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ABSTRACT

Amyotrophic lateral sclerosis (ALS) isralatively rare butfatal neurodegenerative diase
characterized by progressive muscle |yars due to loss of upper and lower motor neurons
Signs of neuroinflammation have been reported in ALS, however it is dtilown whether
neuroinflammationis a cause or a consequence of the motor neuron dysfunction.
Neuroinflammation may also be ookthe mechanisms underlying the overlap between ALS
and other neurological, neuromuscular, and psychiatric disorders. Among neuromuscular
disorders, the most studied disorder in association with ALS is multiple sclerosis (MS). MS is
a complex disease dfé central nervous system (CNS) characterizeghbynicinflammation,
demyelination, andeurodegeneratior link between MS ang@sychiatric disordersas also

been proposedin this thesis we explored thassociations ofdifferent correlates of
neuroinfammation including physical and cognitive fitness in early life (Study 1),
neurodegenerative and psychiatric disorders (Study 1), neuromuscular diseases (Study lIl),
depression and antidepressants use (Studyittf)the risks of eitheALS or MS.

In Study I, we investigated the association between physigedlcognitivefitness in young
adulthood with future risk of ALS. The study population included 1,838,376 Swedish men aged
17-20. Information on physical fithess, body mass index (BMI), intelliggnogient (1Q), and
stress resilience was retrieved frita Swedish Conscriptiondgister between 1968 and 2010.
Information on subsequent ALS diagnosis was retrieved from the Swedish Patient Register.
There were 439 incident cases of AdiBingfollow-up.Higher physical fithess was associated
with an increased risk of ALS before age 45, while higher &itled to bassociated with a
lower risk of ALS at all ages. Higher IQ was associated with an increased risk of ALS at age
56 and onwards, whereas higlséness resilience was associated with a lower risk of ALS at
age 55 aneéarlier These results indicate that physical fithess, BMI, 1Q, and stress resilience in
young adulthood are associated with the developmerdrbf onset ALS

In Study 1l, we exammned the risk of neurodegenerative and psychiatric disorders among
individuals with ALS compared to individuals free of the disea$be study population
included 3,648 individuals with ALS and 36,480 agsex, and countyof-birth-matched
controls from he general population. In addition, wstimatedhe risk of neurodegenerative

and psychiatric diseases among the relatfed_S patientscompared to the relatives of the
controls,to assess the potentialntobution of familial factors. Adividuals wth previous
neurodegenerative or psychiatric diseases had an increased risk of ALS, compared to
individuals who did not have thedeseasesAfter diagnosis, ALS patients had increased risks

of neurodegenerative or psychiattiseasescompared to individialsfree ofALS. Firstdegree
relatives of individuals with ALS had higher risk of neurodegenerative diseases compared to
relatives of controls. Children of ALS patients had higher risk of psychiatric disorders,
compared to children of controls. Thereasedrisk of neurodegenerative disordeasiong
relativesof ALS patientsmay beattributable to th@verlapping etiopathogenesi§ different
neurodegenerative diseasebeTincreased risk of psychiatric disorders among ALS patients



and their children malge due to nomotor symptoms of AL®r asevere stress response after
the diagnosisf ALS.

In Study 11, we aimed at validating the @xcurrence of ALS and other neuromuscular
diseases, investigating the temporal relationship between the diagnosesiracal cl
characterists of patients wittbothALS and other neuromuscular diseases. Using information
from the Swedish Patient Register, we identified all patients diagnosed with ALS in Sweden
between 1991 and 20l14vho had also aconcurrentMS, myastheniagravis (MG),
inflammatory polyneuropathies (IP), or dermatopolymyositis (DMPM). The group included
263 patients. We validated medical records for 92% of these patients to confirm the overlap.
Then we compared patients with a confirmed overlap (N=28) aitindegndent sample of
patients withonly ALS (N=271). Amongthe patients with a validatedverlap 12 had a
confirmed diagnosis of MS, nine a confirmed diagnosis of MG, four a confirmed diagnosis of
IP, and three a confirmed diagnosis of DMPM. Seweitg percent of the patients with a
confirmed overlap had these diagnoses prior to ALS. Compared to patients with only ALS,
patients with a confirmed overlap were older at symptoms onset, had higheempcevaf
bulbar onset, but usetiluzole and nofinvasive ventilation less frequently. These results show
that neuroinflammation around the motor unit mighigger ALS in a small subgroup of
patients.

In Study IV, we estimated the risk of depression and antidepressants prescaipioog
patients with relagingremitting MS (RRMS) and explored th®-directional relationship
betweerdifferent disease modulatory therapies (DMais)l depression or antidepressants use

We included 4,867 patients with RRMS who were diagnosed in Sweden between January 2005
and Setember 2018 and did not have a diagnosis of depression or antidepressants prescription
before initiation of their first DMT. We compared the risk of depression (defined by diagnosis
or antidepressants prescription) in relation to different DMTSs, usiagaenbns as the reference

and examined DMT discontinuation or relapse in relation to depression. RRMS patients treated
with rituximab had a decreased risk of depression, compared to patients treated with
interferons. No differences were found for other DiM&xamined (dimethyl fumarate,
fingolimod, and natalizumapyompared tinterferons. Depression was not associated with the
risk of DMT discontinuation oMS relapse. These results provide evidence for a lower risk of
depression amori@RMS patients treatewith rituximab, compared to interferons.

In conclusion results from the studies included in this thesis support the notion that
neuroinflanmation mightprecede the onset of ALS. In addition, different neurodegenerative
diseases might share comnthsease mechanisms including neuroinflammatidmereduced

risk of depressionn relation totreatment with rituximalamong patients with RRMS also
suggests that neuroinflammation might underlie the link between psychiatric disorders and
neurodegenerative @iases because rituximaiay modulate both the M%&nd depressien
relatedinflammaton.
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1 INTRODUCTION

The term fAineuroi nfl ammat udesthe inflamratory sesppbngest h e
within the central nervous system (CNS). Neuroinflammation is a pathological component of
several neurodegenerativeahss.

Amyotrophic lateral sclerosis (ALS) is ralatively rare neurodegenerativdisease which
usuallyhas its onset between age 40 andI@@ALS, a progressive loss of upper and lower
motor neurons leads to paralysis and wasting of the muscles, causing progressive disability
and, ultimately, deatloftendue to respiratory failure. Different signs of n@aflammation

have been observed in association with ALS, but the causal relationship between them remains
unknown. Because neuroinflammation has been reported in association with other
neurodegenerative @ass, and with neurological and psychiatric ddsrs generally
neuroinflammation may also be one of the mechanisms that explain the overlap between ALS
and thesediseasesMultiple sclerosis (MS) is the most studied neuromuscular disease in
association with ALS.

MS is acomplex diseases of the CNBaracterized bynflammation, demyelination, and
neurodegeneratioin most patients, MS is diagnosed after the onset of clinical symptoms,
whichcanbepartially or totally reversiblérelapsingremittingMS, RRMS) There ishowever
greatvariation in symppms presentation and disease course. Currently, there is no available
medicationthatcan cure MSbhut several treatment options are available to redyogtons
severityandrelapsdrequency Similar to ALS, the risk of psychiatric disordéras also ben
reported to bencreased amoniglS patients.

In this thesis, we explored the relationship betwdi#farent correlates afieuroinflammation
with the risks ofALS (Studes 1, 1I, and Ill) and MS (Study IV).



2 ALS BACKGROUND

2.1 ALS DISEASE CHARACHTERISTICS

ALS is arelatively rare neurodegenerativkseaselndividuals with this disease experience
progressive loss of upper and lower motor neurbhe.mean age of ALS onset is 65 years,
with most people diagnoseetveen the ages of 40 and'.7@mong the majority of patients,
symptoms quickly progress into muscle paralysis and wasting, usually leading to progressive
disability and deatlfjcommonlydue to respiratory failujewithin 1-3 years from diagnosis.

Only around 1& of the patients clearly have a familial form of the disease and the vast
majolity appear as sporadic cases

In a healthy indiidual, the upper motor neuroimsthe motor region of the cerebral cortex and

the brain stem, send movement commands to the lower motor neuln@tspvoject from the
brainstem or spinal cord to the muscld@he muscles then contra@llowing voluntary
movements of the body. In a patient with ALS, however, motor neuron degeneration interrupts
the communication between the brain and the musctésy ait the upper motor neuron level

or at the lower motor neuron level. Hence, the voluntary muscles no longer receive movement
commands and atrophy as a consequéeltoe first symptoms of ALS are either a weakening

of the extremities, so called spinaket, or reduced capacities to speak and swallow, so called
bulbar onsetEven though motor symptoms characterize ALS, cognitive and behavioral
impairment affecdup to 50% of ALS patients during the course of the disease.

2.2 ALS CLINICAL PRESENTATION AND DIAGNOSIS

In 1869, JeatMartin Charcot, a French neurologist working in Paris, was able to identify ALS
as a specific neurological disease with distinct pathology, and sep&da®e from other
disorcers with similar symptoni$. Although the understanding of the disease has greatly
evolvedsince thenpdueto epidemiological, molecular, and genetic discoveries, no definite test
for the diagnosis of ALS is yet available, exceptautopsy.

In case of a limb onset (acading for 60% of the cases), patients start noticing the first
symptoms through asymmetric spasticity and weakness (signs of upper motor neuron
dysfunction), or through fasciculation, cramps, and muscle wasting (signs ef toator
neuron dysfunctios) In case of a bulbar onset (about 35% of the patients), patients experience
the first symptoms as progressive difficulty in talking (dysarthria), difficulty in swallowing
(dysphaia), or emotional liability Only a minority of patients (5%) experience respiratory
problems as initial ALSymptoms.

Because ofhe lack ofvalid diagnostic biomarketsthe diagnosis of ALS is made clinically

based on the Revised El Escorial criteria, which require the evidence of lower or upper motor
neuron degeneration as well as a progressivegpfeigns or symptomsRevised El Escorial

criteria categorize diagnostic certainty based on the burden of disease, according to the number
of body regions showg signs of upper and lower motor neuron involvement. Clinicians then
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classifythe ALS diagnosis as definite, probable, or possible. The original version of the El
Escorial criteria included a Asuspected ALS
signs of lower motor neurons involvement in two or more regions. In 1998, this category was
deleted from the Revised El Escorial criteria classification system to increapetifecity of

the diagnosis.

In addition tothe Revised El Escorial criterigglinicians mustalso rule out alternative
diagnosesThe ALS diagnosis is more plausibfepatients @ not showelectrophysiological
or pathological evidence of other diseasharacterized byower or upper motor neuron
degenerationpr neuroimaging evience of diseases that coudhd tospecific clinical and
electrophysiological sigisAs a result, patients have to goough astressful diagnostic
procedure, which takes on average gearto complete from thérst symptons onset.

2.3 ALS ETIOPATHOLOGY

The etiology ofALS, especially sporadic ALS, likely involves a complex interplay among
genetics, environmental exposures, and lifestyle factors. Although the knowledge about ALS
pathophysiology is still growing, the neuropathologdiatinctive characteristiof the digase
areubiquitinated proteinaceousclusions in motor neurohsThe main constituent of these
inclusions varies depending on specific ALS subtypes, but almost all ALS patients show
features of a TAR deoxyribonuteic acidbinding protein 43 TDP43)-associated
proteinopathy, Other protein aggregates that mightfoend are neurofilamentous hyaline
congrolomeratemisfolded superoxide dismutaseSQDY), andTDP43negativeinclusions.
Additional mechanisms involved in the disease are impaired protein homeostasis, oxidative
stress, impaired deoxyribonucleic acid (DNA) repair, mitochondrial dysfunction, dysregulated
vehicle transportand aberrant ribonucleic acid (RNA) metabofisill these mechanisms
seem to be interlinked and probably depend oinitial cause of the disease

2.4 ALS TREATMENT

To dak, there is no curative treatment for ALS. Instead, treatments are mainly tailored to slow
disease progressi@amdmanag symptoms. Since 1995, the only drug approved by the United
States Food and Drug Administratig#DA) to alter ALS progression has ba@nzole, which
prolongs the survival of ALS patients by an average®fitonths. Riluzole reduces the release

of glutamate, the excess of whitlightdestructhenerve cell¥. Howeveronly older patients

with bulbar onset seem to experience a slightly increased survival, whereas younger patients
with limb onset are lestkely to benefit from iluzole'’. Additionally, iluzole must be
administered in the early stagdsite diseaséo be beneficialas the glutamatergic action of
riluzole dependsn viable motor neuron activity

Morerecently, the antioxidant druglaravone was approved in Japan (2015) and in the United
States of America (2017) to tresitS. However, this drug seems to work only for patients with
early age onset and rapidly progressing dise@sginally developed for the treatment of
stroke, edaravone is a free radical scavenger administered intrasignodithough the
mechanism of @aavone in ALS is unknownt is thought to mitigate oxidative injury in the

3



motor neuronsf theCNS at risk for degeneration by eliminating lipid pedes and hydroxyl
radical$. Given the unclear effect on muscle strength, respiratory function, and quality of life,
as well as the costly and labiotensive nature of the treatment, the European Medicines
Agency hasnot approvd this drug and several countries exclude it frdwirt health care
system&'#

Given the lack of a curative treatment, clinical guidelines encourage early access to
symptomatic treatment, ahis, palliative tremhent®. Clinical guidelines also encourage early
noninvasive ventilation, to improve the prognosis of ALS patients by compensating for
weaknessof the respiratory muscl¥s Patients presenting with dysphagia (difficulty in
swallowing) have the option to receive nutritionalsan by gastrostomy feeditfy

Overall, the optimal management of ALS patients requires access to a multidisciplinary team
that is flexible and responsive to the evolving nature of theittomd. The benefit of having
access to a range oédlthcare professionals was shown by research highlighting the longer
survival of ALS patients attendjrmultidisciplinary clinic&,

2.5 ALS EPIDEMIOLOGY

2.5.1 Incidence and prevalence

The incidence of ALS, estimated frorogulatiorbased studies in Europe, is about @ases

per 100,000 individuals per yéaf. The incidence of ALS seems to differ based on ancestral
original, with lower incidenceecentlyreported inBeijing, Chire?® (0.8 cases per 100,000
individuals per year) and South Kof&6l.2 cases per 100,000 individuals per ye@yerall,

the incidence sees to be higher among men than women, with a male/female ratio between 1
and 3° possiblydue toa higher incidence of spinal onset ALS among mals incidence

of ALS has been reported to increase during the recent decades from multiple countries across
the world22262°, This might reflect a re@hcrease of ALS incidence cesultfrom improved
diagnosics, reporting or suvival rate of competitive diseasé®. Although the incidence
appeas to beincreasing, given the fast disease progression, prevalence of ALS remains quite

low, and was estimateat 4.1-8.4 caseper 100000 indvidualsin recent populatiofrased
StUdieé922’24’29’3$6.

2.5.2 Risk factors

Historically, he established risk factors for ALlsave beerolder age, male sex, and family
history. Genetic studies have identified saV@nportant genes responsible for an increasing
proportion of familial ALS cases, includirdiromosome 9 open reading frame(C2orf72),

SODJ, TDP43 and fused in sarcom&W9S)?®’. However, given that more than 90% of ALS
patients have no clear family history, the overall contribution of single genes to ALS etiology
still appears weak Instead, researchers speculate that an interaction begesmetic andon-
geneticfactors cotributes to the etiology of AL,



Various hypotheses, including defects in energy metabolism, chronic neuroinflammation,
heavy metal exposure, strenuous physical exercise, etc., have been proposed as casual factors
leading to ALS. Howver, it is hard to draw definitive conclusions about these factors because
our knowledge of ALS pathophysiology is still developing and past studies might suffer from
methodological problem#dore recentlyMendelian randomizatiostudieshave suggested a

causal relationship between ALS and physical activity, smoking, blood lipid levels, and
educatiof®+%

2.5.3 Prognostic factors

In ALS patients, death due to respiratory failure usually occurs wiBipehrs from dignosis.

Only about 10% of ALS patients present with a slodiseasegprogression leading to a
survival of 10 year®r moreafter diagnosis. Healthcare professionals usually measure the
progression of ALS with the revised version of the ALS fumatizatng scale (ALSFRR)*2.

This scale monitors the progression of the patient disability by investigating four domains
consisting of grosandfine motor tasks, bulbar functions, and respiratory function (added in
the revised version of the scaté)Reasons for a slower disease progression are unknown,
although prognostic factors such as spinal onset, male sex, lack of cognitive dysfunction, longer
diagnostic delay, and youngage at diagnosis have been associated witeriseirvival rat&,

2.6 NEUROINFLAMMATION IN ALS

ANeuroinflammationo is a term thé&aeCNEthdter s t
commonly accompangeurodegeeration. Signs of neuroinflammation are present in human
postmortem samples from ALS patieffts Additionally, key cellular modulatsr of
neuroinflammation, such as astrocytes, microglia and immune cells, edatedrwith ALS
pathogenests. Althoughthere isan association between signs of neuroinflammation and ALS,

it is under debatevhether neuroinflammation is a cause or consege of motor neuron
dysfundion in ALS*. One hypothesis is that systemic immune activatiaght play a role in
neuroinflammationHowever, studiethat focus on inflammatorgonditions around the motor

unit might hold promisgbecauseaxons, dendrites, and synapseswthe firstpathological
changes associated with At®SThe hypothds of a causal relationship between chronic
inflammatory status in close proximity to the motor neuron unit and motor neuron degeneration
is biologically plausibleFor examplea normalaxonal transport is indispensable for motor
neuroné®. Because axons may be up to 20,000 times larger in size than theaheaticbody

and extend up to onmeter, axons are highly fragile morphologically and in terms of
functionalty*®, and could be damaged by increased level of neuroinflammation.

Several factors could contribute to the increased level of neuroinflammation among patients
with ALS. For examplean association betweémtensephysical actrity andALS has been
proposed since loAg**. In addition to the recentlyeportedshared genetic predisposition to
physical activity and AL®, thisassociatiortould possiblyalsobeexplained by théncreased
inflammatory status in proximitly the muscles and tendamsongpeoplewho have a history

of engaging irintense physical activity.



2.7 ALS COMORSBIDITIES

ALS seems tooverlap with other neurological diseases and psythta disorders.
Neuroinflammation might be one of the possible explanationghisoverlap.l speculate
below on how neuroinflammatiamight be one of the reasomehy ALS could be comorbid
with a host of other neurological and psychiatric conditions.

2.7.1 Neuromuscular diseases

During the advanced stages of ALS, the diagnosis can be ascertainechwgithdegree of
confidence, whereas in the early stages of the disegas@toms of ALS are not specific but
rather common to other neuromuscular diseases result, ALS patients might be initially
misdiagnosed with other neuromuscular diseases charact by neuroinflammation in
different sites, such 84S (inflammation in the CNS), myasthenia gravis (MG, inflammation
in the neuromuscular junction), inflammatory polyneuropathies (IP, inflammation in the
peripheral nervous system), agermat@olymyostis (DMPM, inflammation in thenuscles

and skin. Although early symptoms of ALS may mimiS, MG, IP, anddMPM?®®, making
diagnostic uncertainty an attractive explanation for any concurrence between these diseases,
biological overlap among these diseases probably alseéxbnseqgantly, a highethan
expected concurrence of ALS and neuromusdaligasesnight be attributed to diagnostic
uncertainty, real biological overlap, or perhaps béithough a common genetic etiology
might contribute to the biological overlap, it is algsgible that chronic inflammation is in the
causl pathway to neurodegeneration, as discussed above.

ALS has been studied in conjunction with other neuromuscular dispasesly MS, which

is an autoimmune diseaselsaracterized by inflammatidn the CNS This research interest
started with case repomt$ concurrenc®®2, Given the suspicion of an overlap between ALS
and MS researchers studidide patients from the United Kingdom witoncurrent ALS/MS
andidentified theGGGGCChexanucleotide repeat expansionG8orf72, a polymorphism
found in a significant proportion of both sporadic and familial ALS pafiérits addition to
case reports, larger epidemiologicaldiesalso investigated the ALS/MS concurrence and
found an association between MS and later ALS &hset well as an increased risk for MS
among children of ALS patier¥fs In Sweden, a high correlatioetoveen mortality rates of
ALS and MS was observed between 1952 and %P9bat a more recent study didt confirm
the correlatioff.

Similar to MS, researchers have alsorfdwverlapbetween ALSand MG °. MG is adisease

of neuromuscular transmissiam which autoantibodies bind to the neuromuscular junction.
The aforementioned cohort study tiratestigatedhe risk of ALS inpaientswith MS, also
found that MG was associated with later ALSk; similar result was also reported for
polymyositisbut not dermatomyosifid Polymyositis is a disease characterized by chronic
inflammation ofthe muscle€ and hagecognized common pathological features with ALS.
Despite these shared pathological featuresagheciation between polymyositis ahdS has
only been investigated one othesamplé?.



In contrast to the aforementioned neuromuscular diseases, the overlap et S has

not yet been systemically investigate@iven the similarity between the initial symptoms of
ALS andIP, research has majnfocused on techniques aiming to aid a differential diagnosis
between these diseasparticularly withGuillain-Barré syndrome (GB%) GBS is a form of

IP, presenting with muscle weakness as a result of dam#ge peripheral nervous system.

2.7.2 Neurodegenerative diseases

Clinical and pathologic overlapetween ALS and other neurodegeneradigeases have been
demonstrated® and neuroinflammation isn acknowledgedpattological component of
numerousneurodegenerative diseaesSpecifically, 3660% of ALS patients demonstrate
cognitive impairment® and 510% of ALS patients fulfill criteria for frontotemporal dementia
(FTD)’®. Few studies, however, have estimated the risk of other neurodegenerative diseases
among patients with ALS, probably due to the rareness of ALS sam$equdty, of its
concurrence with ther neurodegenerative disedée®\ German study found a higher
prevalence of dementia and Parkinson's dis@@B¢among ALS patients, compared to the
general populatiod. A Swedish registebased study found an association of ALS with a
higher subsequnt PDrisk®. Increased risks of PD and dementia have also been found among
relatives of ALS patiest®, which suggestthat there might be a partly shared etiopathogenesis
between different neurodegenerative dise¢&8es

In the familial forms of different neurodegeative disorders, theersistentpresence of a
precipitating factor might help to sustain the observed inflammatory re&ctiGhe
precipitating factor might be the diseasising mutant protein in the familial dominéorins
(for exampli4,for Azheylers idiseas@0, mu tsgnactein forPD, and
SOD1for ALS). With the initial aim of combating the precipitating factor, the infteatory
reaction ends up turning ingoharmful process that contributeguaherneuronal damagé

2.7.3 Psychiatric disorders

Patients with neurodegenerative diseases might also have-tiighexpected comorbidity

with psychiatric disordefé A growing body of evidence suggests that many psychiatric
disorders, including stresslated disordersdepression, bipolar disorder, and schizophrenia,

are associated with distinct inflammatory responseisdarperiphery and CN&® Thus, it is
possible that the inframatory response from microglial activation can contribute to brain
pathology. In contrast to this hypothesis, an earlier study suggested that the psychological
distress associated with receiving and adjusting to an ALS diagnosis might represent another
underlying reason for psychiatric comorbidity in A1S

Patients with ALSvere showrto have increased risk of psychiatric disaslin some but not

all studie€™8 and we kow little about the risk of psychiatric disorders agéamilies of ALS
patient$®. Specifically, previous research has reported an overlap between ALS and psychosis
among patients with ALETD®, and ALS patients and their relativesre reportedo have

an increased risk of schizophrenia and psychotic illR&S# recent populatiofrased study
further identified a clustering of neuropsychiatric disorders among relatives of ALS patients,
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suggeting the presence of a common genetic basis between ALS and psychiatric disorders in
the Irish populatiott. Our group reported that ALS patients had increased risk of depression
and antidepressants use compared to controls, especially shortly before and after fiagnosis
Furthermore, individuals with abusive atmd consumption were reported to have a reduced
risk of ALS??, whereas individuals with abusive use of opioids were reported to have a higher
risk of ALS®,



3 MS BACKGROUND

3.1 MS DISEASES CHARACTERISTICS

MS is the most prevalent chronic inflamatory disease affecting the CX 3t is characterized
by attacks of the immune systeammyelin,which isa protective layer of fatty white substance
that surrounds the axon of some nerve cells. This damagause & lack of communication
within the brain andbetween the brain and the bodly leading to a slower impulse
transmission. The extent and severity of symptoms greatly vary among pakgreisding on
which and howmany nerve cells are affectedoBtpatientsreceive diagnosisf MS between
the ages of 20 antD year®.

3.2 MS CLINICAL PRESENTATION AND DIAGNOSIS

MS was first descrigdin 1868 by Jeaartin Charcot, the same French neurologist that firstly
distinguished ALS from other neurological diseases. Based on observations of MS pathological
and clinical features, hdefinedthe first three diagnostic criteria of MS: involuntagye
movement (nystagmus), lack of muscle control and coordination (ataxia), and difficulty in
talking (dysarthria¥.

Typically, MS initially manifests as blurred vision, sensory disturbance (such as tingling or
loss of sensation), and motor impairn¥énBubsequently, long periods of remission can
follow, alternaéd by successive attacks with new symptoms or relapses. In the initial phases
of MS, the symptoms can partially or completely regress. In the later phases, symptoms
progress leads to a loss of ability to walk independently.

Giving an MS diagnosis is a chalging processgiven the radiologicand clinical
heterogeneity of the dised8$& Currently, no externally validated blood immune marker has
adequate sensitivity and specificity to be used for the diagnadéiS,oihich probably reflects
the genetic and environmental heterogeneity of the di¥ease diagnosis is therefore made
clinically, according to the 2017 revised McDonald crit€rigith the aidof imaging scans
such asnagnetic resonance imagirngRI) and analysis of cerebrospinal fluid

3.2.1 Phenotypic classification

In 1996 the phenotypic classification of MS was defined by members of the international MS
community in four different group®RRMS primary-progressive MSPPMS) secondary
progressiveMS (SPMS) and progressiveelapsing MS(PRMSY}®. Following a greater
understanding of the clinical coursEMS as well agts pathology, the clinical course of MS
was redefined in 201%% The new classifiation system retained the RRMS, PPNS
SPMSwith some modifications, whereas tRBRMSwasremoved ands now categorizeds
ifactive’PPMSO

RRMS is the most common phenotypic presentatioM$fincluding around 85% of MS
patients RRMS is characterized by relapfegt may or may not leave permanentatiwith
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no new symptoms occurring in betwegeartiods of remission. Over time, most RRMS patients
convert to SPMS, a stage of progressive deterioration without periods of remissions or relapses.
A minority of patientsPPMSdo not have any initial perds of remission or relapses and show
from startprogressive deteriorations

3.3 MS ETIOPATHOLOGY

Despite the etiology of MS is still uncleanrax of environmentabndgenetic factorseem to
underlieits pathogenesissimmunological, genetjcand histopatholgy studiesindicate that
autoimmunityappears to play a major role in MS pathoger®sisiowever,MS is also
considerech neurodegenerative conditi§h

Although most MS lesions can appear throughout the, @S are most easily identified in
the white matter as focal areas of demyelination, inflammation, and glial ré4dticsome
cases, lesions can reversewever t is not well understooid the myelin sheet is reformext

if the inflammation is resolvédl Demyelination can also oacim gray matte®+1%, |t is also
possible to observe 48 of retinal gangliorcells adjoining the optic ner® and retinal
damagé’®

3.4 MS TREATMENT

Currently, there is no curative treatment for ¥1SHowever, in contrast to ALS, several
treatments are approved by the FDAlowerinflammatory disease activity amdduce e
frequency ofattacks in RRM&inddevelopment of new lesions in the whitetter

Thesedisease modulatory therapies (DMTis3lude different interferon beta and glatiramer
acetate preparations, monoclonal antibodies (natalizumab, alemtuzumab, daclizumab, and
ocrelizumd), orally administered smatholecule agents (fingolimod, dimethyl fumarate, and
terilunomidg, a chemotherapeutic agent (mitoxantronahd hematopoieticstem cell
transplantationln Sweden, rituximapa DMT approved for rheumatoid arthritis but not MS

has gained popularity and became the most widely used DMT for RIEM®pularity derives

from a series of reakorld studies showinthatrituximaboutperfornsregular DM T4, Other
treatments commonly givenrfmanaging signs and symptoms of MS include muscle relaxants

to treat muscle spasms, medications to treat fatigue, and dalfampridine to increase walking
speed.

3.5 MS EPIDEMIOLOGY

3.5.1 Incidence and prevalence

Globally, the incidence of MS is about 2.5 caseslp&,000 individualper year However,

the incidence rate is higher in Europe with 3.8 cases per 100e080nyears compared to

only 1.5 cases per 100,0p8rsonryearsin America'®. In Africa, the incidence is as low as 0.1
per 100,00@ersonyears Although there is a hypothesis that risk for MScours with colder
weather, the low incidence rate in Africa might be at least partly attributable to a lack of
diagnostic tools (e.g., MRI seaers}*’. Studies indicate that the incidence rates have more
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than doubled in the past decade, perhaps due to improved diaghoResause of the long
survival time, the prevalence of MS is higher than the incidence, and is estimated as 30 cases
per 100,000 individuats®. The prevalence is higher in North America, Europe, and Australia
(over 60 cases per 100,000), and lower in South America and South East Asia (less than 20
cases per 100,0085.

3.5.2 Risk factors

It remains unknown iMS is caused by only oner multiple factors. However, because it is
difficult to identify a commoretiologic triggerbehind all MS cases, it seems more plausible
that a wide range afenetic and environmentactors contribute to the disea¥eSeveral risk
factors related to the development of inflammatory and demyelinating lesions with
heterogeneous axonal loss have been identified, includipgteinBarr virus and
mononucleosisrisk genes, temperate latitu¢teflecting sunlight exposure and consequently
vitamin D levels but also possibly a genetic contributidiflrinogen, toxins, trauma, low
vitamin D, smokingandobesity*. Furthermore, for unknown reasons, woraes affected by

MS twice as often asien ascommory seenin otherautoimmune diseasts

3.5.3 Prognostic factors

The median survival of MS patients is 40.6 years frosealie onselgading to a shortened
life expectancyf seven years compared to the general populdfidractors associated with
slower diseaseprogressioninclude lower grade ofinflammation, fever spinal cord lesions,
endogenous repajpreserved axons and synapsasliertreatmentandyounger ag¥.

3.6 MS AND DEPRESSION

Already at diagnosjshe quality of life of RRMS patients is impacted by the presence of
depressiofi*!15 Severe depressive symptoms occur ird0% of MS patienté®23 double
tha of the general populatidff. In SwedenMS patientsof working agehada higher risk of
depression andelective serotonin reuptake inhibitolSSRI$ prescription compared to
individuals without MS'?>. Moreover, MS patients have an elevated risk of suitidé
particularly during the yearimmediatelyafter MS diagnosi€®. This seems to suggest that
receiving such diagnosisight be highly stressful faviS patients Howeverthere is evidence
that the depressioiMS association is bidirectional becausepressioras been suggested to
predict later M$?°, and such result patteoould not be attributed to shared genegilomne?®.
One speculatioms that hflammation in the CN$s the common denominator behibdth
depression and Bt°.

DMTs of MS appeato alsochave an influence on depresssymptoms. Given that depression
co-occurs frequently with MS, and that DMTs might modify the probability of depression, it
might be fruitful to invesgate the occurrence of depression in contextiftérent DMTs in
RRMS.To date, howevethere have been few such investigatidngnited number of studies
indicatethat ingolimod and natalizumab improve depressive sympianwS patients>¥135,

In contrast, other DMTs appear to worsen depressive symptoms, in particular interferon beta
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16138137 which has been shown to tassociated with an elevated risk of suicideeanly
trials'3®1%9 However, the association between interferon-libtand suicidas reported in the
early trials was later shown to k&plained by a prior history of psychiatric disord&sand
failed to replicate in later larger studi€®s'41-14> Nevertheless, all DMTsndnot justinterferon
betalb, have depressidistedas a possible side effétt
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4 THESIS HYPOTHESES AND STUDY AIMS

ALS showssigns of neroinflammatiof**> However, due ta lack of large prospective
epidemiological studieshe directionality of th associatiorbetwe@& neuroinflammation and
ALS remainsunclear(i.e. if neuroinflammation precedes or follswhe onset of ALY We
hypothesizd that neuroinflammation around the motor ymmiceds the onset of ALS

Several factors could contribute to the increased ldveeoroinflammation among patients

with ALS. We hypothesized that high levels of physical atgtimiight be one of them, dilee
observed association between intense physical activity and inflammatory status in proximity to
the muscles and tendofsints, and peripheral nerves

It has also been observed tidtS seens to overlap withother neurodegeneratigé® ®78
neuromisculaP’*863%71 and psychiatric diseadé®>°*93143 a|| of whichareassociated with
neuroinflammation in different body regions. We therefohgpothesized that
neuroinflammation might be one of the possible explanations for such overlap

MS isaneuromuscular diseasgisaracterized by neuroinflammation in the Cf\sid has been
shown tooverlap with ALS"%8 As in ALS®® depression is a commaomorbidity of MS
patientd?®. Theobservatiorthat this comorbidityn MS is not expained by genetic liability°
implies that the etiology of depression in MS is multifactorial and might include a mix of
psycholaical and biological factoricluding neuroinflammatiod*144 We hypothesizethat
treatment oMS mightbring additional benefits, apart from symptomatic relief, by modulating
theMS-associated inflammatorysponsesnd thereby the risk of depressitit*

_» | Psychiatric
’ disorders

Depression

N

Study IV * ' Study Il

LY
Neuromuscular .o

. diseases —
Study Il 4 H

Intense physical
activity

Study | ., | Neurodegenerative | .-~
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------ * | Neuroinflammation |------------------» ALS

~
-

Figure 1. Schematic representation of the thésgisotheses.

To testthese hypothesegsve conductedtwo studiesto investigatethe associations of
inflammatian in different tissues in close vicinity to motor neuronamely muscles and
tendons (associated with intense physical activity), muscles and skin (DMPM), neuromuscular
junction (MG), peripheral nervous system (inflammatory polyneuropathies, IP), and CNS
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(MS), with the risk ofALS (Studies | andll) . We conducted two additional studiesassess
the relationship between neuroinflammation, psychiatric disorders, and neurodegeneration in
bothALS and MS(Studiedl and V).

We specifically aimed to:

A Explore whether physicadnd cognitive fitness at age-20 predicts the risk oALS in
adulthood(Study I)

A Estimate the risk of neurodegenerative and psychiatric diseases among patients with
ALS and theirelatives(Study 1)

A Vvalidate theconcurrence of ALSand neuromuscular diseasésS, MG, IP, and
DMPM; investigate the temporal relationship between the diagnoses among patients
with a confirmed overla@ndinvestigate ithe clinical characteristied the concurrent
patients ee different comparetb patiets with only ALS (Study Il1)

A Estimate the risk of depression andidepressant prescriptian relation to different

MS DMTs, and investigate if depression or antidepresganascriptionaffectsDMT
discontinuatioror MS relapsgStudy 1V)
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5 DATA SOURCES

We usedpopulationbased data from different sources: several Swedish National Réeffisters
151 medical records review, and the SwedishR&gjisty®2 We crosdinkedall the registers
by using a unique identifier derived from the personal identity number, vghadsigned at
birth or at immigration to any person resident ineSlen for at least one yéxr

5.1 SWEDISH NATIONAL REGISTERS

Epidemiologi@l research in Sweden owes its successhe long-standingtradition of
maintaining populationbased records of clinical and demographic information in national
registers®®. An overview of the Swedish National Registers is presented in Table 1.

TheTotal Population Registercollectsinformation onsex,anddate and place of biribn all
individuals that were resident in Sweden since 186@n the register wasstablishetf".

The Migration Register'4’ and theCausesof Death Registet*® collect information on
migration (in and out of Swedergjnce 1968and date and causes of deathce 1961
respectively.

ThePopulation and Housing Censuseésave ber conducted every five yedstweernl 960
1990 and include socioeconomic information such as type of employment, household
composition, and type of accommodation.

The Swedish Multi-Generation Registerconnects each individuddorn in Sweden since
1932 ard alive from 1961 onward to hisher biological parent&. In case of adoptiogach
individual is also linkedo theadoptive parents.

The Swedish Patient Registercollects hospital recds datain Sweden since 1964 and has
nationwide coverage since 1987 Since 2001, itovershospitatbased otpatient specialist
care. Diagnosegiven ateach hospital visit are classified according to the Swedish Revisions
of the International Classification of Disease (ICD) codes {iOaefore 1969, ICE3 during
19691986, ICD9 during 19871996, and ICBLO from 1997).

The Swedish Prescribed Drug Registerwas established in July 2005 aikcludes
information on all prescribeaiedicationsn Swedefr classified according to the Anatomical
Therapeutic Chemical (ATC) sysh Compared to the other national Swedish registhe
Prescribed Drug Register was established relatively late because of confidentiality concerns. It
includes information such as substance of the dispended item, dosage, date of preaadption
date of dispenseA limitation of this register is that it does not include ethexcounter
medications, vaccines, and drugs disperagbdspitas or nursing homest.

The SwedishConscript Registerincludesall maleswho underwent conscription examination
in Swederduring1968201Q Attending onscription examination was mandatory for all reale
when they turned.8 years old, only those witkevere physical or mental disabilities were
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exempt During examinatio, trained healthcare professionals collected several parameters of
physical and cognitive fithes® establish whichndividuals were fit for military service.
Females attending conscription examinatiegre also included in this registaince 1975,

when femalesvere allowed in Sweden to serve in the militarpwéver, given thatemale
attendance to conscription examination was voluntary, the register has national coverage
during 196820100nly onmales In 2018, mandatory conscription examination was once again
implemented, this time in a genelegutral fashiotr®.

Table 1.Overview of the Swedishationalregisters usd in the constituent studies of ttesis

Register Date of Date of national Information Used in
establishment coverage extracted
Causes of Death 1961 1961 Date of death Studesl, I,
Register and IV
Conscript Register 1968 19682010for males Physical and Study |
cognitive fithess
assessed at military
conscription
examination
Migration 1968 1968 Date of migrationto  Studesl, Il,
Register Sweden oemigration and IV
from Sweden
Multi -Generation 1968 1968 Familial link for all ~ Studesl and Il
Register individuals born in
Sweden since 1932
Patient Register 1964 1987 for inpatient care Inpatient and Studesl-IV
outpatientadmissions
2001 for outpatient and discharges
care records
Population and 1960 19601990 Socioeconomic statu Study |
Housing Censuses
Prescribed Drug July 2005 July 2005 Dispensed prescribe: Study IV
Register drugs
Total Population 1968 1968 Sex, date, rzd Studesl, II,
Register country of birth of and IV

Swedish residents
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5.2 MEDICAL RECORDS REVIEW

Populationbased registers offer the opportunity to conduct unbiased investigations on several
medical conditions affecting the entire Swedish population. Howeveonahtegisters lack
diseasespecific information about the clinical course, as well as laboratory results and detailed
phenotypic information. We therefore conducted a medical records review of validated ALS
patients with concurrent neuromuscular diseasesler to obtain detailed information on age

at disease onset, site of onset, disease progression profile, and cognitive im@airomegttis
groupof patients.

5.3 THE SWEDISH MS REGISTRY

In Study IV,we used information fronthe Swedish MS Registry. Thev8dish MS Registry

is a webbased qualityegisterthatincludeshigh quality healthcare data for all MS patients in
Sweden since 206%. In addition to demographic dataveral parameters of clinical relevance
areincludedin the Swedish MS Registry, for example, orssetdiagnosis datdulfillment of

Mc Do n al d &,3vS clinidaltcaurseadverse eventOMT (type, dosage, date of start,
date and reason of discontinuatiolporatoryreailts, neuroimaging exams, and functional
and severity scoreExpanded Disability Status ScalEDSS®®, and MS Severity Score,
MSSS®Y). Despite participation in the registry beingwatary, both for the patients and their
attending neurologists, the registry includes about 80% of MS patients in Sweden with
approximately 18,000 patients in tot&he success of the registry is due to its use as clinical
support tool for the attendinguarobgists and healthcare personnehtiens alsofeel involved

in their own care byregisteringpatients reported outcomel$ impact scaley1S1S-29'%9) and
beingable to see a simplified overview of the clinicalirse of the disead@ata collected in
this registryappears to bboth accurate and compléte

5.4 MAIN MEASURES

5.4.1 Clinical diagnoses

The Swedish Patient Registéwas he main sources of information to identify patients with
ALS, other neurodegenerative diseases, psychiatric disorders, and neuromuscularidiseases
the thesisWe defined individualas beingliagnosed with a certain disedsthey hadat least

one recorded discharge diagnosis in the Swedish Patient Registerdiragctr the
correspondindCD codedisted in Table 2We defined as date of diagnosis the date of the first
hospital contact regarding that diagnoSisecialist@ssigrall diagnoses in the Swedish Patient
Register, which have been shown to have higluracy*®. Additional studiesspecifically
validatedALS and MSdiagnosesn the Swedish Patient Registand oncluded that its a
valuable instrument to correctly identify such pati€ns
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Table 2 ICD codes used to identify ALS, neurodegenerative diseases, psychiatric disorders, and neuro

diseases in thBwedish Patient Register.

ICD-8 ICD-9 ICD-10
Amyotrophic lateral sclerosis

348.00 335.C G12.2
Frontotemporal dementia

290.11 331.B F02.0, G31.0
Alzheimer's disease

290.10 290.A% 290.B, 331.A F00, G30

Other or unspecific dementia

29, 293.0, 293.1

290.A,290.B, 290E,
290.W, 290.X, 294.B,

FO1, FO2, FO3, F05.1,

331.C.331.X G31.1, G31.8A
Parkinsonian disorders
F02.3, G20, G21.4,
G21.8, G21.9, G23.1,
342.00, 342.08, 342.09 332.A, 333.A G23.2. G23.9. G25.9,
G31.8A4
Schizophrenia
295 295 F20
Bipolar disorder
296.1, 296.3, 296.8 296.A, 296.G296., F30, F31

296.W

Depression
300.4

300.E, 311

F32, F33, F34, F38, F39

Neurotic disorders
300.1300.3, 300.58300.9

300.A-300.D, 300.F
300.H, 300.W, 300.X

F40-F42, F44, FASFA8

Stressrelated disorders

307 308, 309 F43
Alcohol abuse/dependence

303 303, 305.A F10
Drug abuse/dependence

304 304, 305.X F11-F19
Multiple sclerosis

n/a 340 G35
Myasthenia gravis

n/a 358.A, 358.B, 358.W G70.0

Inflammatory polyneur opathies

n/a

357.A, 357.B, 357.W,
357.X

G61.0, G61.8, G61.9

Dermatopolymyositis

n/a

710.D, 710.E

M33.0-M33.2, M33.9,
G724, G73.7

a1f found as primary diagnosis
PExcept 290.10
CExcept FO2.0(Dme nt i a i n

(Al zhei mer 6s
Pickods

di sease)

di sease)

and 290. 11

4]CD-10 codes considered both dementia and parkinsonian disorder diagnoses

¢ Except F32.2 (depressive psychosis)

f Except F33.3 (depressive psychosis)

9 Except F10.5 (psychotic state)

n/a = ICD-8 not applicable during theugly period
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5.4.2 Physical and cognitive fitness

In Study I, weextractednformationon different physical and cognitive fitness variables from
the Swedish Conscript Register.

Physical fitnesswas measuredt conscri ption with ae% 9t ca
During this testthe physical fithess of a person is measured by recording in Watts the
maximum working apacity (WMAX) that this person can sustain for six minutes on an electric
bicycle with gradually increasing resistatféé®® As previously suggestédl we analyzed

WMAX adjusted for weight (WMAX/kg)We defined igh levels of weightadjusted physical
fitnessasabovethe highest tertil¢0 4 . 2 5). W/ k g

We additionally extracted informatiambody mass index@MI) andresting heart ratdRHR).
We derivedBMI from weight (kg)andheight(m) measured at conscription by dividing weight
for height in meters squaréte codedndividuals asindeweight(BMI <18.5kg/n?), normal
weight (BMI 18.5-24.99 kg/n?), and overweight or obese B M| k@6 RHR was
measured in beats per minute aftetminutes of rest in the supine position with af cuf
positioned at the heart levé

We includedintelligence quotientlQ) and stress resilience in our definition of cognitive
fitness.IQ was assessed Isgveral cognitively challenging sgists of progressive difficulty
measuring general knowledge and verbal, \epatial, and mechanical abifity. By summing

the scores of all different tests a general score @fdQobtained. This score was standardized

to fit a Gaussian distribution of vawtues r a
higher values reflecting higher intellectual abilities. We defined high IQ as scres the

stanine scale.

Stress resiliencevas measured during a-28 minues semistructured interview conducted
by a trained clinical psychologt§t. The aim of this interview was to assess the ability to cope
with stress during armed combBatby evaluating different psychological funai® domains
(mental energy, emotional control, social matyatyd active/passive interests). For example,
psychologists gave high stress resilience scordiifring the interview thegssesseemotional
stability, persistence, ability to contribute t@gp cohesion, or being able to cope with loss of
personal freedomAkin to 1Q, this score was standardized into a stanine scale with higher
values reflecting better abilities to cope with str@ge.defined high stress resilience as scores
7-9 on the stamie scaleThe Swedish NationaDefenseResearch Institutéound a high
interraterreliability of stress resilience lyomparingthe scoresvith army service recoroast

the end of military servicé?,

5.4.3 Antidepressants prescription

In Study IV, we identified patientsndergoing pharmacological treatment for depredstm
the Swedish Prescribed RegisterOur definition of antidepressants was restricted to SSRIs
(ATC: NOGAB). We restricted our definition to SSRiscause¢hey are firstline treatment for
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depression in M8%"% and becausether antidepressants such as tricyclic antidepressants
(TCAs) and serotonimorepinephrine reuptake inhibitors (SNRIs) are commonly prescribed
among MS patients for neuropathic pair increase validity, @only coded this variable as
positive for individuals who had beenescribed5SRIs twiceldentifying patients undergoing
pharmacological treatment for depression also allowed aapture pantswho might not
havereceivel a diagnosis from a specialist in the Swedish Patient Re@isterdepressed
individuals who only met with the general practitioner)
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6 METHODS

6.1 STUDY DESIGNS AND CORRESPONDING STATISTICAL METHODS

Becausethe etiology of ALS and MSremains unknown largescale populatiofased
observational studies are impottan helpuncover clues to their origins. Populatioased
observational studies inclugkatients of all ages and widll forms of the disease, in contrast

to clinical studies that are often biased toward including younger ALS patients with slower
disease progressitRor MS patients witlvariable disease courég

6.1.1 Cohort studies, Cox model, and flexible parametric model

A populationbased prospective cohort agg with complete and longerm follow-up, allows
to identify potential precursoseveral yearsr decadebefore the disease is diagnosaudto
collect information about exposure variables long before the outcomegeodst have
occurred Such datamight offer importantlues as they are collected independefithm the
lateroutcomedevelopment and are noamperedy recall bias.

Working with longitudinal data allows us to use tidependent statistical models such as Cox
regression, which compes the hazard function of different exposure levels while allowing for
controlling of multiple potential confounders and the underlying -8aae. The Cox
regression model, however, assumes that the difference between the hazard rates of different
exposue groups is proportional over time, which is not always the é&geassumption can

be circumvented bwsing flexible parametric modelghich involve fitting an interaction
between the covariates and time. Other advantages of flexible parametric owale®ox

models include the possibilitp observénow the hazard functiomaight changever timé’*,

This is of great medical interest, as the association of certain risk fadtoesspecific disease

might bedirectly related to the timeourse of a specific disease.

6.1.2 Nested case-control studies and logistic regression

Althoughthe aforementioneprospective cohort desigrasmany advantages, when presented

with a large cohort and a rare outcome such as ALSndélseed caseontrol designis a
computationally efficienglternative The nested casmntrol design includes all cases and a
pre-defined number of randomly selected outcome-éa®rols, sampled from a parent cohort.

In this study design, logistic reggsion is suitable to compare the risk of ALS in individuals
exposed to certain factor, compared to individudde areunexposed to thiactor. In our case,

it is possible to use logistic regression because the outcome investigated can be classified as a
binary variable, having or not having a diagnosis of XB.S

6.1.3 Medical records review and descriptive statistics

Largescale Swedish registbased studies rarely collect detailed phenotypic, clinical, or
biological information, given the (usually) nationwide and administrative nature of data
collection. However, it is possible tetrospectivelycollect desiled information among a
smaller set of individuals included in the regidtesed studies, through medical records
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review.Onecan compare frequency differences between groups of individuals using the Chi
square test and estimate mean differences uging & e +test.0This kind of analysis can
provide detailed information on specific subset of patients, which is relfratdiseass of
uncertain etiology such as ALS.

6.2 METHODS STUDY |

We identified all males aged 20 who attended conscription examiaatfrom 1968 to 2010,
during which time military conscription was mandatory for all Swedish mahes ALSfree
cohort consisted of 1,901,86vales We excluded conscripts wiilied(N=6,531) or emigrated
(N=10,634) before the beginning of follemp. We &0 excluded conscripts without
information onphysical fitness, i.e. WMAX/kgBMI, RHR, 1Q, and stress resiliencl=<
46,266), leading to a final sample of 1,838,376 conscripts (97.5% of the initial cohort).

We setthe beginning of followup to January ¥ 1987 If the conscripts attended conscription
examination after January®11987, we followed them fronthe date of conscription
examination.We set the end of followp at December 312013 If the conscripts were
diagnosed with ALS, died, or emigratewst of Sweden before the end of follayp, we stopped
following them on the first date of ALS diagnosis, death, or emigration (whichever came first

Cohort
ALS-free male conscripts aged 17-
20 at conscription examination
during 1968:20100 @ | = ==00 sscssmesesscssmcesccesssemssmess

(N=1,901,807) i Excluded: |

i » Conscripts that died |

} --------------------- +:  (N=6,531) \

i Conscripts that emigrated E

Follow-up i (N=10,634) é
Alive and living in Sweden before

beginning of follow-up

on January 15 1987 v E)_(Cll;(-j;}d _____________________ :

(N=1,884,642 ) g * Conscripts with incomplete i

} _____________________ _’5 information on WMAX/kg, E

1 BMI, RHR, IQ, and stress |

f resilience E

Study participants L (N=46,266) i

Complete information on physical
fitness, BMI, RHR, IQ, and stress
resilience
(N=1,838,376)

Figure 2. Flow-chart of identification of the study participants of Study |
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Statistical analyis

We computedhe correlatioramongthe exposure variables (WMAX/kg M, IQ and stress
resilience using Speama n correl ati oWe used &pearmani cerrelation( J ) .
coefficient becausk does not require continucles/el assumptions

We conductedwo separatdlexible parametric models to examine if high levels of physical
(WMAX/kg and BMI) and cognitivditness (IQ andstress resilience) would affect the age
specific risk of ALS compaedto lower levelsof fitness The full model for physical fithess
includedas covariatesalendar period of conscription examination, pareswaloeconomic

status SE9, RHR, and was mutually adjusted for WMAX/kg and BMI. The full model for
cognitive fitness included calendar period of conscription examination, parental SES, and was
mutually adjusted for 1Q and stress resilience. We used attained age as the time #cale in a
models and deriveahzard ratiosH{RS) and corresponding 95&bnfidence intervals3ls). We

picked five degrees of freedom for the baseline hazard and three degree of fi@ettan
time-dependent effett’

The adjustment for calendar period of examination (1B&#0, 19811993, and 1992010)

was necessary because the procedures of assessment of the different parameters in the
Conscript Register varied during the years, for exat@sis to asse$® changedn 199476,

We added RHR into the physical fitness model becausts sfiggested association with

ALS'" and correlation with physical fitné$8 Becuse all conscripts were aged-20, we

adjusted for their parental SE&teadof their own SESafter identifying mothers and fathers

of the conscripts from the Swedish MuBeneration Registerandd ent i f yi mSgES t he p
information through the Sedish Population and Housing Censuses.

We considered statistically significargsaciatios with twosided Pvalues <0.05.

6.3 METHODS STUDY Il

In Study 11, we followed all individualsdentifiedfrom the Swedish MuliGeneration Register
who wereborn in Sveden during 1932013 (N=8,575,515), from Januar§* 1990 until
December 3%2013. If an individual was born after Januaf{y1990, we followed him/her
from date of birthIindividualswho were diagnosed with ALS (N=662), died (N=120,612), or
emigrated at of Sweden (N=186,67®eforethebeginning of followupwere not included in
the study base (N=8,269,318)an individual was diagnosed with ALS, died, or emigrated out
of Sweden before end of folleup, we stopped following him/her on date of first\
diagnosis, death, onigration(whichever came first)

Within the study baseve conducted aested caseontrol study and defined asasesall the
patients diagnosed with ALS during follewp (N=3,648) By incidence density samplintgn
controls wergandomly selected and individually matched to each casexjyear and month
of birth, and county of birth (N=36,480)o serve asneligible control, an individuahad to
be without ALS, alive, and living in Sweden thedate of ALS diagnosis of tleerresponding
ALS caseFor cases and controlse defined as index date the date of ALS diagnosibeof
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casesln this nested caseontrol studywe assessithe association between neurodegenerative
and psychiatricliseaseand the future risk of ALS.

We also assesdthe association between neurodegenerative and psychiatric diseases and being
arelative of an ALS patient. Hence, e@nducted aested case&ontrol study of the relatives

of the casefN=19,760) and control§N=198 794) of the above nestathsecontrol studyWe
identified the parents, siblings, halblings, and childreof the cases and controls through the
Swedish MultiGeneration Register

We also examiedthe association between being exposed to an ALS diagnosis and the risk of
subsguently being diagnosed with neurodegenerative and psychiatric diseases. After
excluding all individuals from the above nested eamarol studiesvhowere diagnosed with

any neurodegenerative or psychiatric disedmdore ALS diagnosisve conducted &ollow-

up study of the ALS patient§N=3,169)and ALSfree individualgN=33110) and &ollow-

up study of the relativesof the ALS patient§N=13,313)and the relatives of the AlfBee
individuals(N=130,321) In both followup studies, the participanteve followed from index

date to date of diagnosis of neurodegenerative or psychiatric diseases, emigration, death, or end
of follow-up on December 312013(whichever came first)

Statistical analysis

In the nested casmntrols studiesptmeasure thassociation between neurodegeneraive
psychiatric diseases with future risk of ALS, we fitted conditional logistic regression models
to estimatendds ratiosQR9, and corresponding 95% Cls of ALS and of becoming a relative

of an ALS patient. In the s&ed caseontrol studythe models were automatically adjusted for

sex, year and month of birth, and county of birth, as these were the variables the controls were
matched to the cases on. In the nested-oastol study of the relativese adjusted foboth

sex, year and month of birth, and county of birth of the index person, as well as for sex, year
and month of birth, and county of birth of the relatives.

In the followrup studies,d measure the risk of being diagnosed with neurodegenerative or
psydiatric diseases after being exposed to AlS fitted Cox proportional hazard regression
models to derive HRs and corresponding 95% Cls by comparing ALS patients fve&LS
individuals, and relatives of ALS patients to relatives of Ateg individualsWe setattained

age as the underlying time scadell models. In the followup studythe models were further
adjusted for sex and county of birth, and in the follgmstudy of the relatives the models were
further adjusted for sex and county of birthtlee index person, as well as for sex, year and
month of birth, and county of birth of the relatives.

We tested the assumption of proportionalandg using Schoenfeld residuals and considered
statistically significat associations with twsided Pvalues(.05.

24



Study population
All individuals born in Sweden
during 1932-2013

(N=8,575,515) | Excluded:
* Diagnosed with ALS
"""""""""" YL (N=662)
{* Died
Study base i (N=120,612)
ALS-free, alive, and living in Sweden Lo Emigrated
before beginning of follow-up (N=186,670)

on January 1% 1990
(N=8,269,319)

N

Nested case-control study Nested case-control study of
Cases: ALS patients (N=3,648) relatives
Controls: ALS-free individuals Relatives of ALS patients
matched on year and month of birth, (N=19,760)
sex, and county of birth Relatives of ALS-free controls
(N=36,480) (N=198,794)
Excluded if diagnosed with Excluded if diagnosed with
{ any neurodegenerative or { any neurodegenerative or
| psychiatric disease prior index | psychiatric disease prior index
! date: | date: :
i+ ALS patients it N * !« Relatives of ALS patients
L (N=479) i L (N=6,447)
i+ ALS-free individuals i * Relatives of ALS-free
(N=3,370) § | individuals
’ (N=68,473)
Follow-up study Follow-up study of relatives
Exposed: ALS patients Exposed: Relatives of ALS patients
(N=3,169) (N=13,313)
Unexposed: ALS-free individuals Unexposed: Relatives of ALS-free
(N=33,110) individuals (N=130,321)

Figure 3. Flow-chart of identification othe study participants of the nested casatrol studies and followp
studies of Studyll

6.4 METHODS STUDY Il

We requesteffomthe Swedish National Board of Health and Welfare a list of personakidenti
numbers of all the patienitsthe Swedish Patient Registeinohad recorded diagnosekboth
ALS andeitherMS/MG/IP/DMPM during 19912014 (N=263). From the Swedish National
Board of Health and Welfareve also received a list of all the hospitatgldepartmentghat
these patients were visited Afe then mailedhe chiefs of departmeswf all the hospitals and
requested the medical records of these patients, identified by their personal identity numbers
We sent reminders to the chiefs of departisy@hodid not get back to us within three months.
Once we received all the medical recaadailable foreach patienfN=245), three experienced
neurologistsspecialized in ALS and neuroinflammatory diseaseependently reviewed the
medical records. Ecisions of diagnostic accuracy were made by consensus. Because PLS is
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gaining recognition as a sydnenotype of ALSthe neurologists validatesl patient meeting
criteria of PLS as an ALBatient’®.

Study participants
Patients with a diagnosis of ALS
and MS/MG/IP/DMPM during
1991-2014
(N=263)

| Excluded:
{ * Patients with records not
retrieved from the hospitals

A

Patients with available records
(N=245) | Excluded: :

{ * Patients with not enough

""""""""""""" * information for diagnostic

\ i accuracy decision
Patients with validated records L (N=3)
(N=242) | T
f ________________________ * Misdiagnosed ALS
(N=91)
Patients with confirmed ALS
(N=151) i Misdiagnosed: ‘
L+ MS (N=26)
} ------------------------ >l MG (N=26)
L+ IP(N=54)
Patients with confirmed i+ DMPM(N=I8)
concurrent diagnoses
(N=28)

ALS + MS (N=12)
ALS + MG (N=9)
ALS + IP (N=4)
ALS + DMPM (N=3)

Figure 4. Flow-chart of data collection and diagnostic accuracy decisions of the sttidippats of Study Il

Statisticalanalyss

We extracted detailed clinical data from the medical recafdgatients with validated
concurrent ALS and MS/MG/IP/DMPMVNe summarized their clinical ALS characteristics,
the order in which the concurrent dises occurred (i,avhich diagnosis was given firsgnd
how much time passed in between diagnoses.

Additionally, we examined if patients with a concurrent diagnosis of ALS and
MS/MG/IP/IDMPM represente@ special group of patients that differi@ termsof clinical
characteristics of ALS. To assess this, we compared patients with concurrent ALS and
MS/MG/IP/IDMPM againstan independent sample of patiewtso were diagnosed with only

ALS. This group consisted of 271 Algatientsvisitedin Stockholm during0132014.0ur

group previously performedalidationstudyof ALS diagnosisf these patients based an
detailed extraction of dafeom medical recordS. Forthe categorical variabwe used Chi
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square testr Fisheb exact test (if the expected frequencies weretlessor equal to five}o
test the differences between two grgugps for nomormally distributed continuous variables
we usedheWilcoxon test. We considered statistically signifitassomtions with twesided
P-values<0.05.

6.5 METHODS STUDY IV

In Study IV, our study population consisted of all patients diagnosed with RRMS in the
Swedish MS Registryyho wereborn in Sweden and living in Sweden during January 2005
September 2018 (N=6,000).aXollowed this cohort from start of their first DMT until end of
follow-up on December 3'2018.We did not include in the study participamtdividualswith
eitheradepression diagnosis in the Swedish Patient Registerantidepressanfgescriptio

in the Prescribed Drug Registeefore start of their first DMT (N=789)Ve also excluded
individualswho withdrew from the MS Registry before start of their first DMT (N=2)thar

ones thatlid not have any recorded DMT (N=34Baving 4,867 RRMS pants in the final
analyses

Study population
RRMS patients born in Sweden,  Bedluded:
diagnosed during January 2005- '+ Patients with depression or
September 2018, included in the ' antidepressants prescription
Swedish MS Registry g before first DMT
(N=6,000) (N=789)
| » Patients that withdrew from
------------------- the Swedish MS Registry
before first DMT
Study participants L (N=2)
RRMS patients without a |« Patients with no recorded
depression diagnosis or ; DMT
antidepressants prescription (N=342) i
before first DMT S AR R AR SRR '
(N=4,867)

Figure 5. Flow-chart of identification of the study participants of Study IV

Statistical analysis

Our main aim was to assess if the risk of depression or prescription of antidepressants varied
accordingo different DMTsHence, we fitted Cox proportional hazard regression models and
calculated HRof depression or antidepressant prescripéad corresponding 95% Cis

relation to DMTs We considered DMTs as tinvarying exposure becaufRMS patients
frequently switch DME duing the course of the disedse various lengths of timeA patient

was considered exposed to a certain DMT from the date of DMT start to the date of DMT
discontinuation. We compared all the different time penelsn patients were odimethyl
fumarate, fingolimod, natalizumab, rituximab, or other DM&gainstthe time periods when
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patients wereninterferons, which were our reference DMJOther DMTsanalyzed as a group
were alemtuzumab, daclizumab, glatiramer acetate, hematopoietic stem cqllaingaison,
novantrone, and teriflunomidin this analysis, patientge-entered the study on the start date

of each DMT Each patient was followed until date of depression diagnosis or antidepressants
prescription, DMT discontinuation, loss to follayp @ithdrawal from the Swedish MS
registry deathor migration out of Sweden), or end of follayp.

We alsoexaminedf being exposed to depression or antidepressant presciiatttan effect
onDMT discontinuation or MS relapsdter DMT initiation Again we fitted Cox proportional
hazard regression models and separately calculated HRs of DMT discontinuation or MS relapse
and corresponding 95% CM/e considered depression or prescription of antidepressants as
time-varying exposure A patient was consided exposed from date of depression diagnosis
or from date of first prescription of antidepressants. Similar to the above aredgsipatient
re-entered the study on the start date of each DB&Th patient was followed until date of
DMT discontinuationdate of MS relapségss to followup (withdraval from the Swedish MS
registry, deathgpr migration out of Sweden), or end of follayp. Because we aimeddgamine

if exposure to depression or antidepressants prescription had an effect on DMT adiverence,
censoedfollow-upfor observations Were the reason of DMT discontinuation included stable
condition, pregnancy, or planned pregnantystead of using these as discontinuation
outcomesTwo patients were excluded from the moddieng the outcome afiterest was MS
relapse (N=4,865) because they experienced an MS relapse on the day of DMT start.

We set time since start of DMT as the underlying time scale in all analyses so that all models
would be automatically adjusted for it. Additionally, we pesgively built multivariable Cox
models including other potential confounders: sex, age at start of DMT, geographic region of
treatment (as an indicator of SES), bipolar disorder diagnosis (gwessociation with
depressiotf®and potential association with M3, MS severity (assessed via the scales EDSS,
MSIS-29, and MSSS)MS relapseat symptoms onseand line of DMT. Given that EDSS,
MSIS-29, and MSSS are repeatedly recorded in the Swedish MS Registsglectedn all
analyses the closest scores that were assessetbdDbIT start of each observatioin the
models where we assessed the risk ofDdikcontinuation or MS relapse, if a patient was
exposed to depression or prescription of antidepressantelected the closest EDSS, MSIS

29, and MSSS scores recorded both pa®@MT start and date of degssion diagnosis or date

of prescription of antidepressants.

In all analyses,igen that each patient contributed to multiple time periods of observation every
time a patient started a new DMT, we used a sandwich estimastirt@te unbiasestandard
errors.

We considered statistically significant associations withgisledP-values(0.05.
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7 ETHICAL CONSIDERATIONS

In Studiesl andll we used linkage of different existing populatidmasedSwedishregisters
thatcontain data on intelligence, neurodegenerative and psychiatric diagnoses, familial links,
as well as a large amount of otlsensitiveinformation. The Swedish national registers have
been established without individual informed consent with the aim of benefiting the society. In
the Nordic countries, larggcale epidemiological studies have been conducted since the
establishmenbf national registersith the generaapproval from the population, mainly due

to a high degree of public trust in resedrthA Swedish qualitative study, investigating
consentissues inregisterbased data lirdkge reported that study participants wished to be
contacted por to the beginningf thestudy®%. However, the participants themselves did not
see active consent as of primary importance and expressed concern over the possibility of
missing data due to withdraw#t.

In Study IV we also used a data linkage of populatiased Swedish regess, but clinical and
treatment data on the study population was extracted fro®viledish MS Registry. Unlike

the Swedishnationalregisters, participation in the Swedish MS Registry is voluntary, both for
the patients and their attending neurologistgec8ically, the clinical documentatiors
collected locallyandmerged into a compiled data set that constitutes the Swedish MS Registry.
Patients are informed about this procedure and have the possibtitghttraw from the
registry at any time, if degd.

The record linkages used for Studiedl, and IV, hase obtained approval by the Regional
Ethical Review Board in Stockholm, which recognized that although active consent fulfills the
moral and legal premises of study participéatéonomy, techiocal and economical limitations

arise from having to inform millions of individuals. Overall, the decistomot seek informed
consent for the record linkages has been approved after taking into account the balance between
gain of knowledge, positive lortigrm effects on the community, and violation of integrity of

the participants.

In Study IIl, we use sensitive data from a medical records review containing detailed medical
information. Although by accessing medical recordswseesubjected to th8ecreg Act, the

project was granted ethical permit by the Regional Ethical Review Board in Stockholm, which
waived us from seeking informed consent. Exemption regulated in th@ersonal Data At

(in place at the timef ethical application for this projeditates that data is personal witda

possible to connect tb a person who is alive. Because ALS is a disease with fast and fatal
progression, with patients dying on average within three years after diagnosis, we expected the
majority of our study pdicipants to no longer be alive at the time of the study.

When working with registebased data the risk of violation of integrity is reduced since data
are deidentified with an internally created identifidn Study Il we did receivehe actual
per®nal identity numbexrof all the study participants, in order to access their medical records.
However, once we obtaad the medical records, wae-identified the patients and assigph
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them an internally created identifier to secune privacy of the padpants during data
analysis.

Further security measures are in place in order to ensure a correct processing of personal data
in according tothe European General Data Protection Regulatdnyone who handles
personal data is subject to confidentialégd only the assigned database administrator has the
access to all data, whereas researchers only have limited access to the information strictly
necessary for the project. We implemented additional appropriate technical and organizational
actions, suchslT protection and good data management by keeping data stored on secure
servers and following good data management guidelines in place at the department.
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8 MAIN RESULTS

8.1 STUDY Ii PHYSICAL AND COGNITIVE FITNESS ARE ASSOCIATED WITH
ALS

At conscription exaination, 65.40% othe 1,838,376 conscripts included in tseidy were

aged 18, 37.32% went through conscription examination during-19&3, 33.27% had a

WMAX/kg between 3.63 and 4.24//kg, 74.26% had a normal BMI, 54.20% had a medium

level 1Q, and 57.7% had a medium level stress resilience.

At conscription examinationhé correlation betweeWMAX/kgand BMIwas neg-at i ve
0.23; p<0.001) whereaghe correlation betwed and stress resilieneeas positivg | 310

p<0.00)). Correlation coefficiemtamongall physical and cognitive fithess variables used in

the analyses are reported in TablalBof whichare statistically significant (p<0.001).

Table 3. Spearman correlation coefficients between physical and cognitive fitness variables

WMAX/kg BMI IQ Stress resilience
WMAX/kg n/a -0.23 0.15 0.30
BMI -0.23 n/a -0.05 0.11
1Q 0.15 -0.05 n/a 0.37
Stress resilience 0.30 0.11 0.37 n/a

We identified 439 newly diagnosed ALS patients during follggvOnaverage the age ALS
diagnosis was 48 yea(range 2962 yearsstandard dewition=8.74 SD).

Conscripts with high 86M3%ricleased (iskdfbehddiagvbskdy ) h :
with ALS before age 44range of HRs= 1.66, 95% CI| 12182 and 1.75, 95% CI 1.€BL05),

compared to conscriptgith lower WMAX/kg, after adjusting foBMI and RHR EFigure6).

Overweight or obese conscriptad a 5668% reduced risk of being diagnosed with Aafser

age 41(range of HR= 0.42, 95% CI 0.19.96 and 0.50, 95% CI 0.2694) as compared to

normal weigh and underweight conscriptafter adjusting foMVMAX/kg (Figure 6). The
associatiorbetweenWMAX/kg and ALS was statistically significanat age 443 years

whereas the associatiaith BMI was statistically significant at ag@-48 years

Conscripts wth high 1Q (.e., those scoringbove the highest tertile) had a8&B% increased

risk of being diagnosed with ALS after age 55 (range of HRs= 1.33, 95% C1LZ®@&nd

1.81, 95% CI 1.0B.30), compared to conscripts with lower IKhlding stress resiliece
constan{Figure?7). Conscripts with high stress resilience (above the highest tertile) had a 29
53% reduced risk of being diagnosed with ALS before age 56 (range of HRs= 0.47, 95% ClI
0.280.79 and 0.71, 95% CI 0.8897), as compared to conscripts witver stress resilience,
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holdinglQ constan{Figure7). Specifically, the association for IQ was statistically significant
at age 51 years, whereas the association for stress resilience was statistically significant at
age 4655 years.
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adjusted for calendar period of conscription examination, parental SES, BMI, andardRor BMI (overweight
or obese vs. lower BMImodel adjusted for calendar period of conscription examination, parental SES, and

WMAX/kg).
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Figure 7. HRs and corresponding 95% Cls of ALS, fQrand stress resilience above the highest tertile versus
lower1Q and stress resilien¢model adjusted fatalendar period of conscription examination, parental SES, and
mutually adjusted for IQ and stress resilidnce
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8.2 STUDY IIi OVERLAP OF NEURODEGENERATIVE AND PSYCHIATRIC

DISEASES AMONG ALS PATIENTS AND THEIR FAMILIES
We identified 3,648 ALS patients during the study period, who on average were diagnosed
with ALS at ag 60 year{SD=11.30). The majoritpf the patientsvere mals (59.90%).
Because the 36,480 controls were matdioeithe caseen sex, year and month of birtand
county of birth they hadthe samesex,age at index date, awdunty of birthdistribution. The
age at index date and sex of parents, siblingssitaihgs,and children of ALS patients were
comparable to the os@f parents, siblings, haffiblings, and children of AL®ee controls.
On averagewe identified 1.8 parents, 1.5 siblings, 0.%ts#blings, and 1.9 children for each
ALS patientandfor each ALSfree control.

ALS patients, compared tALS-free controls had increased risk o&ll neurodegenerative
diseases investigate@R=3.58, 95% CI|=2.891.44 before index date; HR=3.95, 95%
Cl=2.92-5.34 after index datg as well as depressid@R=1.51, 95% CI-1.281.77 before
index date; HR2.78 95% CI=205-3.79after index dafg neurotic disorder(OR=1.53 95%
Cl=1.271.84before index date; HR=37, 95% CI=223-4.24after index datg and dug/abuse
dependencéOR=1.8Q 95% CI-1.36:2.38before index date; HR20, 95% CI-.2-3.4 after
index date Figure8 andFigure9). The diseases witthe strongest associationgh ALS in
descending ordeaf magnitudevereFTD, PD, other or unspecific deantia, and AD.

The year before ALS diagnosis was the time windath the strongesassociations oFTD
(OR=40.0, 95% CI=11-341.8) PD(OR=9.5 95% CI5.2-17.2), other or unspecific dementia
(OR=12.1, 95% CI=.0-20.7), AD (OR=4.7 95% CI=2.59.0), depresion (OR=4.8, 95%
C1=3.3-7.0), neurotic disorder@OR=4.8 95% CI=3.07.5), drug abuse/dependen@R=2.8
95% CI=1.5-5.4) with ALS risk. These associations weaatso statisticallgignificant up tdive
years before ALS diagnosis, althoughlofver magnitide Similarly, the year after ALS
diagnosis was the time window witthe strongest associationsetweenALS and any
neurodegenerative or psychiatric disedb#%=5.02 95% CI=3.91-6.45, extending up to five
years after ALS diagnosiHR=2.31, 95% CI=1.753.06. During the year before ALS
diagnosis we also found a positive associatibschizophrenigOR=5.0, 95% CI=1.20.1)
and stresselated disorder®©R=2.6, 95% CI=1.5%.5)with ALS risk. The association between
ALS diagnosis and stresslated disaters wasstatisticallysignficant up to fiveyears after
ALS diagnosis(HR=2.9, 95% CI=1.26.9), with again the strongestssociationobserved
duringtheyear following ALS diagnosiéHR=5.5, 95% CI=2.3.3.4)
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ALS patients vs. ALS-free controls - Before index date
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Figure 8. ORsand corresponding 95% Cls of neurodegenerative and psychiatric diseases among ALS patients
and matched controls before index datedel adjustefbr age, sex, and county of biyth

ALS patients vs. ALS-free controls - After index date

Figure 9. HRs and corresponding 95% Cls of neurodegenerative and psychiatric diseases comparing ALS patients
against ALSfree individuals after index date (model adjusted for age, sex, and county of birth).
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