rs1895005, 
rs2228479, rs1805007, rs1805008, and rs885479. We analysed RHC variants, as well as 
expanded the analysis to all available variants within the MC1R-TUBB3 region. This was to 
be able to infer from possible significantly associated SNPs as to whether the MC1R or the 

TUBB3 regions were associated to MS. Analyses were first performed including all 
individuals, then stratified by sex. Given our cases and controls are sex-matched, a fully 
stratified analysis is necessary. P-values were corrected using both a false discovery rate 

correction and a Bonferroni correction.  

Analyses of the association between MC1R-TUBB3 and MS risk were performed using 
mixed-linear model association-genomic relatedness based restricted maximum-
likelihood models (MLMA-GREML).131,132,152 This model uses a GRM in order to control for 
population stratification, as was described above. This analysis could also have been 
performed using logistic regression and correcting for PCs in a single SNP analysis approach, 

but the MLMA approach was chosen instead for several reasons: the models are better able 
to detect associations if they exist due to better power, especially important when 
considering the low-frequency variants with MC1R-TUBB3; and they avoid false positives 
when there is an underlying population structure by applying a correction specific to the 
population. In contrast to a single SNP association model, the MLMA fits all SNPs of interest 
as a random effect, which accounts for linkage disequilibrium between the SNPs. Despite a 

MLMA model being a linear-type model with typically a continuous outcome, it can also be 
applied to case-control data through use of a linear transformation.132 We applied this 

transformation in order to report the effect estimate, ORs, for associated SNPs. 

When using the MLMA model in the case-control setting, it is imperative that the genetic 
data are thoroughly quality checked, as is performed in our data, in order to avoid 
genotyping errors that may lead to cases being more similar to one another. This is less 



 

 43 

likely when an outcome is continuous, as it is less likely to have associations in a specific 

direction associated with a SNP. It is more likely to occur with a binary outcome.  

This type of SNP specific analysis is of relevance, even in the era of GWAS analyses. GWAS 
are extremely powerful tools, provided there is sufficient sample size in order to detect 
small effects. As GWAS sample sizes and international consortiums work together to 
analyse SNPs, more SNPs are being shown to be associated with MS. Where a GWAS falls 
short is in the case of SNPs with a small effect or of a low frequency as these effects will 

likely not be detected in a GWAS analysis due to the large number of SNPs analysed, and 
the heavy correction applied to the p-value in order to avoid false positives. This is where 
a MLMA model for analysing specific SNPs of interest, or in this case a specific locus, is 
useful. Additionally, determining sex-specific effects through stratification further reduces 
the power to detect associations in a GWAS. By using a hypothesis-based, SNP-based 

approach and a MLMA model we are more likely to be able to detect an effect over 

traditional GWAS analyses.  

3.3.3.3 MC1R-TUBB3 SNP associations to MS severity using MLMA-GREML 

3.3.3.3.1 Overview of cross-sectional study design 

A cross-sectional study design was employed in Study IV. All available people with MS from 
the epidemiological study data (EIMS, GEMS, IMSE, STOPMS) were included provided they 
had a measurement of their disease severity as measured by EDSS. People with MS were 
further stratified based on their MC1R SNP status, and the outcome was their disease 
severity. Although a cross-sectional approach is not the most ideal study design in the 

context of repeated measurements in MS severity, it allows for examination of initial 
associations and influences of variables on a possible association to be identified. Although 
time effects cannot be explored, some measures such as weighting the outcome based on 
age, can provide an idea of possible timing aspects with respects to exposure and outcome, 

as was done in this study.  

In order to test the association of RHC MC1R-TUBB3 variants with MS severity, as similarly 
described above for MS risk, first or last EDSS scores were converted to the ARMSS score. 
ARMSS score was log-rank inverse transformed in order to produce a normally distributed 
score. This transformed score was used as the outcome for either the first or last ARMSS. 

Note that not all individuals had both a first or last score, therefore if only one score was 
recorded, it could be repeated for both analyses. As ARMSS has been shown to be robust 

in classifying individuals’ MS severity when measured at any time, this is acceptable.  

A MLMA-GREML approach was also used, with first and last log-rank inverse transformed 
ARMSS used as a continuous variable in separate analyses. Fully sex-stratified analyses 
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were also performed, as patterns of severity and progression have been shown to be 

different among males when compared with females.  

3.3.3.4 Top associated MC1R-TUBB3 SNPs and individual environmental and lifestyle MS 
risk factors 

SNPs identified as associated with MS risk in the MC1R-TUBB3 SNP analyses were included 
in this subsequent analysis, which investigated whether associations in MC1R-TUBB3 were 
independent. Logistic regression models, adjusting for the first five PCs and matching 
variables (age, region of residence and sex) also included other relevant, known risk factors 
for MS. Analyses were stratified by sex to determine sex-specific effects, and multiplicative 

interactions between the known MS risk variable and MC1R-TUBB3 SNP were investigated.  

Specific MS risk variables that were included were in three categories: 1) Vitamin-D and 

sunlight; 2) underlying genetic risk of MS, and 3) established lifestyle risk factors for MS.   

1) Vitamin-D levels could not be assessed directly, however a GRS for the likelihood of 
having low vitamin-d blood serum levels was used as a proxy using five of six risk 
variants that were in the GWAS by the SUNLIGHT consortium for serum vitamin-D 
levels.135 This SUNLIGHT consortium’s variants were chosen as the six variants 
explained still a good portion of variance in serum vitamin-D levels as was found in 

a later, larger GWAS that included many small-effect variants (a total of 143 
variants)153. The specific SNPs used are found in Supplementary Table 1 of Study III. 
The GRS was calculated as described above. Individuals with missing SNP 
information were assigned the major alleles among controls. Sunlight was measured 
by region of residence as a proxy, as categorized into three main regions of Sweden: 
Norrland (northern, includes Umeå), Svealand (central, includes Uppsala and 

Stockholm) and Götaland (southern, includes Gothenburg and Malmö).  
2) Self-reported data from the EIMS, GEMS and IMSE questionnaires was used to 

assess whether individuals had first-degree relatives with MS. Thus, the underlying 
genetic risk of MS was measured by proxy using this measure. 

3) Two main lifestyle risk factors for MS are smoking and BMI. Both of these were also 

assessed from the questionnaire data. Smoking was assessed prior index date (date 
of MS diagnosis or matching), through self-reported years or ages of smoking and 
was categorized as ever vs never. Height and weight were reported at age 20 years 

and BMI was calculated and categorized as <18.5, 18.5-24.99, 25-29.99 and 30+. 



 

 45 

 

Fi
gu

re
 7

: S
tu

dy
 II

I a
nd

 IV
 s

tu
dy

 d
es

ig
n,

 v
ar

ia
bl

es
 u

se
d 

in
 e

xp
os

ur
e 

an
d 

ou
tc

om
e,

 a
nd

 s
ta

ti
st

ic
al

 a
na

ly
se

s.
 



 

46 

3.4 Ethical considerations  

Research at its core should be composed of good biomedical ethics. Biomedical ethics 
traditionally is composed of four grounding principles: beneficence, non-maleficence, 

respect for autonomy and justice. Often thought of as separate topics, these intertwine 
throughout research. Two additional topics that fit within these principles, important to 

consider, are the researcher’s duty as well as personal biases.  

In this doctoral thesis, large, comprehensive datasets including personal medical history, 

specific disease history, demographic data, self-reported data about one’s life as well as 
entire genotypes have been linked together. Much of these data do not require informed 
consent for collection, but for inclusion in specific disease registers such as the MS 
Register, or inclusion in EIMS, GEMS, IMSE or STOPMS, informed consent was required. I 
feel the duty of the researcher is both to the scientific community, but also to the 

individuals consenting to use their data and directly contributing data. This means 
responsible handling of the data as according to Swedish and European data-protection 
laws, but also respecting the decision of Sweden as a nation to collect and record this 
data, that the collected data would do no harm and that it will have a purpose. This means 
not only ensuring studies are feasible and do no harm, but also considering the relevance 

and the purpose of the study before extracting or collecting data. I also believe that it is 
the researcher’s duty to remember that there are very real individuals who are behind the 
numbers in the dataset, and in this way, this allows respect for individual autonomy among 
individuals who consented to data collection. This is especially important in the context 
of register-based research not requiring informed consent. Recognizing persons included 

within the study as a person also helps to identify how the research can beneficial.  

Personal-bias in research is not often discussed within a scientific manuscript. A number 
of other types of bias such as biases arising from data collection, or bias arising from 
disease classifications can reliably be found in a scientific article’s strengths and 

limitations section, in particular in epidemiological studies. The question here I would like 
to consider is whether our own personal biases influence our research. We as scientists 
are trained to think objectively, without preconceptions and to be guided by established 
scientific evidence. Of course, this is not always possible. One decides how their will 
investigate a disease, as I have done in my thesis. My point of view is that MS is a 

neurological, immunological disease. If I am incorrect in this perspective, it is possible I 
could do more harm than good if results lead to a false conclusion. Societal bias and 
understanding may also influence personal bias or understanding. This can be seen 
throughout history as knowledge changes and is modified over time. For example, it was 
not long-ago that germs as we known them were thought not to exist, the benefit of hand-
washing was a myth and disease was simply an imbalance in the body prior to Ignaz 

Semmelweis’ disruption of this way of thinking only a short 160 years ago.154  
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Empirical science seems to have an answer to the personal bias or societal bias problem, 

if it does influence research. The answer is that empirical science has a self-correcting 
feature even in absence of personal bias. Evidence-based research methods allows for 
scientifically established facts to be changed and modified in the presence of new 
evidence. With respects to MS, even within the relatively short-time I have been directly 
involved in MS research, facts have been established and refuted. Some changes include 

the acknowledgement of a prodromal period not previously thought to be present in MS, 
the acceptance of smoking as an established risk factor, and evidence of both white and 

grey matter of the brain being affected.  

Although I have done my best to not allow personal bias to influence my research, it is 
reassuring and daunting that this self-correcting feature of science may either correct, 
refute, or confirm the results of my studies. In this context, it is less important to consider 
if one is “right”, but rather how far one might be from the “truth”. In ensuring the usefulness 
of my research, in this context to people with MS and also other researchers in MS, I am 
then working to also form a small collection of evidence, which help to fit into the current 

knowledge of MS as a disease. This means it is my additional duty to contribute to 
evidence, and recognize the limitations of my own research simultaneously, in order to 

make room for new theories, information, methods and evidence to steer my research. 
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4 Summary of key results 
This section will summarize the results from each of the studies included in this thesis. 

Study I: Pneumonia as a risk factor for MS 

Diagnoses of pneumonia, IM, and UTIs were rare, as fewer than 1% of either cases and 
controls had this diagnosis. Given few individuals had repeated diagnoses of pneumonia, 
it was dichotomized as ever versus never. Pneumonia as a primary or secondary diagnosis 
among individuals aged 11-15 years showed the highest magnitude association with MS 

risk overall even after inclusion of UTIs, IM, and education in models (Table 5). Using MS 
definition 1, pneumonia between ages 11-15 years showed a statistically significant 
association with MS with an OR of 2.00 (confidence interval [CI] 1.22-3.27). Considering 
individuals with at least two MS diagnoses from the National Patient Register or a record 
in the MS Register decreased the number of MS cases by 8% (n=517), but the association 

of pneumonia ages 11-15 years with MS remained consistent and only decreased 
marginally in magnitude (OR of 1.90, CI 1.12-3.23). UTIs showed no statistically significant 
association with MS risk, although they were more common in ages 16-20 years. Sex-
specific associations were of interest but exposure numbers were too few to be able to 
stratify analyses. In general, UTIs were more frequent among females than males, however 
no specific pattern was observed with pneumonia diagnoses. Similar results, although of 

reduced magnitude, were observed for pneumonia in sensitivity analyses among people 
diagnosed with MS over age 30 years.  

Table 5: Association of pneumonia with MS in childhood and adolescence with urinary tract 
infections as a control infection for reverse causation. 
 MS definition 1: MS diagnosis over age 20 

years from the MS Register or National 
Patient Register.  

MS definition 2: 2+ MS diagnoses over age 
20 years from National Patient Register or 
record in MS Register.  

 Cases 
n (%) 

Controls 
n (%) 

OR (CI)  Cases  
n (%) 

Controls  
n (%) 

OR (CI) 

N 6109 49479  5592 43327  
Pneumonia 
Age (years) 

     

0-5 51 (0.83) 498 (1.01) 0.81 (0.61-1.09) 46 (0.82) 428 (0.99) 0.83 (0.60-1.13) 
6-10 16 (0.26) 161 (0.33) 0.79 (0.47-1.33) 15 (0.27) 147 (0.43) 0.77 (0.44-1.43) 
11-15 30 (0.33) 81 (0.16) 2.00 (1.22-3.27) 17 (0.30) 74 (0.17) 1.90 (1.12-3.23) 
16-20 19 (0.31) 112 (0.23) 1.31 (0.80-2.13) 17 (0.30) 94 (0.22) 1.27 (0.73-2.19) 
Urinary tract infections 
Age years) 

    

0-5 39 (0.64) 317 (0.64) 0.96 (0.69-1.35) 33 (0.64) 275 (0.63) 0.89 (0.61-1.30) 
6-10 27 (0.44) 195 (0.39) 1.10 (0.74-1.66) 24 (0.43) 169 (0.39) 1.16 (0.75-1.79) 
11-15 10 (0.16) 104 (0.21) 0.68 (0.35-1.31) 7 (0.13) 94 (0.22) 0.53 (0.24-1.14) 
16-20 60 (0.98) 362 (0.73) 1.30 (0.98-1.71) 54 (0.97) 317 (0.73) 1.30 (0.96-1.75) 
Abbreviations: CI: Confidence interval; Odds ratio: OR. Note: Odds ratios show the association of pneumonia 
to MS, conditioning on matching variables, adjusting for infectious mononucleosis, and highest attained 
education.  
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Study II: Spasticity treatment patterns 

Of the 5345 individuals with MS included, 34% were classified as incident and 66% as 
prevalent MS. In general, people with prevalent MS were older, had a greater proportion 
with progressive course, and had higher disability as measured by EDSS than individuals 

with incident MS. Of these individuals, 10% incident and 24% prevalent MS cases received 
and collected a prescription for baclofen. When widening the definition of possible 
spasticity treatments, 33% and 50% of individuals with incident and prevalent MS 
collected a treatment. Among those with incident MS, dispensed treatments proportions 
were: 31% baclofen, 1% clonazepam, 17% diazepam, 50% gabapentin and < 1% cannabinoids. 

Dispensed treatment proportions individuals with prevalent MS included: 44% baclofen, 
3% clonazepam, 20% diazepam, and < 0.5% cannabinoids. Overall, with increasing age, 
baclofen and other possible spasticity treatments increased in use. Prescribing reasons 
for each treatment are unknown, though baclofen is the most specifically used 

prescription for spasticity treatment among people with MS in Sweden.  

Strong sex-specific effects among both incident and prevalent MS were observed when 
considering models with disease course, time with MS, MS onset and year of MS diagnosis. 
Females were 25% less likely to receive baclofen than males. These sex-specific effects 
were attenuated when considering models where disability measured by EDSS were 

included. No interactions with sex were observed, pointing to disability being the more 

relevant indicator of baclofen treatment.  

When examining disease course and EDSS separately, individuals with progressive 
disease courses (PPMS or SPMS) were 4-7 times more likely to receive baclofen than 

RRMS among either the incident or prevalent MS individuals. Though over time individuals 
are more likely to convert to a progressive course, length of time with MS showed no 
association with baclofen and though not statistically significant, rates of baclofen 
dispensation decreased with increasing time with MS. Age at MS diagnosis increased the 
rate at which baclofen was received with a one-year increase in age at MS diagnosis 

resulting in a 1% increase in baclofen prescription (HR 1.01, CI 1.00-1.02), seen among 

people with prevalent MS. 

Associations of baclofen treatment with disability was measured using both EDSS at 
baseline and where it was allowed to vary over time. Baseline EDSS showed that increases 

in EDSS were also associated with increased baclofen treatment, though HRs for EDSS of 
3.0-5.5 to 6+ were similar in magnitude. When allowing EDSS to vary over time, age- and 
disability-specific trends emerged both among those with incident and prevalent MS. 
Individuals at younger ages and with greater disability had 2-3 times larger HRs as 
compared with older individuals of the same disability (Figure 8, table), and were of larger 

magnitude among those with incident MS. These age- and disability-specific rates were 

observed even after controlling for sex, age at MS onset, disease course and DMT use.  
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Among individuals using baclofen, discontinuation rates were very high, with 75% of all 

individuals discontinuing treatment within two years of initiation (Figure 8). When 
stratifying by disease course or EDSS, specific trends emerged. Individuals with 
progressive disease course or higher EDSS remained on treatment approximately 0.5 to 
1-year longer than individuals with RRMS or low EDSS (0-2.5), but they too discontinued 
within two years. People with RRMS and lower EDSS most often discontinued within 6-

months of initiation. These trends were observed both among incident and prevalent MS. 

Figure 8: Study II results at a glance. 
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Study III: Pigmentations genes and MS risk  

A total of 12 466 individuals were included in the MC1R-TUBB3 gene analysis, of which 
6585 were cases and 5881 were controls. Examining only the RHC SNPs, rs885479 showed 
a statistically significant association with MS that remained significant after correction for 

multiple testing (n=5) (Figure 9: OR 0.87, standard error [SE] 0.013 p-value < 0.05). 
Stratifying by sex (Females N=9203: 4777 cases, 4426 controls. Males N=3263: 1808 
cases, 1455 controls) showed sex-specific associations across two markers (rs2228479 
and rs885479), of which rs885479 remained statistically significant after correction for 
multiple testing (OR 0.83, SE 0.015, p-value < 0.01). No association was observed among 

males for any of the RHC SNPs.  

Examining the association of the entire MC1R-TUBB3 locus including 1Kb flanking regions 
with MS showed that rs885479 remained the most strongly associated variant. No other 
variants associated with MS. After correction for multiple testing (n=144), the association 

of rs885479 did not remain statistically significant. Stratifying by sex showed possible 
sex-specific differences, as smaller p-values were observed among females as compared 
with males. The same analysis with down-sampled females to ensure equivalent sample 
sizes between sexes showed that although still the largest magnitude association with MS, 

this SNP did not remain statistically significantly associated among females with MS. 

 
Figure 9: Association of MC1R red hair-colour SNPs with MS among all individuals and stratified 
by sex using mixed-linear model association methods. Models include correction for population 
stratification effects using a genetic relatedness matrix. 

The gene-environment analysis used the top-associated SNP rs885479 in logistic 
regression models to test its independence from other well-known MS risk factors. A total 

of 10 582 individuals were included (5674 cases, 4907 controls) as they had questionnaire 
and register-linked data. The analysis was performed for all individuals, and stratified by 
sex. The main results of the female-specific analysis are in Table 6 and showed that none 
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of the MS risk factors influenced the association of rs885479 with MS among females. The 

association remained consistent even when step-wise inclusion was performed for 
including the vitamin-D GRS, first-degree relatives with MS, smoking prior to index (MS 
onset or matching date) and BMI at age 20 years. Furthermore, none of these variables 
showed any effect modification with rs884379 (multiplicative interaction). Inclusion of all 
of the MS risk factors in the model alongside rs885479 further increased the magnitude 

of the SNP’s association with MS (OR 0.81, CI 0.71-0.93). Increases in the number of alleles 
of rs885479 also showed that homozygous carriers had a lower OR than heterozygous 
carriers and non-carriers (homozygotes OR 0.50, CI 0.27-0.95; heterozygotes OR 0.85, CI 

0.74-0.97).  

Table 6: Determining top-associated MC1R SNP rs885479-A independence from other known 
MS risk factors among females. Odds ratios were calculated using a logistic regression model and 
included principle components 1-5, cohort (EIMS, GEMS, IMSE), year of birth, and region of 
residence at index (index defined as year of MS onset or matching year). Risk factors included 
together in the model with rs885479.  
 

FEMALES N=7134 
 n Cases/Controls Odds ratio [95% CI] 
rs885479-A   
Non-carrier 3182/2976 1.00 
Carrier 444/532 0.81 [0.71-0.93] 
Vitamin-D genetic risk score 3626/3508 0.56 [0.26-1.20] 
First-degree relatives MS   
No 3376/3461 1.00 
Yes 250/47 5.33 [3.88-7.33] 
Smoking prior index   
No 1560/1816 1.00 
Yes 2066/1692 1.41 [1.28-1.56] 
Body mass index (BMI) age 20 years   
BMI<18.5 487/437 1.00 
18.5<=BMI<25 2744/2766 0.94 [0.81-1.08] 
25<=BMI<30 295/250 1.14 [0.91-1.42] 
BMI 30+ 100/55 1.80 [1.25-2.60] 

 

Study IV: Pigmentation genes and MS severity 

Individuals with MS with an EDSS score were included (N=6113, females=4448, males=1665) 
with analysis of the first and last score. Individuals were mostly of relapsing-remitting 
course, and with a low EDSS score (0-2.5). Median ARMSS score at first measurement was 

4. The first and last rank-inverse log-transformed ARMSS score tested the association of 
RHC variant to MS severity, and was performed among all individuals and stratified by sex. 
No association of RHC SNPs with ARMSS scores was observed once multiple-testing was 
accounted for using false discovery rate or Bonferroni corrections (Figure 10). There was 
some equivocal evidence to suggest a sex-specific effect for rs1805007 with last ARMSS 
among females (beta=0.12, SE 0.05, p=0.01), but this association did not pass correction 

for multiple testing using either false discovery rate or Bonferroni correction (tests 

corrected n=5, p=0.06).  
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5 Discussion 
This thesis explored aspects of MS aetiology and consequences through use of a 
combination of data sources and epidemiological methods. This thesis adds to a growing 
body of evidence of a critical risk period in MS risk; strengthens the importance of 
assessing time-related trends in the treatment of MS symptoms; shows that the same 

risk factors in the causes of MS may not be involved in the severity of MS; and investigated 
sex-specific effects. This section of the thesis will discuss aspects pertaining to each 

study, while also considering points of perspective and possibilities for future studies. 

Study I provided evidence in support of a critical risk period, and highlighted the relevance 

of examination of risk factors outside of a potential prodromal period. Hospital-diagnosed 
pneumonia was associated with increased MS risk in early adolescence at age 11-15 years, 
but not in earlier childhood or late teenage years. To further evaluate the possibility of 
prodromal effects, we included UTIs as a control infection. No association with UTIs were 
observed, indicating that reverse causation is not a likely explanation for the observed 

association with pneumonia in adolescence. 

Study II demonstrated age-specific and disability-specific associations with baclofen 
treatment use that to our knowledge is the first to do so. The use of a cohort study design, 
and inclusion of newly diagnosed people with MS made it possible to observe time-

specific associations that to our knowledge, were not previously reported. Younger 
individuals with increased disability as compared to older individuals of similar disability 
received baclofen treatment at higher rates. Sex differences previously shown in other 
studies were attenuated once specific MS characteristics such as EDSS were included in 
models. This study demonstrates that assessing the timing of symptomatic treatments 

in MS are needed to better understand the possible treatment needs and appearance of 
symptoms among MS patients. This study also showed that additional tolerable and 

effective treatments may be required given high discontinuation rates of treatments.  

Study III and IV in particular used a variety of methods and data sources in order to 
evaluate associations of the same risk factors prior to and after MS diagnosis. This was 
also in part the main source for the hypothesis of Study I as pneumonia occurs more 
frequently among MS patients. Study III showed a possible female-specific, genetic risk 
factor for MS. The results of Study III showed that the association with MC1R-TUBB3 was 
not modified by known risk factors for MS such as genetic susceptibility to low vitamin-

D, BMI or smoking prior to MS diagnosis. The same locus was considered with respects to 
MS severity, though no associations were found. Examining the same risk factors prior to 
and after the MS diagnosis can help to better determine the causes and consequences 

of MS to inform future study directions.  
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5.1.1 Critical risk period in MS development 

Methodological limitations in studying risk factors for MS 

Evidence of a critical risk period in the risk of MS is growing. Hypothesis surrounding 
adolescence as having a key role in MS pathogenesis have been alluded to, though few 
studies have investigated exposures in adolescence. The previous paucity of studies 

could be due to feasibility and practical reasons. A sufficient number of individuals who 
have had an exposure that is relatively uncommon, and also develop MS are difficult to 
recruit in a longitudinal study, taking years to achieve at great financial cost. An alternative 
method would be to include people with MS and ask them to recall whether they have 
had various exposures in adolescence, however it may be difficult or impossible to 

remember events in childhood and adolescence. Incorrectly remembering events can 
lead to misclassification of exposures, especially if both people with and without MS do 
not recall exposures in the same manner, causing recall bias. Nevertheless, even by 
collecting information from people with and without MS about possibly uncommon 
exposures may still not result in a sufficient number of individuals to be able to stratify by 
age-groups, or examine associations in additional groups. Another alternative is the use 

of register-based data, such as the data used in all Studies of this thesis, though register-
based data are also not free from possible error. Data in administrative-based registers 
such as the National Patient Register, and specialized disease registers, such as the MS 
Register, capture a wide-range of disease diagnoses and specific clinical characteristics. 
Yet, there is still missing data in the MS Register, in particular for repeated measurements 

such as EDSS and relapses though large efforts have been made to reduce the 
missingness.115 Furthermore, given the administrative nature of some of the registers, 
validity and accuracy of the diagnoses can be difficult to determine, though extensive 
work has been done to validate various diagnoses.116,118 When considering time-sensitive 
exposures, register-based studies minimize loss to follow-up, are not subject to recall 

bias, and nearly the entire population of MS patients in Sweden are eligible for selection 

into a study.  

Further evidence of a critical risk period  

Though all studies have limitations, use of various study methods and data sources help 
to triangulate evidence of a critical period in adolescence for MS risk. Evidence first 
emerged of a possible critical risk period in MS development in studies from the 1960s-
1970s. These studies were of migration from countries where the occurrence of MS was 

infrequent to countries where MS was more frequent.155,156 Kurtzke et al. found that 
migration prior to the age of 15 years was associated with an increased risk when migrating 
from countries of low MS prevalence to high prevalence and vice versa.155 These studies 
primarily hypothesized that reasons for the associations were due to infectious causes, 
in particular EBV exposure. However, the change in risk given migration from one country 
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to another also pointed to possible environmental and lifestyle influences due to country-

specific differences. A more recent study in Canada by Rotstein et al. confirmed age-
specific associations of migration with MS risk.74  Additional risk factors in adolescence 
have since emerged, many of which have been studies in Sweden. Concussion is among 
one of the exposures investigated, as one concussion between age 11-20 was associated 
with MS, increasing MS risk by 22% (OR 1.22, CI 1.05-1.42), with repeated concussions 

further increasing the risk by 133% (OR 2.33, CI 1.35-4.04).59,61 Increases to BMI in 
adolescence among conscripted males in Sweden also showed an association with 

increased MS risk.70  

Additional associations with infections in adolescence in addition to Study I have also 
been observed. In another study that was an expansion of Study I, in which I was a co-
author, a birth cohort was used to assess whether other types of infections were 
associated with MS.60 Using a similar aspects of study design as Study I, infections 
including pneumonia, IM, CNS infections and general respiratory infections among others, 
were investigated in broader age-groups (0-10, 11-20 years of age). This study found that 

any infection in adolescence was associated with MS risk (HR 1.33 CI 1.21-1.46), but 
particularly CNS infections in adolescence were associated (HR 1.85 CI 1.11-3.07). Though 
Study I used a positive control of UTIs, and the CNS infection study used a birth cohort, it 
was debated whether the associations with infections were due to underlying genetic 
susceptibility to infections. Study I and Xu et al.’s birth cohort study also showed 

associations with IM and MS, in which adolescence had the highest magnitude 
associations, yet this association also could have been due to increased susceptibility to 
infection. Therefore, a sibling-based study comparing siblings concordant for IM, in which 
I was also involved, investigated the association of IM and MS.157 A sibling-based study by 
design controls in part for environmental factors but also genetic factors. Both childhood 

and adolescence were associated with increased MS risk, with the highest magnitude 
associations in adolescence (childhood IM, HR 1.98 CI 1.21-3.23; adolescent IM HR 3.00 CI 

2.48-3.64).  

Further evidence of EBV’s involvement in MS as a likely element in causal pathways of MS 

development was recently published in 2022.67 Using data from individuals in active 
military service in the United States, the authors compared people with positive EBV to 
EBV negative serum individuals and showed a 26 times increased risk of MS (HR 26.5 CI 
3.7-191.6). They also complemented this result by showing that serum neurofilament light 
levels were not elevated at the time of infection, indicating that biological mechanisms 

involved in MS pathogenesis were not detectible.  

Relevance and points of perspective 

Understanding the possible influences of MS development are relevant to identify the 
mechanisms of MS to ultimately prevent it from occurring. MS is not a one-cause disease: 



 

58 

it requires a cumulative effort of multiple exposures in driving pathogenesis. The resilience 

of the body and CNS to withstand, repair and remain healthy when encountering possible 
compromising environmental and lifestyle factors coupled with an underlying genetic 
susceptibility to develop MS is overwhelmingly positive. Though, understanding these 
complex intertwinements and timing of factors in which MS then begins to develop in the 
research context is rendered more challenging, especially when overall contribution of 

each risk factors has a small effect. There may also be a point in which possible initial 
pathogenesis is reversed due to CNS resilience, but with a repeated or additional 
occurrence of risk factors, as observed with concussion, this may tip the scales faster and 
more certainly towards MS development. Future research should seek to understand 
what combination of factors are interacting detrimentally. Initially planned in this doctoral 

work was to combine genetic factors with IM, pneumonia and various additional forms of 
trauma to the CNS that was not limited to concussion. However, all three studies were not 
possible due to nearly no diagnoses of any of these factors among individuals who also 
had genotypes in data we linked to Swedish registers. Among nearly 16,000 individuals 
(both MS and non-MS), counts of occurrence were well under 30, making additional 

stratification by genes of interest, or even a MS genetic risk score unfeasible. Likely cross-
collaboration through large consortia or among several countries will be a relevant path 

to explore these possible associations.  

5.1.2 Sex-specific differences in MS 

All studies considered sex-specific effects in their initial study design. Examining sex-
specific effects in Study I was unfortunately not possible given the low number of 
pneumonia diagnoses in general. Study II investigated whether sex-specific effects 
remained after inclusion of other variables in models that included more than only disease 

course. Study III and IV’s main hypothesis was that there could exist sex-specific 
differences with respects to MC1R, sunlight and other lifestyle factors for both MS risk and 

severity. This section discusses possible sex-specific effects in further detail below.  

Sex differences in infections involved in MS risk 

Though Study I aimed to investigate sex-specific effects, stratification by sex resulted in 
several age-groups having very few occurrences of pneumonia, UTIs, and IM. This was a 
greater problem among males because of the sex-disparity in MS: fewer males are 
included as fewer have MS. Therefore, the lower number of infection occurrences among 

males could have been due to the lower proportion of males overall. If females had been 
down-sampled in this study, in a similar approach as to what was performed in Study III 
(see methods in the attached manuscript), it is possible that the already few occurrences 
of pneumonia and UTIs among females would have been further reduced. Nevertheless, 
sex-specific effects should be further investigated with respects to various infections. 

The finding of EBV as a plausible causal factor in the pathogenesis of MS67 (as discussed 
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above) is an exciting finding. Within the study population included, a third were female 

which is interesting as often active military personnel data include only men. Effects were 
estimated among all individuals, as numbers in general were small. Therefore, it remains 
unclear as to whether there exists a difference among sexes with respects to EBV and the 
association with MS. Possible sex-differences could indeed exist. A study of EBV in the 
United Kingdom found that EBV seropositivity and manifestation of IM occurred more 

frequently among females, especially during adolescence defined as age 10-15 years.158 In 
age-periods after 15, incidence of IM among males was greater than females overall.158 The 
occurrence of an IM infection that may have sex-specific or age-specific variation could 
have an impact for MS, given the sex-disparity and evidence to support an age-specific 
critical period for MS risk. Sex-differences in immune responses have been widely 

discussed, given females as compared with males have been described as having a 
greater innate and adaptive immune response to pathogens.159 Some evidence also seems 
to support age-specific effects acting in from birth to adulthood.159 One study examining 
inflammatory responses among adults showed marked differences in inflammatory 

responses among males and females.160 

Sex differences in symptoms of MS 

Not only can sex differences occur with respect to MS risk, but also with respects to MS 

severity and symptoms. This was one of the reasons to investigate possible sex-effects 
in Study II with respects to spasticity treatment. Previous studies indicated that males 
were more likely to receive spasticity treatment.38,161 Though initially an association with 
sex was observed in our study, once accounting for MS specific characteristics, sex 
differences were attenuated suggesting MS disability is a main influencer of spasticity 
treatment. It is important to be aware of possible symptomatic presentations between 

the sexes including their possible timing. Symptoms could be overlooked leading to 
treatment delay or attribution of symptoms to other causes. Differences could also arise 
due to variation in health-seeking behaviours between genders.162 Men tend to delay 
seeking care, which could lead to initial observations of spasticity treatment being 
required among males with more severe MS for example, or early appearance of 

symptoms among females could be dismissed. Not only does sex influence possible 
health-seeking behaviour, but other social determinants of health such as work, family 
and overall resources also have influences. Social determinants of health act through 
complex interactions, and so far, have been not well documented in the context of MS.163 
Though a recently published study in Sweden found that two-thirds of MS patients report 

restrictions in their work, family-life, leisure-activities and contact with their social 
network.164 These restrictions in particular were reported among women with MS, and may 
further influence health outcomes in MS or health-seeking behaviours. Poorer overall 
health can lead to additional symptoms of MS or a worsening of symptoms such as 
spasticity, and an increased burden of comorbid diseases.18 Sex-specific differences in 
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the prevalence of comorbid diseases among MS patients, including occurrence of mental 

health-related diseases, have been reported in Sweden18 which not only contribute to 
disease mechanisms of MS, but also complex feedback mechanisms in the social-
determinants of health.163 Additional studies of the timing of symptoms of MS and how 
they may be influenced by sex and other social determinants of health in conjunction with 
MS disease processes may help to better anticipate and meet both the pharmacological 

and non-pharmacological treatment needs of patients.  

Possible sex-specific differences in MC1R-TUBB3  

Study III demonstrated why sex-specific analyses are necessary, as the effects observed 
when stratifying by sex were only present among females. If only having performed the 
analysis without stratification, the effect observed in the joint analysis could have been 
interpreted as being present among both males and females in equal magnitude, which 
was not the case. Ensuring that causes and consequences of MS are considered 

separately among males and females can help to better understand MS, and why females 

are diagnosed with MS more often.  

Possible mechanisms for the involvement of the MC1R in MS risk are still unknown though 

involvement of MC1Rs in various diseases was discussed in the manuscript of Study III. 
Typically, MC1Rs have been studied in the context of melanocytes within the skin.96 Here, 
the reported biological mechanisms of MC1Rs will be discussed, along with some 

speculation about possible mechanisms in MS risk. 

Females in general tend to have increased skin sensitivity to sunlight, and tend to burn 
rather than tan in response to UVR.165 Two studies have found a difference in RHC MC1R 
mutations between the sexes, as only effects were observed among female carriers of 
RHC variants, though neither study had a larges study size.101,107 Mechanisms for this 

difference between the sexes are unclear.  

The expression of MC1Rs and the activation of subsequent pathways in the presence of 
UVR is a really interesting example of visible, direct interaction between gene and 
environment. In direct response to sunlight, the body upregulates the transcription of 
MC1Rs. UVR exposure helps trigger the cleavage of pro-opiomelanocortin protein 

(secreted by the anterior pituitary166) to adrenocorticotropin hormone, the direct 
precursor of the alpha melanocyte stimulating hormone (alpha-MSH), one of the main 
signalling hormones that binds MC1Rs.95,109The binding of alpha-MSH activates an 
intracellular increase of cyclic adenosine monophosphate (cAMP) triggering an increase 
in eumelanin production.167 Eumelanin provides greater UVR protection in melanocytes as 

it visibly causes the skin to darken. In individuals with RHC MC1R variants, eumelanin 
production is impaired, and pheomelanin, a lighter pigment is produced.167 This means that 
a lighter pigmentation is produced, providing less protection from UVR and causing skin 
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to burn in sunlight. The response of the melanocyte to activate melanin production is 

proportional to the amount of cAMP produced intracellularly.109  

Not only are MC1Rs found within melanocytes and for UVR protection, but they have also 
been implicated in immune signalling within the skin.168 They have been shown to reduce 

neuroinflammation after brain haemorrhage in rats169,170 and slow EAE progression in mice99 
though binding of a synthetic alpha-MSH molecule, NDP-MSH to MC1Rs. alpha-MSH has 
been shown to be a ligand for not only MC1R, but also to other g-protein coupled 
receptors in the melanocortin family, MC2R (adrenocorticotropic hormone receptor), 
MC3R and MC4R (MC3R and MC4R are expressed mainly in the CNS).171 These other 

receptors are involved in a number of functions, including adrenal functions, energy 
homeostasis, and food intake, sexual functions and exocrine function.172,173 It remains 
unclear as to whether mechanisms upregulated after sunlight exposure also causes 

increased binding of ligands to other members in the melanocortin receptor family. 

The possible hypotheses surrounding MC1R involvement in MS risk is further complicated 
by the fact that TUBB3 is in close proximity to MC1R as it too sits just downstream of MC1R 
on chromosome 16. Alternative splicing causes formation of a MC1R-TUBB3 chimer 
described by reviewed by Herriaz et al.174 Increases in alpha-MSH has been proposed as a 
possible stimulator of the chimeric formation as increases in alpha-MSH concentration in 

vitro shifted transcription of MC1R to the MC1R-TUBB3 chimer.110  Their study described 
that the consequences of the chimer formation are possibly lower cell membrane 
expression, and a reduction in activation of cAMP production pathways as compared to 
non-chimers when stimulated by NDP-MSH. A similar reduction in activation was 
observed in the same study among several of the RHC variant MC1Rs as well.110 

Furthermore, if TUBB3 expression and function in various cells other than melanocytes is 

affected by the formation of MC1R-TUBB3 chimers, this could plausibly provide an 
alternative hypothesis as to the influence of MC1R variants in MS risk. TUBB3 is expressed 
mainly in the CNS within neurons and is involved in microtubule dynamics.112 TUBB3 

variants have been shown to be involved in conditions such as epilepsy.175 

TUBB3 expression has been shown to be sensitive to changes in neuronal activity, with 
downregulation of TUBB3 influencing microtubule dynamics such as increase in growth. 
TUBB3 has been showed to be involved in microtubule dynamics, and responds to 
changes in neuronal activity.112 Further hypothesis of TUBB3’s involvement in MS could be 

due to its further role in microtubule dynamics as it has been shown to affect peripheral 
axon regeneration in dorsal root ganglion.111 The same study showed that TUBB3 knockout 
mice shown no apparent defects, further demonstrating possible compensatory 

mechanisms in upregulation of other tubulin forms in the absence or reduction of TUBB3.111 



 

62 

Though Study III found associations of MC1R with respects to MS risk only among females, 

whether it is the involvement of MC1R or TUBB3 in MS development remains to be 

determined.  

A note about investigating associations of sunlight with MS  

Study III and IV initially planned to directly investigate UVR as a possible modifier of any 
associations observed with MC1R-TUBB3. Sweden specific UVR data was obtained 
through the Swedish Meteorological Agency as they have measured surface UVR in watts 
per metre squared at 10 active locations, spread over Sweden every hour since 1983.176 

Given the UVR coverage was not uniform in all regions of Sweden, the data from stations 
in each of three geographical regions of Sweden was combined into Norrland, Svealand 
and Götaland, similarly to how region of residence was categorised in Study III and IV. The 
idea was to calculate potential UVR exposure in different age-groups to be able to 

determine possible interactions with MC1R-TUBB3.  

However, differences between the regions in terms of UVR were specific to each region 
with nearly no overlap when examining in cumulative UVR measures between regions. This 
meant that using the UVR variable versus the region of residence variable made no 

differences in models, and was likely measuring UVR exposure by proxy, as they were 
nearly 100 percent correlated. Thereby adjusting for region, one was effectively adjusting 
for possible UVR exposure. Additionally, given measurements of UVR began only in 1983 
meant individuals born in or after 1983 could be included. This meant that there were too 
few individuals to adequately stratify by region in the risk analysis (given the matched 
nature of the data) to investigate sunlight effects, or in the severity analysis as only 

individuals with MS were included.  

The possible specific mechanisms of how UVR or sunlight is involved in MS remains to be 
determined, though pathways of vitamin-D production are influenced by UVR exposure. 

UVR on average has increased 0.3% per year and sunlight 0.7% per year since 1985 in 
Sweden,176 which may have implications for MS risk and progression. Changes in behaviour 
surrounding sun-protection have also changed over time as awareness of melanoma has 
grown over time, in particular among women who report increased sun-avoidance 
behaviours.177  Increased sun-avoidance behaviour may be cancelled out, at least in part, 
by the increases in yearly UVR, and sun-avoidant behavioural effects in MS are unclear. 

Additionally, some of the key risk factors associated with MS risk such as smoking may 
impact sun-related behaviour. In particular, a Swedish study found associations of 
smoking with increased sun-exposure among women.178 These are complex factors to 
tease apart, especially given the additional intertwinement of UVR directly influencing 
production of serum levels of 25-hydroxyvitamin D and their involvement in MS risk and 

progression.179  The investigation of these factors in an observational study context is also 
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difficult, though mendelian randomization studies have shown that low vitamin-D are risk 

factors for MS,90 which prompted its use in Study III.  

Points of perspective in determining sex-specific associations in MS  

Sample size issues in conducting sex-specific analyses may well be the reason for why a 
greater number of studies have not performed sex-specific analysis. Faced with a choice 
between presenting an association versus and no association if using stratification, the 
main association is presented. Though statistical significance does provide a type of 
standard to adhere to when interpreting and presenting results, this can result in negative 

results remaining unpublished. The clinical relevance of presenting non-statistically 
significant results when performing sex-specific analyses should not be ignored, 
especially in the field of MS when a clear sex-difference exists. One suggestion would be 
to provide sex-stratified analyses in supplementary material, or mention of sex-specific 
effects could be made a reporting requirement of studies. Sex is nearly always included 

as an adjusting factor or confounder. If the effects of sex are in opposite directions 
between sexes when including sex in the model, the result would likely be null, or if an 
effect is present only among one sex, it may render the effect not statistically significant. 
This was observed in Study III with the overall effect among all individuals was smaller than 
the effect among only females. The overall effect estimate was biased towards the null 

effect when including sexes together. However, as in Study I, the total number of 
exposures among males and females when stratifying analyses resulted in categorizations 
of fewer than 10 per age-group, and in some cases even fewer. Reporting possible 
associations here are unreliable, and it is unclear as to what their purpose would serve 
other than for speculation. A careful balance between reporting null or insignificant 
findings with scientific integrity should be weighed when investigating sex-specific 

results. Though the cross-collaboration of several countries may help to rectify the 
numbers problem, care should be made when considering exposures between countries 

with respects to their generalizability.  

5.1.3 Considerations in understanding the severity of MS 

Effort was made in the studies comprising this thesis to understand MS from both sides 
of the diagnosis. The causes of MS may not be analogous with the consequences of MS, 
though some overlap seem apparent, in particular with respect to factors increasing 
inflammation. Inflammatory activity is thought to be involved in initiation of MS 

pathophysiology as inflammatory lesions and markers are present51 and include the likely 
involvement of pro-inflammatory markers in the breakdown of the BBB.180 The involvement 
of the immune system and inflammatory activity in MS risk is evident when considering 
the multitude of immune-related genes that are associated with MS susceptibility. Yet, 
no susceptibility variants are associated with MS severity as shown in the latest MS 

severity GWAS (author manuscript).86  
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Study IV was unable to show an association of RHC MC1R variants to MS severity as 

measured by ARMSS. This result, although not initially hypothesized, may not be entirely 
unsurprising in light of the results from the MS Severity GWAS. If MC1Rs speculated 
involvement in MS pathogenesis is via immune-mediated responses or inflammatory 
aspects, then it is possible it would not be captured in MS severity. The MS Severity GWAS 
found an association, and a suggestive association with ARMSS of genes involved in CNS 

resilience. This suggests possible neurodegenerative pathways over inflammatory 

pathways as immune-related genes were not associated to MS severity.86 

It is also possible that some initial effects of identified MS susceptibility variants, or the 

MC1R-TUBB3 variants as in Study III, may exert their influence in earlier years proceeding 
MS diagnosis, and possibly among individuals who have a relapsing versus progressive 
course. Increases in the severity of MS as measured by EDSS often occur during or post-
relapse activity, and can return to normal, or near-normal baseline severity in the short-
term, and for many years thereafter. When disability increases occur outside of short-
term relapse activity, the changes are often not as drastically increased, therefore the 

exposure of interest and its influence for MS severity may be difficult to detect at a 
sufficient level for meaningful interpretation. This is especially difficult if the effect of 
genetic factor exerts only a small influence on MS severity overall. The ability to detect an 
effect is further compounded by the frequency at which an allele presents in a population. 
The less frequent the allele in combination with a modest effect size will make it 

increasingly difficult to detect associations. This combination, small exerted effect with 
possible low-frequency variants, is a reality of Study IV with respects to the RHC MC1R 

variants.  

It may also be that EDSS, and derivatives thereof including ARMSS and the MSSS, may not 

be sensitive enough to measure smaller changes to MS severity, or measure various 
aspects of MS severity. MS leads to a multitude of additional symptoms, such as 
spasticity and cognitive problems, that are underrepresented in deriving EDSS. The 
natural variability of MS also means that many patients do not progress at a similar rate, 
or with a similar increase in severity when measuring EDSS. As found in one study, patients 

can also remain relatively stable in their EDSS scores for up to 15 years181 though increases 
in severity are more rapid among PPMS patients than RRMS.182 RRMS patients increased in 
mean EDSS scores by only approximately 1.5 points over a period of 15 years in another 
study and severity was higher among males as compared to females.182 This is evidence 
of a rather small change over a long period of time that can be difficult to capture, even 

through use of clinically based register-data in the Swedish MS Register.  

Furthermore, changes to diagnostic criteria over time means that when comparing 
individuals from their MS diagnosis over different time-periods, initial severity 
measurements could be very different. For example, today, a person would receive a MS 

diagnosis where 20 years ago the same person would have received a diagnosis of 
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clinically isolated syndrome.19 Not only could initial EDSS scores be very different, but the 

disease trajectory of a current patient may remain stable for a greater number of years, 
especially in the era of highly-effective DMTs. Examining associations with a broader 
spectrum of measures of MS severity may prove to be relevant in determining the 
biological underpinnings of disease progression. Development of additional methods to 
capture aspects of MS severity may be necessary that are more sensitive to changes in 

both the short and long-term.  

A note about GWAS in the context of spasticity 

One possible measure of MS severity was thought to potentially be spasticity and GWAS 
of spasticity was originally planned as part of Study II. This was due to evidence that 
spasticity affects patients who have a progressive course or an increased disability as 
measured by EDSS, which we were able to partially confirm through associations with 
spasticity treatment in the first portion of Study II. Thus, we wanted to identify if there 

were genetic associations to spasticity, as it could be possible that spasticity is a marker 
of increasing progression. We initially believed we could use spasticity treatment as a 
proxy for spasticity as the outcome, measured through use of any possible spasticity 
treatment as defined in Study II (use of any of baclofen, gabapentin, diazepam, 
clonazepam or cannabinoids). In fact, we performed a GWAS that was presented at the 

29th European Charcot Foundation Congress in 2021 where we showed that there were 
two possible suggestively associated SNPs with spasticity. However, the analysis after 
that presentation was expanded to try to better understand the reliability of our results, 
and considerations to how results were to be replicated were also discussed. We realized 
that the main outcome of any spasticity treatment was non-specific and overlapped 
greatly with possible pain and seizure treatments. We then modified the definition of 

spasticity treatment to the more specifically prescribed baclofen. The GWA was re-run, 
with results that were different from the first run with any spasticity treatment as the 
outcome. Stratification of the results revealed inconclusive results, given the reduced 
sample size which was likely not sufficiently large to be able to detect a statistically 
significant result. As a part of the main spasticity analyses, we also wanted to understand 

not only factors that influenced the start of treatment, but also how quickly individuals 
discontinued. Up until this second attempt at a GWA, discontinuation had not been 
completed. The striking, rapid decrease in spasticity prescriptions we observed raised 
questions about whether individuals truly had spasticity, or if they had mild spasticity for 
which the adverse side-effects of baclofen outweighed the benefits of continuing 

treatment. Through treatment patterns alone, this could not be deduced. We became 
additionally certain that we were measuring treatment patterns reliably, but not spasticity 
itself. The patients we could be most certain had spasticity were those that persevered 
taking baclofen, though they were extremely few. Consequently, the GWA was rendered 
impossible at this time, and was removed from further consideration. In order to be able 
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to appropriately conduct a GWAS in which we can be more certain with respects to 

whether individuals have spasticity, an alternative way to identify individuals with 

spasticity is necessary. 
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6 Conclusions 
Through the studies of this PhD, we have contributed to the understanding of risk factors 
for MS aetiology and consequences in several ways. Study I and extensions thereof have 
shown increasing evidence for adolescence as a critical risk period in MS. Study II 
highlighted the importance of assessing time-related trends with respects to 

symptomatic treatment of spasticity among MS patients and identified that more 
effective or tolerable treatment alternatives may be necessary in the long-term 
management of MS. Study III found a female-specific genetic risk factor for MS in the MC1R 
that remained independently associated with MS after consideration of other known MS 
risk factors. Associations of the same MC1R variants were investigated after the MS 
diagnosis with MS severity, though no associations were found with MS severity. This 

highlights the relevance of examining the same factors before and after MS diagnosis to 
better understand their involvement in MS. Finally, all studies tried to consider sex-
specific effects given the large sex-disparity in MS. Understanding whether causes and 
consequences of MS are different among males and females can help to better 

understand MS and why females are more affected.  

Ultimately, central to MS research are the people affected by MS. Understanding the 
causes of MS can help in investigating new ways to prevent MS in the hopes of reducing 
the incidence of MS. Understanding whether the same causes of MS are acting to increase 

the severity and progression of the disease can help to treat and manage the symptoms 
of MS to limit restrictions to daily life. Ascertaining the timing of symptom presentation 
for better treatment management may help identify early signs of progression, and 

reduce disability.  
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