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“In medicine, certainty is rare; responsibility lies in knowing how 
uncertain we are.” — Paraphrased from Sir William Osler 
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ABSTRACT 
Inflammatory demyelinating disorders of the central nervous system (CNS) 
are characterized by immune-mediated myelin injury and neuroaxonal 
damage. This thesis focused on multiple sclerosis (MS), neuromyelitis optica 
spectrum disorder (NMOSD), and myelin oligodendrocyte glycoprotein 
antibody–associated disease (MOGAD), which share clinical features but 
differ in immunopathology, prognosis, and treatment response. The aim was 
to evaluate soluble cerebrospinal fluid (CSF) and serum biomarkers reflecting 
neuroaxonal and astrocytic injury, blood–brain barrier dysfunction, and 
innate immune activation across these disorders. 

The first two studies investigated serum neurofilament light (sNfL) 
concentrations in patients with relapsing-remitting MS (RRMS). In a 
prospective cohort (Paper I) of clinically stable patients switching from 
standard to extended-interval natalizumab dosing (n = 45), sNfL 
concentrations remained stable over 12 months, supporting maintained 
therapeutic efficacy without evidence of increased axonal injury. In a second 
prospective study (Paper II) including patients with active disease (n = 44), 
repeated sNfL measurements demonstrated moderate sensitivity and 
specificity for detecting inflammatory disease activity at the individual level, 
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supporting its role as a complementary monitoring tool. In Paper III, soluble 
biomarker data from patients with NMOSD and MOGAD were 
retrospectively retrieved from medical records. CSF glial fibrillary acidic 
protein (GFAP), particularly when combined with albumin quotient, robustly 
discriminated AQP4-IgG-positive NMOSD from the combined MS, 
seronegative NMOSD, and MOGAD groups. In Paper IV, a newly 
developed method for quantifying the intermediate filament protein alpha-
internexin in CSF was applied, demonstrating elevated concentrations in MS 
and a strong correlation with NfL, supporting its role as a marker of axonal 
injury. In Paper V, elevated serum calprotectin distinguished NMOSD and 
MOGAD from RRMS, indicating distinct patterns of innate immune 
activation across these disorders. 

In conclusion, biomarker profiles differ across inflammatory demyelinating 
disorders and reflect disease-specific pathobiology. Integrated biomarker 
assessment may improve diagnostic precision and individualized monitoring 
of disease activity.  

Keywords: multiple sclerosis, neuromyelitis optica spectrum disorder, 
MOGAD, neurofilament light, calprotectin, alpha-internexin 
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SAMMANFATTNING PÅ SVENSKA 
Inflammatoriska neurologiska sjukdomar som drabbar hjärnan och 
ryggmärgen (centrala nervsystemet, CNS) kan ge allvarliga symtom med 
exempelvis känselbortfall och svaghet, och yttrar sig ofta i skov. Sjukdomar 
med inflammation och skada på myelin, det fett som omger, skyddar, och ger 
normal nervsignalering i nervtrådarna (axon), kallas demyeliniserande 
sjukdomar. Multipel skleros (MS) är den vanligaste inflammatoriska 
demyeliniserande neurologiska sjukdomen i CNS och drabbar ca 2 av 1000 
personer i Sverige. De flesta av dessa insjuknar med skovvist förlöpande MS.  

Två andra sjukdomar i samma grupp är neuromyelitis optica spektrum 
sjukdom (NMOSD) och myelin oligodendrocyt glykoprotein antikropps-
associerad sjukdom (MOGAD). Patienter med NMOSD har oftast en antikropp 
mot aquaporin-4 (AQP4), och patienter med MOGAD har en antikropp mot 
MOG. NMOSD och MOGAD är inte lika vanliga som MS, men skov i dessa 
sjukdomar kan ge svåra neurologiska bortfall.  

Eftersom det utvecklats sjukdomsmodifierande behandlingar (disease 
modifying therapies, DMT), med olika effektivitet beroende på specifik 
sjukdom, så är det viktigt att snabbt kunna ställa rätt diagnos, och övervaka 
sjukdomsaktiviteten för att säkerställa stabilt tillstånd. Överlappande 
symtombild och utseende på magnetkameraundersökningar är en utmaning i 
detta avseende, men biomarkörer (i denna avhandling innefattande olika 
mätbara proteiner i cerebrospinalvätska (CSV) och blod) kan bidra till bättre 
precision. Syftet med avhandlingen var att utvärdera biomarkörer i CSV och 
blod vid dessa tre vanligaste inflammatoriska demyeliniserande sjukdomarna 
i CNS. 

I delarbete I följdes totalt 70 patienter med skovvis MS under ett år när deras 
behandling med intravenöst natalizumab utvärderades med hjälp av mätning i 
blod av proteinet neurofilament light (NfL), en biomarkör för axonal skada. I 
denna grupp gjorde 45 patienter en utglesning av sin behandling från 
standardintervall var fjärde vecka till var sjätte vecka, medan de övriga (n = 
25) redan hade utglesad behandling. I studien visade vi med regelbundna 
mätningar att nivåerna av NfL i blod låg stabilt utan tecken på förändringar 
över tid. Vi såg således inga tecken på ökad axonal nervskada hos patienter 
med skovvis MS som glesade ut sin behandling med natalizumab. 
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I delarbete II följdes 44 patienter med skovvis MS i samband med att de hade 
tecken på sjukdomsaktivitet (skov och/eller radiologiska tecken på aktivitet). 
De följdes under ett år med regelbundna mätningar av NfL i blod. Vi visade 
att nivåer av NfL initialt ökade, med högsta nivå efter 5,5 veckor från ett 
kliniskt skov, för att sedan gradvis normaliseras inom loppet av ett år. Vi 
jämförde nivåer av NfL med de koncentrationer som sågs hos stabila patienter 
i delarbete I, och med statistiska uträkningar kunde vi få fram gränsvärden för 
att bedöma sannolikheten att ett visst värde indikerade sjukdomsaktivitet. Vi 
kunde visa att ungefär fyra av fem patienter med sjukdomsaktivitet hade tecken 
på detta utifrån nivån på NfL, och att träffsäkerheten var bäst vid användning 
av NfL-nivåer som justerades för störfaktorer i form av ålder och body-mass-
index (BMI).  

I delarbete III inkluderades förutom patienter med MS (n = 33) även patienter 
med NMOSD (n = 26) och MOGAD (n = 29). Detta var en retrospektiv studie 
där vi identifierade patienter genom en diagnossökning för åren 2010 - 2022 i 
journalsystemet för Västra Götalands Region (VGR). Genom 
journalgranskning inhämtades data från laboratorieanalyser utförda i samband 
med utredningar, och nivåer av glial fibrillary acidic protein (GFAP), en 
markör för skada på stödjeceller (astrocyter), och albumin i CSV analyserades. 
I studien kunde vi visa att nivåer av GFAP var kraftigt förhöjda bland patienter 
med AQP4-antikropps-positiv NMOSD. Förhöjda nivåer av GFAP 
tillsammans med förhöjd nivå av albumin i CSV hade en hög förmåga att 
särskilja denna patientgrupp gentemot övriga diagnosgrupper.  

I delarbete IV utforskades nivåer av biomarkören alfa-internexin (AINX) hos 
patienter med MS (n = 34). AINX är liksom NfL en biomarkör för axonal 
nervskada, men har inte tidigare kunnat nivåbestämmas på ett tillförlitligt sätt 
i CSV. Med hjälp av en nyutvecklad metod från Neurokemiska laboratoriet i 
Mölndal, kunde vi visa att nivåer av detta protein var förhöjda hos patienter 
med MS jämfört med friska kontrollpersoner, och att nivåerna korrelerade 
starkt med nivåerna av NfL. 

Slutligen, i delarbete V mättes nivåer av kalprotektin, en biomarkör kopplad 
till det medfödda immunförsvaret, i CSV och blod hos patienter med MS, 
NMOSD och MOGAD. Kalprotektin var tydligt förhöjt i blod hos patienter 
med NMOSD och MOGAD jämfört med kontrollpersoner och patienter med 
MS, och indikerar aktivitet i det medfödda immunförsvaret hos dessa patienter. 
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1 INTRODUCTION 
This thesis includes five papers that investigate biomarkers of disease activity 
in demyelinating inflammatory disorders of the central nervous system (CNS). 
These are characterized by inflammation and injury to myelin—the insulating 
sheath that surrounds nerve fibers (axons)—hence the term demyelinating. 
Many are familiar with multiple sclerosis (MS), but this group of disorders also 
includes the less common diagnoses myelin oligodendrocyte glycoprotein 
antibody–associated disease (MOGAD), and neuromyelitis optica spectrum 
disorder (NMOSD), the latter typically associated with the aquaporin-4 
(AQP4) antibody. As the clinical activity of MS, NMOSD, and MOGAD 
mirror an underlying inflammatory disease mechanism, the activity is most 
often expressed as clinical relapses. Such fluctuations in disease activity can 
be captured by biomarkers that reflect cellular injury or immune activation.  

The thesis builds on the long-standing and rich body of biomarker research in 
this field. The overall aim is to improve how we monitor and quantify disease 
activity, improve diagnostic accuracy, and deepen our understanding of disease 
mechanisms. The thesis begins with an overview of the background and the 
current research field in this area, followed by a description of the methods 
used in the included studies, a summary of the main findings, and a discussion 
of the results.  

The first two papers focus on repeated (longitudinal) measurements of serum 
neurofilament light (sNfL), a biomarker of axonal injury, as a tool for 
monitoring disease activity in patients with MS. The first study addresses this 
primarily at the group level, whereas the second study further explores sNfL 
concentrations at the level of the individual patient. The third paper examines 
cerebrospinal fluid (CSF) biomarkers with the aim of improving diagnostic 
precision in NMOSD. The fourth and fifth papers have a more exploratory 
character, investigating biomarkers that have not previously been assessed in 
these disorders: α-internexin, and calprotectin.  
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1.1 THE IMPACT OF INFLAMMATORY 
DEMYELINATING DISORDERS OF THE 
CENTRAL NERVOUS SYSTEM 

1.1.1 MULTIPLE SCLEROSIS (MS): CHRONIC 
DISEASE WITH HIGH PREVALENCE 

MS is the most prevalent inflammatory demyelinating disease of the central 
nervous system (CNS) worldwide. As of 2020, an estimated 2.8 million 
individuals were living with MS globally, an increase across all world regions 
compared with earlier estimates.1 Global prevalence is currently estimated at 
36 per 100,000 population, and the pooled incidence rate is approximately 2 
per 100,000 person-years. MS epidemiology varies substantially between 
regions, reflecting environmental influences, genetic susceptibility, and 
differences in surveillance quality. Europe reports the highest prevalence, 
followed by the Americas, while Africa and South East Asia report much lower 
figures.1 A north–south gradient in MS prevalence has long been observed, 
with lower prevalence closer to the equator. MS is relatively common in 
Sweden (prevalence; 189 per 100,000).2 The mean age at diagnosis is 
approximately 30 years, placing disease onset during a phase of life typically 
marked by career development and family formation. The diagnosis of a 
lifelong condition at this stage carries substantial physical, psychological, and 
social consequences for the individual, with secondary implications for 
healthcare utilization.1, 3 In Sweden, the annual societal cost exceeds 6 billion 
SEK,4 underscoring the importance of early, effective treatment and 
monitoring as emphasized in the Swedish National Board of Health and 
Welfare (Socialstyrelsen) national guidelines for MS care.5 These guidelines 
provide the current evidence-based framework for monitoring care.5 Registry-
driven surveillance has demonstrated real-world clinical improvements in MS 
care: the risk of converting from relapsing-remitting MS to secondary 
progressive MS (SPMS) decreased by 7% annually between 2005 and 2020. 
This improvement is likely attributable to earlier, biomarker-supported 
intervention with high-efficacy disease-modifying-therapy (DMTs).4 
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1.1.2 NMOSD AND MOGAD: LOW INCIDENCE, HIGH 
IMPACT OF RELAPSES 

NMOSD is a rare disease worldwide, with prevalence estimates that vary 
between studies, ranging from 0.34 to 10 per 100,000 adult persons. Highest 
prevalence is reported in African and Asian populations,6 while an 
epidemiological study in Sweden, of whom three quarters were AQP4-IgG 
positive, reported a prevalence of 1.04 per 100,000 persons and a yearly 
incidence of 0.079 per 100,000 during 2007 to 2013.7 MOGAD is less 
investigated but has an estimated prevalence of 2 per 100,000 population.8 A 
yearly incidence of 0.37 per 100,000 adult persons has been reported for 
Region Västra Götaland, Sweden in 2019/2020.9 

Despite their rarity, these conditions are characterized by a high risk of 
irreversible disability following acute attacks. Unlike MS, where disability 
often accrues through chronic progressive deterioration, disability in NMOSD 
is driven almost exclusively by acute clinical attacks.10, 11 These relapses are 
typically more severe than those seen in MS,10 and a single untreated or 
improperly managed attack in NMOSD can lead to permanent blindness or 
paralysis. While MOGAD patients often experience good motor recovery from 
attacks, they remain at risk for permanent bladder, bowel, or sexual 
dysfunction.8 

1.1.3 WHY BIOMARKERS MATTER 
Biomarkers are measurable indicators of biological processes and are essential 
tools in modern neurology. The evolution of diagnostic criteria to incorporate 
blood and cerebrospinal fluid (CSF) biomarkers has improved diagnostic 
precision and enables early and correct treatment in MS, NMOSD and 
MOGAD.8, 12, 13 In Sweden, quality indicators track the "time from debut to 
diagnosis" and "time from diagnosis to treatment start", metrics that are 
dependent on biomarker assessments.5 No single biomarker provides perfect 
diagnostic accuracy, nor is any test free from potential unintended clinical 
harm. The continued development of novel biomarkers and less invasive 
testing strategies therefore remains essential to improving patient care. This is 
also important on a global scale where disease epidemiology varies, and 
resources may be limited. Beyond diagnosis, biomarkers contribute to the 
understanding of disease processes, can aid prognostication and treatment 
monitoring, and may capture subclinical disease activity.14 Soluble biomarkers 
translate cell injury and immune activation into quantifiable signals, enable 
precision medicine, and are critical to modern neurological patient care. 



Biomarkers in Blood and Cerebrospinal Fluid for Monitoring and Differentiating 
Demyelinating Inflammatory Central Nervous System Disorders 

4 

1.2 HISTORICAL OVERVIEW: FROM 
CLINICAL SYNDROMES TO BIOLOGICAL 
ENTITIES 

1.2.1 THE EMERGENCE OF MULTIPLE SCLEROSIS 
AS A CLINICOPATHOLOGICAL ENTITY 
DURING THE 19TH CENTURY 

The conceptualization of multiple sclerosis as a distinct entity was formed 
during the 19th century, transitioning from isolated case observations to a 
medical category on its own. While Charles-Prosper Ollivier d’Angers 
provided early case reports of "myelitis" in 1824, the structural identification 
of the disease relied upon the pathological atlases of Robert Carswell (1838) 
and Jean Cruveilhier, who documented "gray degeneration" and "peculiar 
diseased states" of the spinal cord and brainstem.15 By 1863, Eduard 
Rindfleisch identified a morphological hallmark: the presence of blood vessels 
situated in the center of the inflammatory plaques.15 

The nomenclature "sclérose en plaques disseminées" was formally introduced 
in 1866 by Edmé Vulpian, and later translated as “multiple sclerosis” in 
English-language medical literature. However, the definitive clinical and 
pathological synthesis is historically attributed to Jean-Martin Charcot through 
his landmark lectures in 1868. Charcot conceptualized the disease as being 
rooted in glial hypertrophy and the subsequent destruction of nerve fibers, a 
process he hypothesized occurred independently of vascular alterations. 
Diagnosis during this period was based on symptoms and neurological 
examination, such as "Charcot’s neurological triad"—intention tremor, 
nystagmus, and scanning speech. In 1884, Pierre Marie formulated an 
influential hypothesis regarding infectious triggers, still, by the end of the 
century, the etiology of the disorder remained speculative.15 
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1.2.2 THE VARIANT CONCEPT OF DEMYELINATING 
DISEASE 

The formal description of "neuro-myélite optique aiguë" by Eugène Devic and 
Fernand Gault in 1894 introduced a period of nosological uncertainty.16, 17 
Devic intended the term to denote a unique clinical syndrome characterized by 
the simultaneous acute myelitis and optic neuritis.16, 18 Gault argued that it 
constituted a distinct "morbid entity," noting that the anatomical appearance of 
the lesions, often involving necrosis, did not follow the characteristic 
distribution of classical disseminated sclerosis.16, 17 In 1907, Peppo Acchioté 
proposed the eponym "maladie de Devic," yet many neurologists continued to 
regard the condition as a restricted variant of multiple sclerosis. During this 
era, most relapsing idiopathic demyelinating disorders of the CNS were 
traditionally classified as MS.17 Diagnostic ambiguity was further complicated 
by the observation of relapsing cases that challenged the original "monophasic" 
definition of Devic’s syndrome.13 This uncertainty persisted throughout the 
first half of the 20th century, as clinicians lacked paraclinical markers to verify 
whether these syndromes represented a single unitary disease process or 
distinct biological entities.13, 16 

1.2.3 THE FORMALIZATION OF DIAGNOSTIC 
CRITERIA 

The mid-20th century was defined by efforts to establish uniform terminology 
and objective requirements for the diagnosis of multiple sclerosis. The 
Schumacher Panel (1965) addressed the "lack of precision in diagnosis" by 
establishing six essential criteria to define "clinically definite multiple 
sclerosis".19 These criteria mandated “objective abnormalities on neurologic 
examination attributable to dysfunction of the CNS” and “evidence of 
involvement of two or more separate parts of the CNS” (dissemination in 
space).19 Temporal dissemination was strictly defined as two or more episodes 
of worsening separated by at least one month, or a slow progression over six 
months.19 The Poser Committee in 1983 introduced the category of 
"laboratory-supported" definite multiple sclerosis.20 This framework allowed 
for the inclusion of paraclinical evidence, such as the analysis of CSF for 
oligoclonal IgG bands.20 However, the underlying biological relationship 
between various phenotypes remained a subject of academic speculation.13 
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1.2.4 PARACLINICAL INTEGRATION 
The late 20th century was characterized by an increasing use of paraclinical 
markers, especially magnetic resonance imaging (MRI) and CSF analysis.21 
During this period, a significant nosological challenge was posed by 
"opticospinal multiple sclerosis" (OSMS), a phenotype prevalent in Asian 
populations that accounted for 15–40% of MS cases in Japan.17, 22 Investigators 
questioned whether OSMS represented a regional variant of Western MS or 
was biologically identical to the syndrome described by Devic.17 In 1999, 
Wingerchuk and colleagues proposed formalized diagnostic criteria for 
neuromyelitis optica (NMO), which integrated clinical requirements with 
supportive paraclinical findings.23 A hallmark radiological feature established 
during this era was the longitudinally extensive transverse myelitis (LETM) 
lesion, defined as an intramedullary signal abnormality spanning three or more 
contiguous vertebral segments.17, 22 This pattern diverged sharply from the 
short-segment, peripheral lesions typical of "Western" MS.17 Furthermore, 
laboratory investigations revealed that NMO was often characterized by a 
prominent CSF pleocytosis with neutrophils and a relative absence of the 
intrathecal IgG synthesis (oligoclonal bands) most often observed in MS.17 
Despite these differentiating features, the relationship between NMO and MS 
remained controversial, as both disorders shared the common features of 
inflammatory demyelination. Consequently, the diagnosis of NMO remained 
anchored in clinical and radiological patterns rather than a defined biological 
mechanism.13 

1.2.5 THE BIOMARKER REVOLUTION  
The discovery of a specific serum autoantibody, NMO-IgG, in 2004 
represented a milestone that defined NMO as an immunopathological 
biological entity.22 The subsequent identification of the astrocytic protein 
aquaporin-4 (AQP4) as the target of this antibody established NMO as a 
primary autoimmune astrocytopathy. This discovery prompted the publication 
of revised diagnostic criteria in 2006, which incorporated AQP4 IgG serology 
and coined the term NMO Spectrum Disorder to include patients with 
incomplete clinical presentations of NMO. This nomenclature was further 
unified and established by the 2015 International Panel for NMO Diagnosis 
(IPND) in the 2015 revised criteria.13  

Parallel to the discovery of AQP4-IgG, antibodies targeting myelin 
oligodendrocyte glycoprotein (MOG-IgG), a protein on the surface of myelin  
sheaths  and  oligodendrocytes, were identified in patients with inflammatory 
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demyelinating disease,24 including cases classified as seronegative NMOSD.25 
Early confusion regarding MOG antibodies resulted from low-specificity 
ELISA methodologies, but the development of cell-based assays (CBA) 
utilizing full-length human MOG protein allowed for the identification of a 
distinct entity in 2015: MOG antibody-associated disease (MOGAD).26 
MOGAD emerged as a primary demyelinating disorder clinically associated 
with ADEM, bilateral optic neuritis, and LETM, particularly in pediatric and 
AQP4-seronegative cohorts.8, 26 The 2018 consensus recommendations on 
MOG-IgG testing and interpretation,27 and the 2023 international diagnostic 
criteria for MOGAD8 established its status as a distinct entity, separate from 
both MS and NMOSD. This biomarker-driven era has increased the need to 
exclude NMOSD/MOGAD in atypical presentations when applying the 
McDonald MS criteria, often prompting AQP4-IgG and MOG-IgG testing to 
prevent misdiagnosis.12, 28 By transitioning from topographically defined 
syndromes to biologically defined entities, the current framework facilitates 
precision medicine and improved therapeutic strategies.11, 12  

1.2.6 THE REMARKABLE PROGRESS IN MS 
TREATMENT 

Throughout most of the 20th century, treatment of MS was largely confined to 
symptomatic management, high-dose corticosteroids for acute relapses, and 
the use of broad-spectrum immunosuppressants with limited evidence of 
efficacy.29 The approval of Interferon beta-1b in 1993 marked the beginning of 
the disease-modifying era in relapsing–remitting multiple sclerosis (RRMS). 
Subsequent approvals of additional injectable therapies, including other 
interferon-β formulations and glatiramer acetate, enabled a reduction in relapse 
frequency in a substantial proportion of patients, although their overall efficacy 
was moderate (approximately a ⅓ reduction in relapse rates).29 

These medications remained the mainstay of immunomodulatory treatment 
(platform therapy) in RRMS until the emergence of high-efficacy therapies 
(HETs) over the past 25 years. During this period, therapeutic development 
accelerated considerably with the introduction of oral and intravenous 
medications in addition to injectable therapies.29 A current search of the 
European Medicines Agency (EMA) database identifies 17 centrally 
authorized immunomodulatory treatments for MS (excluding generics), 
representing nine mechanistically distinct pharmacological classes: type I 
interferons, glatiramer acetate, dihydroorotate dehydrogenase inhibition 
(teriflunomide), fumaric acid esters, sphingosine-1-phosphate (S1P) receptor 
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modulators, α4-integrin blockade, anti-CD20 monoclonal antibodies, and 
immune reconstitution therapies (cladribine and alemtuzumab, not including 
autologous hematopoietic stem cell transplantation (AHSCT)).30 

A further review of DMTs in MS, NMOSD or MOGAD is beyond the scope 
of this thesis; however, one of the treatments for RRMS will be described 
briefly in the following section, as patients treated with this medicine were 
included in Paper I. 

1.2.7 NATALIZUMAB AND EXTENDED DOSING 
The introduction of natalizumab in 2004 was a milestone in MS treatment. 
Natalizumab represented the first approved monoclonal antibody therapy for 
RRMS and works by blocking α4β1-integrin on leukocytes, preventing 
leukocytes from crossing the blood-brain barrier (BBB) and thereby reduces 
inflammatory activity within the CNS. In the pivotal AFFIRM trial, 
natalizumab significantly reduced relapse rates (by 68%) and MRI activity 
compared with placebo, establishing its high efficacy profile.31, 32 Although 
well tolerated and with few reported adverse effects during the study,31 
treatment was soon after its introduction complicated by observations of 
progressive multifocal leukoencephalopathy (PML), a John Cunningham (JC) 
virus–mediated opportunistic infection.33 Although rare, PML carries 
substantial morbidity and mortality, which led to temporary market 
withdrawal. However, it was reintroduced in 2006 with strict risk mitigation 
strategies, including risk stratification based on JC virus serostatus, treatment 
duration, and prior immunosuppression.34 With the implementation of these 
strategies, the original standard-interval dosing (SID) regimen of 300 mg every 
four weeks remained the standard of care. However, the persisting risk of PML 
led to increasing interest in alternative dosing strategies. 

 

Figure 1 Natalizumab monoclonal antibody treatment in RRMS 
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The SID of 300mg every four weeks was originally based on pharmacokinetic 
and pharmacodynamic analysis showing that more than 80% saturation of the 
α4 integrin receptors on leukocytes was achieved and that receptor occupancy 
was 90 percent.32 Later data from pooled studies confirmed the maintained α4-
integrin receptor occupancy of at least 70-80% during SID.35 However, 
subsequent studies suggested that lower receptor occupancy may be sufficient 
to inhibit leukocyte trafficking across the BBB.36, 37 Moreover, although 
treatment interruptions of more than 8 - 12 weeks were associated with 
increased risk of rebound activity,36-40 observational and later randomized data 
indicated that a moderate increase in interval dosing (extended-interval dosing: 
EID), typically every 5–6 weeks, maintains clinical efficacy while further 
reducing PML risk.41-44 These findings established EID (typically six-week 
intervals) as a commonly used regimen in clinical practice.  

Although no evidence of increased disease activity was observed with six-
week EID, concerns remained that low-grade inflammatory activity or ongoing 
neurodegeneration could escape detection with conventional clinical 
assessment and standard MRI monitoring.45-47 At the time of publication of 
Paper I, only a limited number of studies had evaluated biomarkers of 
neuroaxonal injury in patients switching from SID to EID. While these studies 
reported stable serum concentrations of the neuroaxonal injury biomarker 
sNfL, they were constrained by relatively short follow-up periods and/or 
infrequent sampling.44, 48, 49 
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1.3 MULTIPLE SCLEROSIS, NMOSD, MOGAD: 
SIMILARITIES AND DIFFERENCES 

Within “the universe” of inflammatory demyelinating disorders of the CNS, 
MS, NMOSD, and MOGAD constitute the three principal disease entities. 
They have considerable similarities in clinical features, and at first 
presentation, clinical and radiological features may be insufficient to reliably 
distinguish between these disorders. This diagnostic uncertainty is clinically 
relevant, as disease course, prognosis, and therapeutic responses differ 
substantially. 

1.3.1 CLINICAL OVERLAP AND DIAGNOSTIC 
CHALLENGES 

1.3.1.1 CLINICAL PRESENTATION AND DISEASE 
CHARACTERISTICS 

Patients with MS have a female predominance (approximately 2:1 ratio) and 
typically present between 20 and 40 years of age.1, 3 This overlaps with 
MOGAD, in which adult onset commonly occurs in the third to fourth decade. 
However, MOGAD shows a bimodal distribution, as paediatric onset is 
frequent and often manifests as acute disseminated encephalomyelitis 
(ADEM).8 In contrast, NMOSD typically presents later, around 40 years of 
age, and paediatric onset is rare. NMOSD shows a marked female 
predominance, whereas MOGAD has an approximately equal sex 
distribution.8, 10 

The clinical course in MS often includes both relapsing and progressive 
mechanisms,47 whereas for NMOSD and MOGAD, a progressive course 
independent of clinical attacks is considered atypical and is categorized as a 
diagnostic red flag.8, 12, 13 Relapses in inflammatory demyelinating disorders 
reflect focal CNS inflammation producing acute neurological deficits. 
Relapses typically evolve over hours to a few days and reach a peak within 
days to weeks. In MS, attacks are heterogeneous and typically involve 
unilateral optic neuritis, partial transverse myelitis, sensory disturbances, 
brainstem syndromes (e.g., diplopia, internuclear ophthalmoplegia), motor 
weakness, or cerebellar dysfunction; multifocal presentations are common, and 
recovery is often incomplete but variable.12  
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AQP4-IgG–positive NMOSD is characterized by severe, attack-related 
syndromes predominantly affecting the optic nerves, spinal cord, and specific 
brain regions with high aquaporin-4 expression, such as the area postrema 
(area postrema syndrome). Attacks are typically more destructive than in MS 
and are associated with poorer recovery.10 In contrast, patients with MOGAD 
generally exhibit better recovery after a relapse despite substantial variability 
in relapse severity,8 but long term disability may be similar to those with MS. 
MOGAD presents both monophasic and relapsing courses and a wide 
phenotypic spectrum. In adults, optic neuritis (60%) and myelitis (21%) are the 
most common presenting phenotypes.50 Other manifestations include ADEM, 
cortical encephalitis, brainstem or cerebellar syndromes,8 and meningitis.51 
Patients that are seronegative for both AQP4-IgG and MOG-IgG (Double-
Negative NMOSD; DN-NMOSD) represents a heterogeneous group defined 
by clinical criteria rather than a unifying biomarker, with symptom profiles 
overlapping both AQP4-IgG-positive NMOSD and MOGAD.10 DN-NMOSD 
is associated with high diagnostic uncertainty and risk of misdiagnosis.52 
Cohort studies suggest that patients with DN-NMOSD are more frequently 
male and of Caucasian ethnicity, and that they may experience better visual 
recovery following optic neuritis compared with patients with AQP4-IgG–
positive NMOSD.53 However, interpretation is limited by rarity, treatment 
effects, and referral bias. Sex distribution, ethnicity, relapse frequency, and 
disability accrual remain incompletely defined.10  

For consistency with Papers III and V, DN-NMOSD will hereafter denote 
seronegative NMOSD. The optimal classification and terminology for this 
entity, however, remain under discussion. See Table 1 for an overview of 
clinical and demographic characteristics in the three most common 
inflammatory demyelinating diseases in the CNS.  
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1.3.1.2 CLINICAL COURSE IN MS  

MS has been extensively studied epidemiologically, partly because of its 
relatively high prevalence and the long-standing use of standardized diagnostic 
criteria. Over time, terminology to describe clinical events and subtypes in MS 
has been established. Most patients with MS (approximately 85%) have a 
course at disease onset characterized by a relapsing-remitting pattern (RRMS). 
The first clinical episode suggestive of CNS inflammatory demyelination, in a 
patient who does not yet fulfill diagnostic criteria for MS, is termed clinically 
isolated syndrome (CIS). Typical CIS presentations include for example optic 
neuritis, sensory deficits, brainstem syndromes, or partial transverse myelitis, 
or other symptoms reflecting focal inflammatory lesions within the CNS.54 

Natural history cohorts from the era prior to DMTs demonstrated that most 
patients with RRMS eventually transitioned to a disease course characterized 
by gradual and irreversible disability progression, so called secondary-
progressive MS (SPMS).55, 56 A subset of patients, approximately 10–15%, 
have primary progressive MS (PPMS), defined by gradual disability worsening 
from disease onset without preceding relapse.54 Commonly reported features 
of progressive MS (PMS) include gradually worsening gait impairment, 
increasing lower limb spasticity and weakness, progressive cerebellar ataxia, 
and cognitive decline (particularly slowed information processing). For 
research purposes, several attempts have been made to define SPMS on the 
basis of disability scales, most commonly the Expanded Disability Status Scale 
(EDSS), the most widely used disability measure in MS.57, 58 However, in 
clinical practice, the diagnosis of SPMS remains largely retrospective and 
based on sustained disability progression independent of relapses rather than 
on a strict EDSS threshold. Lower rates of conversion from RRMS to SPMS 
in recent years are presumed to be due to earlier diagnosis and the introduction 
of DMTs.59 Importantly, patients with SPMS may have superimposed relapses 
during a progressive course.56 

More recently, the concept of progressive disease has undergone re-evaluation, 
as evidence indicates that disability accumulation frequently occurs 
independently of overt relapse activity in patients with RRMS.60 This 
phenomenon, referred to as progression independent of relapse activity 
(PIRA), reflects ongoing pathological processes that are not captured by 
relapses alone,61 62, 63 and has been demonstrated to be the main contributor to 
disability accumulation in patients with RRMS.61 Moreover, PIRA, often 
defined as a 6-month confirmed EDSS increase occurring during a relapse-free 
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period, is relatively common; approximately one quarter of patients in a large 
cohort followed from a first demyelinating event developed PIRA, with a 
median time to PIRA of about seven years.64 Although PIRA represents an 
EDSS-based, confirmed measure of progression, it does not fully capture the 
broader progressive clinical worsening that some patients experience. This is 
driven by underlying disease mechanisms of chronic low-grade 
compartmentalized inflammation in the CNS, often referred to as smouldering 
disease in MS.47 Smouldering-associated worsening (SAW) has therefore been 
proposed as an umbrella term encompassing not only PIRA, but also more 
subtle and often under-recognized manifestations of progression, including 
fatigue, cognitive decline, subtle motor deterioration, bladder, bowel or sexual 
dysfunction, and worsening detectable only with more sensitive clinical tests 
such as the 9-Hole Peg Test (9HPT) or the Timed 25-Foot Walk (T25FW).65 
Accordingly, detection of SAW requires more sensitive composite disability 
measures, such as EDSS-Plus (EDSS combined with 9HPT and T25FW), in 
addition to refined radiological and soluble biomarker monitoring.65 Thus, MS 
is increasingly regarded as a continuum in which relapsing and progressive 
mechanisms coexist from early disease stages, contributing to permanent 
disability through both relapse-associated worsening (RAW) and SAW.47 A 
schematic representation of these mechanisms across the disease course is 
provided in Figure 2.  
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1.3.1.3 CURRENT DIAGNOSTIC CRITERIA AND LIMITATIONS OF 
ANTIBODY ASSAYS 

For MS, the 2017 revised McDonald criteria were applied for patient inclusion 
in this thesis,28 while new criteria were published in 2025 (2024 revised 
McDonald criteria).12 Importantly, patients fulfilling the 2017 criteria will also 
meet the 2024 revised criteria.12 MS diagnosis has traditionally required 
evidence of dissemination in space (DIS) and time (DIT), meaning 
inflammatory demyelinating lesions must occur in distinct CNS locations at 
different time points, thereby demonstrating chronicity. The 2017 criteria 
introduced CSF oligoclonal IgG bands as evidence of DIT.28 The 2024 criteria 
extend the 2017 framework by integrating new imaging and biological 
biomarkers to diagnose MS earlier. The optic nerve is now recognized as a fifth 
typical lesion location for DIS (alongside periventricular, juxtacortical, 
infratentorial, spinal). The criteria also allow kappa free light chains (KFLC) 
in CSF as an alternative to oligoclonal bands (CSF positivity) and advanced 
MRI features—central vein sign (CVS) and paramagnetic rim lesions (PRL) 
—as supportive evidence. Moreover, patients with atypical presentations or 
radiologically isolated syndrome (RIS) may fulfill diagnostic criteria.12 

For MOGAD, 2018 consensus recommendations27 regarding MOG-IgG 
testing and red flags for atypical phenotypes served as best available diagnostic 
criteria in Paper III, while formal criteria were published in 2023.8 For 
NMOSD, current diagnostic criteria date from 201513 but are under revision 
(IPND 2025 Revised Classification). The new criteria are reported to classify 
MOGAD and AQP4-IgG-positive NMOSD as distinct diseases, whereas DN-
NMOSD cases are proposed to be categorized by phenotypical and clinical 
character, as syndromes.66 Current formal diagnostic criteria are presented in 
Figure 3 (MS), Table 2 (MOGAD), and Table 3 (NMOSD). 

For AQP4-IgG-positive NMOSD, and MOGAD, accurate diagnosis depends 
heavily on assay methodology. Live cell-based assays outperform fixed assays 
for both AQP4-IgG and MOG-IgG,10, 67 and remains the reference standard 
assay. 66 Antibody titers may fluctuate over time, and seronegativity does not 
fully exclude disease, particularly when testing occurs remote from relapse.10, 

68 Titers may also be reduced by B cell-depleting therapy,68 or 
plasmapheresis.69 Patients evaluated for MOGAD should undergo CSF 
antibody testing, as isolated CSF MOG-IgG positivity may occur despite 
negative serum results.8, 70 
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Table 2 The 2023 International MOGAD Panel proposed criteria. *When fixed CBA 
assay is used, a titer of ≥1:100 is considered clear positive, while ≥1:10 and <1:100 is 
low positive. Reproduced with permission from Banwell et al. Lancet Neurol 2023; 22: 
268–82 

Diagnosis of MOGAD (requires fulfilment of A, B, and C) 
(A) Core 
clinical 
demyelinating 
event 

Optic neuritis 
Myelitis 
ADEM 
Cerebral monofocal or polyfocal deficits 
Brainstem or cerebellar deficits 
Cerebral cortical encephalitis often with seizures 

(B) Positive 
MOG-IgG 
test 

Cell-
based 
assay *: 
serum 

Clear positive No additional supporting features required 
Low positive • AQP4-IgG seronegative AND 

• ≥1 supporting clinical or MRI feature Positive without reported titre 
Negative but CSF positive 

Supporting 
clinical or 
MRI features 

Optic 
neuritis 

• Bilateral simultaneous clinical involvement 
• Longitudinal optic nerve involvement (> 50% length of the optic nerve) 
• Perineural optic sheath enhancement 
• Optic disc oedema 

Myelitis • Longitudinally extensive myelitis 
• Central cord lesion or H-sign 
• Conus lesion 

Brain, 
brainstem, 
or 
cerebral 
syndrome 

• Multiple ill-defined T2 hyperintense lesions in supratentorial and often 
 infratentorial white matter 
• Deep grey matter involvement 
• Ill-defined T2-hyperintensity involving pons, middle cerebellar peduncle, or medulla 
• Cortical lesion with or without lesional and overlying meningeal enhancement 

(C) Exclusion of better diagnoses including multiple sclerosis 

 
Table 3 The 2015 International consensus diagnostic criteria for neuromyelitis optica 
spectrum disorders. Reproduced from Wingerchuk et al., Neurology, 2015, under the 
Creative Commons Attribution 4.0 License (CC BY 4.0). 

NMOSD diagnostic criteria for adult patients 
Diagnostic criteria for NMOSD with AQP4-IgG 
1. At least 1 core clinical characteristic 
2. Positive test for AQP4-IgG using best available detection method (cell-based assay strongly recommended) 
3. Exclusion of alternative diagnoses 
Diagnostic criteria for NMOSD without AQP4-IgG or NMOSD with unknown AQP4-IgG status 
1. At least 2 core clinical characteristics occurring as a result of one or more clinical attacks and meeting all of the 

following requirements:  
a. At least 1 core clinical characteristic must be optic neuritis, acute myelitis with LETM, or area 

postrema syndrome 
b. Dissemination in space (2 or more different core clinical characteristics) 
c. Fulfillment of additional MRI requirements, as applicable 

2. Negative tests for AQP4-IgG using best available detection method, or testing unavailable 
3. Exclusion of alternative diagnoses 
Core clinical characteristics  
1. Optic neuritis 
2. Acute myelitis 
3. Area postrema syndrome: episode of otherwise unexplained hiccups or nausea and vomiting 
4. Acute brainstem syndrome 
5. Symptomatic narcolepsy or acute diencephalic clinical syndrome with NMOSD-typical diencephalic MRI lesions 
6. Symptomatic cerebral syndrome with NMOSD-typical brain lesions 
Additional MRI requirements for NMOSD without AQP4-IgG and NMOSD with unknown AQP4-IgG status 
1. Acute optic neuritis: requires brain MRI showing (a) normal findings or only nonspecific white matter lesions, 

OR (b) optic nerve MRI with T2-hyperintense lesion or T1-weighted gadolinium-enhancing lesion extending 
over >1/2 optic nerve length or involving optic chiasm 

2. Acute myelitis: requires associated intramedullary MRI lesion extending over ≥3 contiguous segments (LETM) 
OR ≥3 contiguous segments of focal spinal cord atrophy in patients with history compatible with acute myelitis 

3. Area postrema syndrome: requires associated dorsal medulla/area postrema lesions 
4. Acute brainstem syndrome: requires associated periependymal brainstem lesions 
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1.3.2 PATHOPHYSIOLOGICAL DISTINCTIONS 
All disorders discussed in this thesis are widely accepted as having an 
autoimmune etiology, but MS and DN-NMOSD stand out as they are not 
strictly fulfilling the classical criteria for an autoimmune disease due to the 
absence of known specific autoantigens.71 MS is characterized by a complex 
interplay of adaptive immune responses, chronic compartmentalized 
inflammation, and progressive neurodegeneration. In contrast, AQP4-IgG-
positive NMOSD represents a prototypical antibody-mediated astrocytopathy, 
in which antibodies target the AQP4 water channel expressed on astrocytic 
endfeet at the BBB. MOGAD is distinguished by antibody-mediated 
demyelination targeting MOG, with prominent innate immune activation. 
Patients with DN-NMOSD constitute a heterogeneous group, and 
accumulating evidence suggests that their pathobiology differs from that of 
AQP4-IgG-positive NMOSD, though the exact mechanism remains 
incompletely defined.66 

A better understanding of the underlying distinct pathophysiological 
mechanisms is important, for among other things, the tailoring of optimal 
treatments. For example, the development of natalizumab as a treatment for 
RRMS was mechanism-driven, and grew out of immunology work in the late 
1980s-1990s on leukocyte adhesion and trafficking, combined with 
experimental autoimmune models of MS.31 Similarly, the prominent 
complement activation in AQP4-IgG-positive NMOSD constituted the basis 
for the development of the efficacious complement (C5) inhibitor 
eculizumab.72  

1.3.2.1 PATHOPHYSIOLOGY IN MS 

MS is histopathologically characterized by multiple inflammatory plaques in 
the brain and spinal cord, typically organized around veins and showing 
confluent expansion. Lesions are most prominent in white matter, but grey 
matter involvement is evident from early disease stages.73 In active plaques, 
breakdown of the BBB occurs and can be visualized on MRI as contrast-
enhancing lesions (CELs). Active lesions contain abundant myelin-laden 
macrophages/microglia and lymphocytic infiltrates. In contrast to AQP4-IgG–
positive NMOSD, astrocytes in MS are usually reactive rather than primarily 
destroyed.74, 75 CD8+ T cells are often the dominant lymphocyte population, 
displaying a cytotoxic and clonally expanded phenotype, while 
microglia/macrophages produce oxidative and inflammatory mediators that 
link inflammation to neuroaxonal injury. Demyelination is a core feature, but 
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axonal damage is also consistently present.75 Chronic mixed active/inactive 
plaques show ongoing injury at the lesion edge with persistent innate immune 
activation, forming the pathological substrate of “smouldering MS” and 
PIRA.47, 76 See Figure 4 for the immunological mechanisms in MS.  

MS is a complex disease with an incompletely understood cause, and its 
pathophysiological models have evolved over time. The classical view 
describes MS as an autoimmune disease driven by autoreactive lymphocytes 
targeting myelin components,77 followed by microglial activation and chronic 
neurodegeneration.78 Historically, competing frameworks include the 
“outside-in” model, emphasizing peripheral immune priming and CNS entry 
across the BBB—supported indirectly by therapies that block immune cell 
trafficking or deplete B cells—and the “inside-out” hypothesis, proposing a 
primary CNS process (e.g., early myelin or axonal injury) that secondarily 
induces autoimmunity.79 The classical view of MS has been challenged. 
Epstein–Barr virus (EBV)–related immune dysregulation is now integrated 
into many models as a prerequisite for MS.80 Nearly all patients with MS have 
prior EBV infection, and a landmark study demonstrated more than a 30-fold 
increase in MS risk after EBV infection.81 Axonal injury has been observed 
after EBV infection before later MS diagnosis,82 and 96 % of children with 
pediatric-onset MS show antibodies against EBV viral capsid antigen, 
supporting EBV as a trigger across age groups.83  

In MS, there are both genetic and environmental risk factors. Genetic factors 
are estimated to account for approximately 30% of overall susceptibility. A 
large genetic study suggested that part of the genetic susceptibility to MS rose 
in Eurasian steppe populations and spread into Europe through Yamnaya-
related migration around 5,000 years ago.84 MS is highly polygenic, with risk 
arising from the combined effects of many variants.85 The strongest genetic 
association is in the major histocompatibility complex (MHC), particularly 
HLA-DRB1, encoding proteins central to immune function.86 Outside the 
MHC, more than 200 susceptibility variants have been identified, mainly 
affecting peripheral immune cells but also implicating brain-resident microglia 
in directing autoimmunity toward the CNS.85 Among environmental factors, 
smoking87 as well as vitamin D deficiency88 have been associated with 
increased risk and worse disease course, although evidence for other proposed 
factors remains less robust. 
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1.3.2.2 PATHOPHYSIOLOGY IN AQP4-IGG POSITIVE NMOSD 

In the majority of NMOSD cases, pathogenesis is driven by immunoglobulin 
G1 (IgG1) autoantibodies targeting aquaporin-4 (AQP4) (AQP4-IgG-positive 
NMOSD), a water channel protein highly expressed on astrocyte endfeet.89 The 
binding of AQP4-IgG leads to C1q engagement and triggering of the classical 
complement cascade and formation of the membrane attack complex, resulting 
in astrocyte lysis. Secondary mechanisms include antibody-dependent cellular 
cytotoxicity (ADCC) and AQP4 internalization, which induces astrocyte 
dysfunction independent of cell death.75, 89 Histopathological findings include 
loss of AQP4 immunoreactivity, vasculocentric deposition of activated 
complement, and marked infiltration of granulocytes—particularly neutrophils 
with extracellular traps (NETs) and eosinophils—into acute lesions. 
Demyelination and axonal injury occur as secondary downstream events of 
astrocyte destruction,89 and chronic active lesions are absent.90 

 

Figure 5 Immunopathology of AQP4-IgG-positive NMOSD. Reproduced with 
permission from Yanagimura et al., Clinical and Experimental Neuroimmunology, 
2025. NET: neutrophil extracellular traps. ADCC: antibody-dependent cellular 
cytotoxicity. MAC: membrane attack complex. MAG: myelin-associated glycoprotein. 
NK: natural killer cell. CDC: complement-dependent cytotoxicity.  
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1.3.2.3 PATHOPHYSIOLOGY IN DN-NMOSD 

DN-NMOSD constitutes a heterogeneous subgroup meeting clinical criteria 
despite the absence of AQP4-IgG and MOG-IgG. Disability accumulation is 
predominantly relapse-dependent,10 and proteomic profiles suggest DN-
NMOSD is biologically more similar to MOGAD than to AQP4-NMOSD.91 
Immune activity changes over time: in the acute phase, CD4+ T cells dominate 
around blood vessels, while tissue-resident memory T cells remain in the lesion 
and may trigger future relapses.75, 89  

1.3.2.4 PATHOPHYSIOLOGY IN MOGAD 

MOGAD is characterized by primary antibody-mediated demyelination 
targeting MOG, a glycoprotein located on the outermost layer of the CNS 
myelin sheath and the surface of mature oligodendrocytes. Pathogenesis 
typically starts with the peripheral activation of MOG-specific B and T cells—
frequently following an infectious prodrome—facilitating their transit across 
the BBB.92 The central mechanism involves the bivalent binding of IgG1 
antibodies to MOG, triggering complement-dependent cytotoxicity, ADCC, 
and macrophage-mediated phagocytosis.75 Notably, MOG-IgG engages 
complement less efficiently than AQP4-IgG, and significant injury results 
from direct disruption of the oligodendrocyte cytoskeleton independent of 
direct cell lysis.92 Histologically, MOGAD is defined by perivenous 
demyelination with ill-defined borders surrounding small vessels; these may 
merge into larger plaques but lack the radial expansion characteristic of MS.75 
Distinctive findings include the relative preservation of astrocytes and axons, 
contrasting with the necrotizing astrocytopathy of AQP4-IgG-positive 
NMOSD.75, 93 Furthermore, the inflammatory infiltrate is dominated by CD4+ 
T cells and macrophages, differing from the CD8+ T-cell predominance in 
MS.75, 92 Crucially, oligodendrocyte precursor cells are typically spared, 
facilitating a high potential for remyelination.92 MOGAD lacks the 
"smouldering" chronic active lesions of MS, reflecting that disability is 
predominantly relapse-mediated.8  
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Table 4 Adapted from Takai et al., Frontiers in Neurology, 2023, under the Creative 
Commons Attribution 4.0 License (CC BY 4.0). AQP4, aquaporin 4; GFAP, glial 
fibrillary acidic protein; MAG, myelin associated glycoprotein; MBP, myelin basic 
protein; MOG, myelin oligodendrocyte glycoprotein; MOGAD, MOG antibody-
associated disease; MS, multiple sclerosis;NMOSD, neuromyelitis optica spectrum 
disorders; PVS, perivascular space; SEL, slowly expanding lesion. *Perivenous and 
confluent. 

Disease MOGAD MS AQP4+NMOSD 
Primary target Myelin > 

Oligodendrocyte 
Myelin, 
Oligodendrocyte 

Astrocyte 

Histopathology 
Lesion 
distribution 

Mainly in white matter, 
the cerebral cortex and 
deep gray matter can 
also be involved 

Mainly in 
periventricular and 
juxtacortical white 
matter, (cerebral cortex 
more common in the 
progressive phase) 

Both white matter and 
gray matter, mainly in 
the spinal cord and optic 
nerves 

Pattern of 
demyelination 

Perivenous > Confluent 
or transitional* 

Confluent (slowly 
expanding lesion in the 
progressive phase) 

Secondary in the 
astrocyte lytic lesions, 
distal 
oligodendrogliopathy 

Lesion edge Ill defined ~sharply 
defined 

Sharply defined Sharply defined 

Damaged 
myelin proteins 

MOG > or = others Even, or MAG > others 
(in “Pattern III”) 

MAG > others 

Oligodendrocyte Relatively preserved Partially loss 
~regenerate 

Loss 

Astrocyte Reactive Reactive Loss 
Axon Preserved Relatively preserved, 

(degenerated in the 
progressive phase) 

Damaged in various 
degress 

Site of 
complement 
deposition 

Myelin, inside 
macrophage 

Myelin, inside 
macrophage (in MS 
pattern II) 

Vasculocentric 
(rim/rosette pattern) 

Cellular infiltration 
Macrophage Most conspicuous in the 

PVS and parenchyma 
Most conspicuous in 
parenchyma, especially 
at the lesion edge 

Most conspicuous in the 
PVS and parenchyma 

T cells CD4 dominant in the 
PVS 

CD8 dominant in the 
PVS 

CD4 dominant in the 
PVS (CD8 dominant in 
the chronic phase) 

B cells A small number in the 
PVS, occasional 
aggregates in the 
leptomeninges 

A small number in the 
PVS (Ectopic lymphoid 
follicles in the 
progressive phase) 

A small number in the 
PVS 

Neutrophil/ 
Eosinophil 

Mild ~Moderate Rare Mild ~Marked 
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1.3.3 MONITORING DISEASE ACTIVITY: CURRENT 
TOOLS AND THEIR LIMITATIONS 

The landscape of disease-monitoring tools is evolving. Since the publication 
of Paper I, several biomarkers investigated herein have been incorporated into 
clinical practice, reflecting accumulating evidence of clinical validity. This 
development marks a shift toward more biologically informed and quantitative 
monitoring strategies. Nevertheless, disease monitoring has historically, and 
continues to rely on clinical assessment and radiological evaluation. 

1.3.3.1 MAGNETIC RESONANCE IMAGING (MRI) 

MRI has become the gold standard for monitoring of MS.94 MRI contributes 
by detecting typical demyelinating lesions in periventricular, 
juxtacortical/cortical, infratentorial, spinal cord, and optic nerve regions, 
demonstrating dissemination in time (simultaneous enhancing and non-
enhancing lesions or new T2 lesions), and identifying brain atrophy as well as 
specific markers such as the central vein sign (CVS) and paramagnetic rim 
lesions (PRL).95 Routine monitoring in patients with RRMS is emphasized by 
the Swedish National Board of Health and Welfare national guidelines for MS 
care,5 and the Swedish MS Society recommends baseline MRI of both brain 
and spinal cord, with follow-up including brain MRI at 3–6 months, 6–12 
months, and then annually, with possible extension to 18–24 months in stable 
disease.96 While initial MRI scans can be diagnostic and convey prognostic 
information,97 follow-up imaging focuses primarily on new, enlarging, or 
contrast-enhancing lesions (CELs) and atrophy progression. Importantly, MRI 
can detect subclinical radiological activity, and natural history studies from the 
era before DMTs demonstrated that new lesions on serial MRI occurred 
approximately five to ten times more often than clinical relapses.98 

MRI is essential in the investigative work-up for NMOSD and MOGAD, but 
unlike MS, there are no clear standardized recommendations for routine MRI 
monitoring and “silent” lesion accrual on follow-up MRI is uncommon.8, 10 
Only 3% in a cohort of both pediatric and adult patients with MOGAD and 
AQP4-IgG-positive NMOSD had new silent MRI lesions at remission.99 
However, it is common for patients to have asymptomatic lesions in one region 
of the CNS while experiencing a clinical attack in another. Moreover, it has 
been reported that MRI can be normal at very early stages in a clinical attack 
and repeat MRI during the same attack should be considered if the clinical 
suspicion for NMOSD or MOGAD is high.8, 10 
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1.3.3.2 CLINICAL ASSESSMENT AND THE EXPANDED 
DISABILITY STATUS SCALE 

Besides radiological follow-up, conventional disease monitoring relies 
primarily on structured clinical evaluation and patient-reported 
symptomatology. A detailed medical history and a comprehensive 
neurological examination remain cornerstones of patient assessment and 
longitudinal follow-up. 

A clinical relapse is defined as the occurrence of new or worsening 
neurological signs and symptoms persisting for more than 24 hours, in the 
absence of an alternative explanation. Fever and systemic infection must be 
excluded, as elevated body temperature can precipitate a so-called pseudo-
relapse—a transient exacerbation of pre-existing neurological deficits without 
evidence of new focal inflammatory activity within the CNS. 

For disability assessment, the Expanded Disability Status Scale (EDSS) is the 
most widely used instrument.58 The scale spans from 0 (no disability and 
normal neurological examination) to 10 (death) (Figure 6). Most Swedish 
patients with MS have only minimal or moderate disability, as the mean EDSS 
score for patients in Sweden is reported to be 2.5.4 The term confirmed 
disability worsening (CDW) refers to a sustained increase in disability over 
≥3-6 months, and is mostly used for research purposes. EDSS is also used in 
the evaluation of disability in NMOSD and MOGAD.  

 

Figure 6 Simplified description of the disability stages in the Expanded Disability 
Status Scale (EDSS), spanning from 0-10. Created by the author using Biorender. 

1.3.3.3 THE NEDA CONCEPT IN MS 

Over the years, there have been repeated efforts to define disease remission by 
combining conventional markers of MS activity. The concept of no evidence 
of disease activity (NEDA) has been developed to include no relapses, no 
CDW, and no MRI activity (NEDA-3), meaning no new or enlarging T2 
lesions and no gadolinium-enhancing T1 lesions. The concept was intended to 
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move beyond relapse rate alone and provide a stricter definition of remission 
in the era of DMTs.100 However, NEDA-3 is limited in that it does not include 
measures such as brain atrophy or cognitive decline, which led to proposals 
such as NEDA-4 that adds brain volume as a fourth measure.100 Still, it has 
been argued that even more refined targets are needed, as the gradual 
worsening attributable to smouldering CNS processes may not be captured by 
either NEDA-3 nor NEDA-4. More recently, no evidence of inflammatory 
disease activity (NEIDA) and no evidence of smouldering disease activity 
(NESDA) have been put forward to incorporate cognition, patient-related 
outcomes, soluble biomarkers and more advanced imaging markers, in 
addition to previous measures.65 Consistent with this, a 2025 therapeutic 
overview argues that near-complete suppression of relapses and new MRI 
lesions is now achievable with high-efficacy therapy, but progression can 
persist and is not adequately captured by current biomarker measures, 
motivating better markers of insidious progression.76 

1.3.3.4 THE NEED FOR RELIABLE BIOMARKERS 

An ideal biomarker would: 
• Reflect ongoing disease activity 
• Capture subclinical pathology 
• Be sensitive to treatment effects 
• Be feasible in routine clinical practice 

In MS, MRI has dramatically improved patient monitoring and conventional 
MRI is more sensitive than clinical examination alone for detecting subclinical 
inflammatory activity.98 However, the correlation between clinical disability 
scales and MRI lesion load is only moderate,101 and conventional MRI metrics 
has limited sensitivity to detect dimensions of pathology that contribute to 
disability, such as cortical and deep grey-matter involvement, diffuse white-
matter damage, and spinal cord pathology.102 In a large cohort study, one-
fourth of patients with a clinical relapse showed no new T2 lesion or contrast-
enhancing lesion on brain and spinal cord.103 Moreover, MRI can be time-
consuming and physically challenging for patients with severe disability. 
These limitations have stimulated interest not only in more advanced MRI 
techniques, but also — in parallel with major advances in assay technology — 
in soluble biomarkers that may complement clinical and radiological 
assessment. Such biomarkers have the potential to capture ongoing 
neuroaxonal injury and treatment effects that are not fully reflected by 
conventional MRI metrics. 
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1.3.4 BODY FLUID BIOMARKERS IN 
INFLAMMATORY DEMYELINATING DISEASE  

A biomarker is an objectively measured and reproducible biological 
characteristic that reflects normal biological processes, pathogenic processes, 
or responses to a therapeutic intervention. Biomarkers are medical signs, 
distinct from symptoms, which are subjectively experienced by the patient. 
Depending on context, biomarkers can be used for diagnosis, disease 
monitoring, prognostication, or as outcome measures in clinical research.104 
Although not a formal classification used in the literature, soluble biomarkers 
in the context of this thesis can broadly reflect: 14  

• Tissue injury (e.g. axonal injury) 
• Cell-specific pathology (neurons, astrocytes) 
• Blood-Brain-Barrier (BBB) dysfunction 
• Immune activation (adaptive vs innate) 

1.3.4.1 INTERMEDIATE FILAMENTS AND AXONAL INJURY 

Neurofilaments are proteins that act as scaffolding and support fibers in 
neurons. They are part of a group of structural proteins described in the 1960s 
named intermediate filaments due to their intermediate diameter (10nm) 
compared to the other major classes of cytoskeletal proteins; larger than actin 
(6nm) but smaller than microtubules (25nm).105, 106 The family of intermediate 
filaments have six classes, of which class III and IV are of interest in this thesis. 
Class III consists of peripherin, vimentin, and glial fibrillary acidic protein 
(GFAP), while class IV includes the triplet neurofilament light (NfL), medium 
(NfM), heavy (NfH), and a fourth protein called α-internexin (AINX) (Figure 
7). The neurofilament triplet proteins were described and separated during the 
late 1970s,107 and AINX was associated with these neurofilament proteins in 
1985.108  
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Figure 7 The basic structure of neurofilament triplet proteins and α-internexin. 
Reprinted with permission from Gaetani L et. al. “Neurofilament light chain as a 
biomarker in neurological disorders”. J Neurol Neurosurg Psychiatry. 
2019;90(8):870-81 (87).  

NfL is particularly abundant in myelinated axons, not only functioning as 
structural support, but also implicated in axonal transport, conduction 
properties, and the regulation of axonal diameter.109-113 AINX is closely related 
to the neurofilament triplet proteins. Rodent studies have demonstrated that 
AINX is widely expressed throughout the adult brain and spinal cord,114-116 
although it has also been suggested to be predominantly expressed during 
developmental stages of the CNS,117 potentially acting as a precursor to the 
neurofilament triplet proteins.114, 116 In human protein studies, AINX has been 
reported to be expressed in the brain early in gestation, reaching steady-state 
levels by approximately 18 weeks.118 In adults, standardized human atlas 
resources show prominent AINX expression in CNS regions and in a subset of 
adrenal gland cells (Human Protein Atlas119 and Genotype-Tissue 
Expression120). In addition to adrenal cells, AINX expression outside the CNS 
has been described in Leydig and spermatogonia cells in the testis,119 intestinal 
myenteric neurons,121 as well as in pancreatic neuroendocrine tumors.122 
Immunohistochemical studies have demonstrated AINX in the human brain 
within the pathological inclusions characteristic of neuronal intermediate 
filament inclusion disease.123-125 The human protein atlases do not include 
specific annotated peripheral nerve categories. However, in a mice study, 
AINX was reported to be barely detectable in sciatic nerve compared with its 
abundant expression in corpus callosum, optic nerve, and spinal cord.126 
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1.3.4.2 NFL AS A MEASURE OF AXONAL INJURY IN MS 

Over the years, NfL has emerged as one of the most studied and clinically 
validated biomarker of axonal injury in MS,127 and has increasingly been 
incorporated as an outcome measure in clinical trials.128, 129 During axonal 
injury, it is released into interstitial fluid and diffuses into CSF and blood. 
While not disease-specific, NfL is a marker for axonal injury in 
neurodegenerative disease.113 Elevated levels were first reported in the CSF of 
patients with amyotrophic lateral sclerosis (ALS) in 1996,130 and soon 
thereafter were shown to be increased in association with relapse in patients 
with MS.131, 132 Subsequent studies showed that CSF NfL (cNfL) was reduced 
by effective DMTs,133, 134 and that increased concentrations at diagnosis were 
associated with worse prognosis.135  

The invasive nature of lumbar puncture (LP) to obtain CSF has limited the 
feasibility of repeated cNfL measurements. The development of highly 
sensitive immunoassays enabled detection of extremely low NfL 
concentrations in serum; in 2013, markedly elevated sNfL levels were 
demonstrated in patients with ALS (mean 95 ng/L) compared with controls 
(mean 4 ng/L).136 Assay methodology was further refined with the introduction 
of the single-molecule array (Simoa) ultra-sensitive immunoassay platform.137 
The possibility of measuring NfL in blood expanded the applicability of NfL 
as a biomarker for axonal injury in MS. Although the concentrations of NfL 
are much lower in serum compared to CSF,137 strong correlations between 
sNfL and cNfL were demonstrated,132, 137, 138 and previously established 
associations between elevated NfL levels and disease activity were replicated 
using sNfL.138 Increased sNfL concentrations have also been observed in 
patients with CIS,139 and are associated with brain and spinal cord atrophy.140, 

141 Although cNfL concentration measurements seem to be more sensitive in 
capturing disease activity compared to sNfL,142 sNfL provides a practical and 
minimally invasive alternative suitable for disease monitoring. 

Despite the relative ease of obtaining sNfL through blood sampling, a clear 
age-dependent increase in sNfL limits interpretation at the individual level, and 
fixed cut-off values are insufficient for clinical use.143 To overcome this, large 
cohorts of healthy individuals have been used to establish age-stratified 
reference limits.144 However, several factors influence sNfL levels and should 
be considered in interpretation. While age is the strongest confounder, higher 
body-mass index (BMI) is associated with lower levels, and impaired renal 
function may increase sNfL concentrations.145 More advanced reference 
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models have incorporated both age and BMI into statistical models, allowing 
calculation of Z-scores that better distinguish physiological variation from 
disease-related elevations.145 See Figure 8 for an example of how the Basel 
sNfL online app, based on large cohorts of healthy individuals,145 can be 
utilized to retrieve a Z-score calculation for a hypothetical patient with a sNfL 
of 12, aged 30 years and a BMI of 20.146 The resulting Z-score value of 1.8 
means that this individualʼs sNfL concentration is 1.8 standard deviations (SD) 
above modeled normal age-and BMI-adjusted reference levels.146 

 

Figure 8 The online Basel-sNfL reference app for calculating the Z-score for a 
hypothetical person aged 30 years, a body-mass index (BMI) of 20, and a sNfL 
concentration of 12, resulting in a Z-score of 1.8 as indicated by the cross in the figure. 
(https://shiny.dkfbasel.ch/baselnflreference/)Reproduced with permission from dr J 
Kuhle, Department of Neurology, University Hospital Basel, Switzerland. 
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1.3.4.3 ASTROCYTIC BIOMARKERS AND BLOOD–BRAIN 
BARRIER DYSFUNCTION 

Astrocytes are the main structural and homeostatic glial cells of the CNS. 
Beyond metabolic and synaptic support, astrocytes contribute critically to 
maintenance of the BBB through specialized endfeet that enwrap cerebral 
microvessels and regulate vascular permeability. In CNS injury, astrocytes 
become activated in what is called astrogliosis.147 

GFAP is the major intermediate filament protein of astrocytes and forms the 
cytoskeletal backbone of these cells. Upregulation of GFAP is a hallmark of 
reactive astrogliosis, which occurs in response to inflammatory and 
degenerative CNS injury.147 

The BBB is a highly specialized neurovascular interface composed of 
endothelial tight junctions, pericytes, and astrocytic endfeet. It regulates 
molecular and cellular trafficking between blood and CNS tissue. In 
inflammatory demyelinating diseases, BBB disruption permits entry of 
immune cells, antibodies, and inflammatory mediators into the CNS 
parenchyma. The CSF/serum albumin quotient (QAlb) is a well-established 
quantitative marker of BBB permeability; elevated QAlb reflects impaired 
barrier integrity and is widely used in the diagnostic work-up of 
neuroinflammatory disorders, including NMOSD and MS.10  

Consistent with the established astrocytic activation and gliosis in chronic MS 
lesions, increased concentrations of CSF GFAP, correlating with disease 
progression, has been measured in patients with MS.148-150 Subsequently, 
elevated GFAP concentrations in serum has been linked to PIRA.151  

In AQP4-IgG-positive NMOSD, characterized by aquaporin-4 antibody–
mediated astrocytopathy, astrocytic injury is central to pathogenesis. 
Accordingly, increased QAlb and levels of CSF GFAP have been 
demonstrated in AQP4-IgG–positive NMOSD, reflecting the primary 
astrocytic target of the disease.10 
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1.3.4.4 INNATE IMMUNE MARKERS AND CALPROTECTIN 

Innate immune activation is a central component of MS, NMOSD, and 
MOGAD. Fluid-based biomarkers reflecting myeloid, astrocytic, and 
granulocytic activity provide complementary information to antibody testing 
and may help distinguish the inflammatory characteristics of these disorders.152 

Among established innate-associated markers, microglial/macrophage-derived 
proteins such as Chitinase-3-Like protein 1 (CHI3L1, or YKL-40) are linked 
to chronic active lesion biology (e.g., slowly expanding and paramagnetic rim 
lesions) in MS.153 Conversely, in NMOSD and MOGAD, several innate 
pathways track more closely with acute attack biology. Complement activation 
is central: CSF C5 and C5a rise in acute MOGAD and NMOSD (but not 
MS).152 IL-6, an innate cytokine, is markedly elevated in AQP4-IgG-positive 
NMOSD and MOGAD and supports a neutrophil- and Th17-skewed 
inflammatory milieu.92, 154 Increased levels of granulocyte activation markers 
(GAMs) in CSF further characterize neutrophil-driven pathology in NMOSD 
and MOGAD.89, 152 

Calprotectin (S100A8/S100A9), a neutrophil- and monocyte-derived alarmin 
that amplifies innate immune responses.155, 156 It is established as a biomarker 
in inflammatory bowel disease and systemic infection,157, 158 and elevated 
serum levels correlate with systemic inflammation.158, 159 In the CNS, CSF 
calprotectin rises in bacterial infection,160, 161 and the expression of a 
calprotectin subunit is seen in active MS lesions.162 However, studies of serum 
levels in MS are rare but suggest that levels may increase during periods of 
disease activity, although findings remain inconsistent.163-166 CSF calprotectin 
has been examined in only one study, which reported no overall difference 
compared with controls but higher detectability in the early phase following 
relapse onset.167  
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2 AIMS OF THE THESIS 
Despite the remarkable progress in biomarker research during the last decades, 
several knowledge gaps remain and form the basis for the studies included in 
this thesis. The overall research questions can be summarized: 

• How reliably do blood-based biomarkers reflect disease activity at the 
individual patient level? 

• How should biomarkers be interpreted longitudinally in real-world 
clinical settings?  

• Can biomarkers distinguish between clinically overlapping 
inflammatory demyelinating disorders? 

• Do different biomarkers reflect distinct biological processes across 
diseases? 

The aim of this thesis was to evaluate soluble biomarkers reflecting 
neuroaxonal injury, astrocytic pathology, and innate immune activation in 
inflammatory demyelinating diseases of the CNS, with a particular focus on 
their clinical utility for diagnosis and disease monitoring. Collectively, the 
studies were designed to improve the precision of disease activity assessment 
and to enhance diagnostic accuracy across the spectrum of CNS demyelinating 
disorders. 
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Table 5 Knowledge gaps and objectives 

Paper Knowledge gaps Objective/Aim 

I Despite increasing use of extended-
interval dosing of natalizumab in patients 
with RRMS, its effect on subclinical 
axonal injury is not sufficiently 
investigated. Conventional clinical and 
MRI-based monitoring may fail to detect 
axonal damage during treatment 
modifications. 

To determine whether switching 
from SID to EID of natalizumab is 
associated with changes in sNfL 
levels, as a marker of neuroaxonal 
injury. 

II Although sNfL is well established as a 
group-level marker of disease activity in 
RRMS, its utility for monitoring 
individual patients remains unclear. There 
is a lack of studies describing the sNfL 
temporal dynamics in high-frequency 
longitudinal sampling during disease 
activity.  

To characterize the temporal kinetics 
of sNfL following inflammatory 
activity, to compare the performance 
of different sNfL-derived variables 
for capturing disease activity. 

III NMOSD and MOGAD can pose a 
diagnostic challenge due to clinically 
overlapping symptoms, and similar 
relapse presentation as in patients with 
RRMS. There is insufficient real-world 
data on non-antibody biomarkers to 
differentiate these disease entities.  

To evaluate CSF biomarkers, with a 
focus on GFAP, in patients with 
NMOSD, MOGAD and RRMS.  

IV A new method for quantifying the 
neuronal intermediate filament α-
internexin in CSF was developed and 
described in 2025. There is a lack of 
studies on α-internexin in patients with 
MS.  

To validate the new method and 
assess levels of α-internexin in 
patients with RRMS compared to 
controls. The objective was also to 
examine the correlation between CSF 
AINX and NfL in patients with MS.  

V MS, NMOSD, and MOGAD involve 
innate immune activation. Calprotectin is 
a soluble biomarker for innate immune 
activity and can be measured in blood and 
CSF. There is limited data on the levels of 
calprotectin in patients with MS, and no 
studies on calprotectin levels in patients 
with NMOSD or MOGAD.  

To measure the concentration of 
calprotectin in serum and CSF in 
patients with MS, NMOSD, and 
MOGAD. The study aimed to 
identify disease-specific immune 
signatures and assess associations 
with recent relapse activity. 
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3 METHODS 
This section outlines the methodological framework that was used in the five 
studies of this thesis. 

3.1 STUDY DESIGN AND PATIENT COHORTS 
The research presented herein is based on prospective and retrospective 
observational studies utilizing real-world data. All studies were conducted at 
the MS Center, Sahlgrenska University Hospital, Gothenburg, Sweden. In 
Study III and V, participants with NMOSD and MOGAD from the entire 
Region Västra Götaland were eligible for inclusion. See Table 8 for an 
overview of Study I-V. 

All patients with MS were diagnosed according to the 2017 McDonald 
criteria28 and were consecutively enrolled. Patients with NMOSD fulfilled the 
2015 international diagnostic criteria,13 while patients with MOGAD met the 
2018 consensus recommendations for diagnosis and evaluation.27 In Paper V, 
patients fulfilled the 2023 MOGAD diagnostic criteria.8 

3.1.1.1 PAPER I 
This was a prospective, single-center observational study conducted over 12 
months, with inclusion between October 2019 and June 2021. Eligible patients 
had received natalizumab (300 mg intravenously every 4–6 weeks) for ≥1 year 
without relapse or new/enlarging MRI lesions within 6 months prior to 
baseline. Patients were consecutively enrolled after informed consent. 

Participants were allocated according to dosing interval: one cohort switched 
from 4-week to 6-week dosing (EID4–6), while the other continued extended 
dosing (5–6 weeks; EID5/6). Serum sampling was performed longitudinally, 
with MRI at baseline, 24, and 48 weeks and EDSS assessment at baseline and 
week 48. Clinical and demographic data were retrieved from electronic 
medical records.  

A total of 73 patients with RRMS were included; however, three patients were 
excluded due to concomitant neurological conditions, leaving 70 patients for 
analysis: 45 in the EID4-6 subgroup and 25 in the EID5/6 subgroup.  

Baseline demographic and clinical characteristics are presented in Table 6. The 
median age was 44 years (IQR; 36-50) and there were no statistically 
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significant differences between groups in regard to age, sex distribution 
(p=0.052), disease duration, and disability as measured by the EDSS.  

Table 6 Patient demographic and clinical characteristics in paper I. Values are the 
mean (range) unless indicated otherwise. Reproduced from Johnsson et al., Multiple 
Sclerosis Journal, 2022, under the Creative Commons Attribution 4.0 License (CC BY 
4.0). 

 

3.1.1.2 PAPER II 
This prospective single-center study included participants between September 
2017 and January 2021. Patients with RRMS or CIS were eligible if they had 
a current relapse and/or CELs on MRI. RRMS patients with asymptomatic 
CELs were also included, and patients could be treated or untreated with DMT. 
Baseline was defined as the first serum sampling following relapse or MRI 
activity. Other neurological diseases were exclusion criteria. The study 
included 44 participants with evidence of disease activity. EDSS score and 
brain MRI were done at baseline, 24, and 48 weeks, and patients were followed 
with longitudinal sNfL sampling across 48 weeks. MRI of spinal cord was 
performed in 23 of 44 patients at baseline. A separate control cohort of 
natalizumab-treated RRMS patients (n=66) (Paper I: EID4-6 and EID5/6 
cohorts) with NEDA-3 served as a reference group. Patients in the control 
group were older than the NEDA-3 controls but had similar disability (median 
EDSS; 2.0). When analyzing the data, patients were classified as active 
(clinical relapse and/or radiological activity: new or enlarging T2 lesion or 
CEL) or stable (NEDA-3 cohort from paper I). Subgroups in the active cohort 
comprised A) patients with CIS or RRMS and clinical relapse but no 
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radiological activity (n = 13), B) patients with CIS or RRMS with clinical 
relapse and radiological activity (n = 27), and C) patients with RRMS without 
clinical relapse but with radiological activity (n = 4). Baseline demographic 
and clinical characteristics are shown in Table 7. 

Table 7 Patient demographic and clinical characteristics. Reproduced from Johnsson 
et al., Multiple Sclerosis Journal, 2024, under the Creative Commons Attribution 4.0 
License (CC BY 4.0). 

 

3.1.1.3 PAPER III 
This retrospective observational study included patients from the entire Region 
Västra Götaland, Sweden. Electronic medical records (Melior) (2010–2022) 
were systematically searched using ICD codes for neuromyelitis optica 
(G36.0), myelitis (G04.9), and optic neuritis (H46.9), identifying 1,400 
potential cases. In parallel, historical positive anti-MOG (n=29) and anti-
AQP4 (n=14) test results from the Sahlgrenska University Hospital 
immunology laboratory were reviewed. After diagnostic verification, 55 
unique patients fulfilled criteria for NMOSD or MOGAD (Figure 9). 
Subgroups comprised AQP4-IgG–positive NMOSD (n=19), DN-NMOSD 
(n=7), MOGAD (n=29). Control groups with active RRMS (sampled within 
one month of relapse) (n=19), and stable RRMS (sampled ≥6 months after 
relapse or MRI activity) (n=14) were included.168 Patients with NMOSD and 
MOGAD were sampled during relapse. Demographic and clinical variables, 
including age, sex, MRI findings, EDSS at onset and sampling, and relapse 
history, were extracted from medical records. Groups differed in age 
distribution, with AQP4-IgG-positive-NMOSD patients being older, while sex 
distribution reflected the known female predominance in NMOSD. 
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Figure 9 Study flow chart in Paper III. Reproduced from Johnsson et al., Multiple 
Sclerosis Journal, 2024, under the Creative Commons Attribution 4.0 License (CC BY 
4.0) 

3.1.1.4 PAPER IV 
In this observational study, 34 patients with RRMS were included, of whom 
24 patients had previously participated in a prospective study investigating 
biomarker levels before and after initiation of fingolimod (Novakova et al. 
Mult Scler, 2017).169 Pre-treatment CSF samples collected between 2011 and 
2014 within this study were retrieved from the local biobank. In addition, 10 
RRMS and 8 control CSF samples were randomly selected from biobank 
material obtained during diagnostic evaluations between 2018 and 2021. 
Controls comprised four volunteers and four individuals undergoing diagnostic 
evaluation; all had normal neurological examination, brain and/or spinal MRI, 
and CSF findings. Individuals with concomitant neurological, 
ophthalmological, or inflammatory disease were excluded. Clinical data (age, 
sex, disease duration, EDSS, DMTs) were extracted retrospectively from 
medical records. 

3.1.1.5 PAPER V 
In this observational study, we included a subset of patients from Study III with 
a diagnosis of AQP4-IgG-positive NMOSD (n=10), DN-NMOSD (n=6), 
MOGAD (n=9) whom had serum and CSF samples stored at the Sahlgrenska 
Virology Department (See section “Sampling, assays, and analytical 
platforms”), and from RRMS (n=10) and controls (n = 8) in Study IV. 
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3.2 STATISTICAL METHODS 

3.2.1 STATISTICAL ANALYSIS 
The study of quantifiable soluble biomarkers is advantageous in that 
descriptive data and comparisons between groups can be described and 
visualized using statistical measures. In paper I, statistical analyses were 
performed in collaboration with a professional statistical consulting firm. In 
Papers II-V, all statistical analyses were conducted by the thesis author. 
Statistical analysis was done using the following software programs: Excel 365 
(paper I-V), SAS 9.4 (paper I), SPSS version 23 or 27 (paper I-II), GraphPad 
Prism 9.3 (paper I-II) and R version 4.3.2 (paper III-V).  

In univariable descriptive statistics, median and interquartile range (IQR) were 
used to describe distribution in non-normal data, while mean and standard 
deviation (SD) were used for normally distributed data. Categorical data are 
presented as counts and percentages. Non-parametric comparisons between 
groups were performed with Fisherʼs Non-Parametric Permutation test 170 or 
the Wilcoxon rank-sum test (Mann-Whitney U test). For correlation analyses, 
Pearsonʼs correlation analysis and the Shrout-Fleiss reliability random test was 
used in paper I, and Spearman correlation analysis was used in paper II-V.  

Longitudinal sampling of sNfL concentrations, meaning repeated sampling 
over time, necessitates statistical methods for within-group paired sampling. In 
paper I, Fischerʼs Non-Parametric Permutation Test170 was used for this 
purpose, and the Wilcoxon signed-rank test was used in paper II, and IV. 

In paper I, III, and IV, analysis of covariance (ANCOVA) was performed to 
calculate age-adjusted sNfL concentrations. In paper II, the compared groups 
(active versus stable patients) differed significantly in age, making this method 
for age-adjustments unsuitable. Since a substantial age-dependent increase of 
sNfL is mainly seen after the age of 50, only patients aged less than 50 years 
were included in the analysis when comparing raw absolute sNfL levels. In 
addition, so called Z-scores were derived from the online application created 
by Benkert et al. 145 to calculate age- and BMI-adjusted normative values.  The 
Z-score value describes how an individual patient’s sNfL concentration is 
related to the age- and BMI-adjusted mean level in a large group of healthy 
controls and is measured in terms of SD from the mean. 
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3.2.2 STATISTICAL METHODS THAT RELATE TO 
DIAGNOSTIC TESTS 

All studies in this thesis evaluate soluble biomarkers and use tests to 
distinguish between patients with and without disease activity, or between 
different diagnostic groups. Several statistical terms are used frequently and 
warrant brief description. They relate to the statistical performance of 
diagnostic tests and include sensitivity, specificity, positive predictive value 
(PPV), negative predictive value (NPV), and the area under the curve (AUC) 
value, derived from a receiver operating characteristics (ROC) curve analysis.  

It is important to acknowledge both the possibilities and the limitations of such 
statistical analyses. As in any evaluation, the purpose of a test must be clearly 
defined. The objective may be to confirm or exclude disease, to assess the 
added value of a test given existing information, to serve as a threshold tool to 
guide clinical action, or to monitor disease over time. Relevant questions also 
include when the test should be applied and whether its performance applies 
equally across different subpopulations. Test performance is often assessed 
univariately, that is, whether the test alone can discriminate between diseased 
and non-diseased individuals. However, its value must be interpreted in 
relation to other available information, such as clinical symptoms, MRI 
findings, and additional laboratory results. Furthermore, cut-off values are 
often required to define when a test is considered positive or negative. This is 
particularly relevant for assays that produce a continuous result, such as 
biomarker concentrations (e.g. NfL, GFAP, or calprotectin). 

3.2.2.1 SENSITIVITY AND SPECIFICITY 

To calculate sensitivity, specificity, PPV, and NPV, the numbers of true 
positives, false positives, true negatives, and false negatives must be known. A 
true positive represents a positive test result in an individual with disease, 
whereas a false positive represents a positive test in an individual without 
disease. Correspondingly, a false negative is a negative test in an individual 
with disease, and a true negative is a negative test in an individual without 
disease.171 In this thesis, true positive means a positive test in a person with 
disease activity (Paper II) or with a confirmed diagnosis of AQP4-IgG positive 
NMOSD (Paper III). See Table 9 for definitions of commonly used statistical 
terms.  
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Table 9 Statistical terms that relate to diagnostic tests 

Statistical term Can be interpreted as Definition 

Sensitivity 
The probability of a positive test in 

a person with the disease. 
 

Specificity The probability of a negative test 
in a person without the disease. 

 

PPV (positive 
predictive value) 

The probability of a person having 
the disease when the test is 

positive.  

NPV (negative 
predictive value) 

The probability of a person not 
having the disease when the test is 

negative.  

 

A diagnostic test is most useful when it demonstrates both high sensitivity and 
specificity, but increasing sensitivity often occurs at the expense of specificity, 
and vice versa. While sensitivity and specificity are generally regarded as 
intrinsic properties of the test and are independent of disease prevalence, PPV 
and NPV may be advantageous from a clinical perspective, as they incorporate 
disease prevalence in the studied population. Higher prevalence generally 
increases PPV, which is intuitive. Conversely, low prevalence generally lowers 
PPV, because in a population with few diseased individuals, the large number 
of non-diseased individuals may generate a substantial number of false 
positives, even when specificity is high. Moreover, PPV and NPV are only 
applicable to an individual patient if that patient belongs to a population with 
a similar disease prevalence as the population in which these measures were 
calculated. This is particularly relevant when evaluating tests intended to 
distinguish a disease with very low prevalence (NMOSD or MOGAD) versus 
one with much higher prevalence (MS).171 
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3.2.2.2  CUT-OFF VALUES AND TEST ACCURACY 

ROC analysis was used to evaluate how well a biomarker can distinguish 
between two groups (for example, patients with disease activity versus patients 
without disease activity (Paper II), or patients with AQP4-IgG-positive 
NMOSD versus patients with other inflammatory demyelinating disease. 
(Paper III)). Originally developed by radar engineers during World War II for 
distinguishing between enemy aircrafts and noise, this statistical method is 
now used widely to evaluate diagnostic tests.172 In ROC analysis, the true 
disease status of each individual (a binary outcome, e.g., active disease vs 
stable disease) is compared with a continuous test variable (e.g., biomarker 
concentration). 

To determine an optimal cut-off value, all possible thresholds of the biomarker 
are evaluated. In practice, the observed biomarker values are commonly used 
as candidate cut-offs. For each threshold, individuals with values above the 
cut-off are classified as test-positive and those below as test-negative. 
Sensitivity (true positive rate) and 1 − specificity (false positive rate) are then 
calculated based on the entire study population, for whom the true outcome is 
known. Each cut-off therefore produces one pair of sensitivity and false 
positive rate values, which are plotted in a coordinate system. The resulting 
ROC curve illustrates the trade-off between sensitivity and specificity across 
all possible decision thresholds. An optimal cut-off can be defined in several 
ways, depending on the clinical context. In Paper II, the optimal cut-off was 
defined as the point closest to the upper left corner of the ROC plot, 
corresponding to the shortest distance to perfect classification (100% 
sensitivity and 100% specificity). In Paper III, the Youden index (sensitivity + 
specificity − 1) was used, and the cut-off that maximized this index was 
selected.  

ROC curve (Figure 10) analysis was used to evaluate the discriminatory 
performance of the biomarker. AUC was calculated as a global measure of 
diagnostic accuracy, yielding a value between 0 and 1. An AUC of 0.5 
indicates no discriminatory ability (corresponding to the reference line), 
whereas higher values indicate increasing discriminatory performance. The 
AUC can be interpreted as the probability that a randomly selected individual 
with the outcome of interest (e.g., disease activity) has a higher biomarker 
value than a randomly selected individual without the outcome.171 
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Figure 10 Example ROC curve. Created in PowerPoint by the thesis author. 

To assess whether combining biomarkers improved discriminatory 
performance (Paper III: CSF GFAP and Qalb), multivariable logistic 
regression models were constructed including the selected biomarkers as 
independent variables and the clinical outcome as the dependent variable. 
Predicted probabilities derived from these models were then calculated for 
each individual. These probability estimates, reflecting the combined 
contribution of all included biomarkers, were subsequently used to generate 
ROC curves. The AUC of the combined model was compared with the AUCs 
of individual biomarkers to evaluate whether integration of markers provided 
incremental diagnostic value. 
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3.3 SAMPLING, ASSAYS, AND ANALYTICAL 
PLATFORMS  

In Study I, peripheral venous blood was obtained immediately prior to 
natalizumab infusion. Samples were collected in three sets of paired 5 mL 
serum and plasma tubes. After clotting (serum) and centrifugation, samples 
were aliquoted and stored at −80°C until analysis. Sampling was performed at 
baseline and at each infusion throughout the 12-month follow-up period. 

 

Figure 11 Study design and sampling in Paper I, Reproduced from Johnsson et al., 
Multiple Sclerosis Journal, 2022, under the Creative Commons Attribution 4.0 
License (CC BY 4.0) 

In Study II, serum samples were collected at relapse onset (baseline) and at 
follow-up visits at weeks 0, 2, 4, 8, 16, 24, and 48. 

 

Figure 12 Study design and sampling in Paper II. Reproduced from Johnsson et al., 
Multiple Sclerosis Journal, 2024, under the Creative Commons Attribution 4.0 License 
(CC BY 4.0) 

 



Biomarkers in Blood and Cerebrospinal Fluid for Monitoring and Differentiating 
Demyelinating Inflammatory Central Nervous System Disorders 

48 

In Study III, no additional biological samples were collected. Clinical and 
laboratory data were retrospectively retrieved from electronic medical records. 

In Study IV, stored CSF samples were retrieved from the biobank and sent to 
the Clinical Neurochemistry Laboratory, Mölndal, for AINX analysis, as 
described separately. Results from routine CSF biomarkers (CSF cell count, 
IgG index, IgM index, Oligoclonal bands, Qalb) were extracted from medical 
records, while other CSF biomarkers analyzed within the previous study by 
Novakova et al. in 2017 (NfL, GFAP, CXCL13, YKL40, Neurogranin, 
Chitotriosidase) were included in the analysis for this subset of patients.169  

In Study V, patients with NMOSD and MOGAD previously identified in 
Study III were cross-referenced with the Department of Virology sample 
registry to identify available stored material. Residual CSF and serum samples 
obtained during routine diagnostic investigations (2010–2022) had been stored 
at −20°C at Sahlgrenska University Hospital and were retrieved for analysis. 
CSF and serum samples from patients with RRMS and healthy controls 
previously included in Study IV served as comparator groups. Calprotectin 
concentrations were analyzed as described separately. Additional CSF and 
blood biomarker data were extracted retrospectively from electronic medical 
records.  

3.3.1 CSF NFL 
All cNfL data were retrieved retrospectively either from laboratory reports in 
electronic medical records (Paper III) or from existing datasets generated in 
previously conducted studies (Papers IV and V). LPs were performed at the 
MS Center at Sahlgrenska, and in a minority of patients (Paper III) at other 
clinics within county hospitals in the Västra Götaland Region. 

The analyses were performed at the Clinical Neurochemistry Laboratory, 
Sahlgrenska University Hospital, Mölndal. NfL concentration was measured 
using a sensitive sandwich ELISA method (NF-light® ELISA kit; 
UmanDiagnostics AB, Umeå, Sweden). Intra- and inter-assay coefficients of 
variation were below 10%, and the lower limit of quantification (LLoQ) of the 
assay was 31 pg/mL. 
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3.3.2 CSF GFAP 
All CSF GFAP data were retrieved retrospectively either from laboratory 
reports in electronic medical records (Paper III) or from existing datasets 
generated in previously conducted studies (Papers IV and V). The analyses 
were done at the Clinical Neurochemistry Laboratory, Sahlgrenska University 
Hospital, Mölndal. 

An in-house sandwich ELISA was used to analyze GFAP in CSF. Microtiter 
plates were coated with hen anti-GFAP IgG to capture antigen, followed by 
rabbit anti-GFAP IgG and detection using biotinylated goat anti-rabbit IgG 
with an avidin–biotin–peroxidase complex. The assay range was 32–16,000 
pg/mL, with higher concentrations quantified after dilution. Absorbance was 
measured at 490 nm and concentrations calculated using log–log 
transformation or a four-parameter fit. Inter- and intra-assay precision were 
determined using pooled CSF. CSF samples from healthy volonteers served as 
reference values.148 

3.3.3 SIMOA: SERUM NFL AND CSF AINX 
Conventional ELISA, as used for the measurements of NfL and GFAP in CSF, 
is not sensitive enough to quantify the low levels of NfL in blood. A new 
method for the detection of very low-abundance proteins in blood were 
presented in 2010: Single-Molecule-Array (Simoa), sometimes also called 
digital ELISA.173 Simoa is based on the same principles as conventional 
ELISA but uses a different detection strategy that allows measurement of 
single protein molecules. Target proteins are captured on microscopic beads 
coated with specific antibodies, forming enzyme-labeled immunocomplexes 
similar to a sandwich ELISA. At very low protein concentrations, most beads 
carry either one or no target molecule, and the beads are then distributed into 
arrays of femtoliter-sized wells, where each well isolates a single bead in a 
very small reaction volume. After addition of a fluorogenic substrate, 
enzymatic activity on beads carrying a target molecule generates a fluorescent 
signal. The signal is read digitally by counting the proportion of fluorescent 
and non-fluorescent wells which enables a markedly higher sensitivity 
compared with conventional ELISA and allows quantification of proteins in 
blood at subfemtomolar concentrations.  
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3.3.3.1 SERUM NFL 
Measurements were performed at the Clinical Neurochemistry Laboratory, 
Sahlgrenska University Hospital, Mölndal by board-certified laboratory 
technicians blinded to clinical data. To reduce inter-assay variability, baseline 
and follow-up samples from each participant were analyzed in parallel on the 
same assay plate using a single reagent batch. Samples from healthy controls 
were randomly distributed across plates. All procedures were conducted at 
room temperature. 

Serum NfL concentrations were quantified using the Simoa® NF-light™ 
Advantage Kit on the HD-X Analyzer (Quanterix, Billerica, MA, USA). 
Samples, internal quality controls, and calibrators were thawed at room 
temperature. The RGP reagent was mixed for 30 minutes at 800 rpm and heated 
to 30°C. Calibrators, samples, and quality controls were vortexed for 30 
seconds at 2000 rpm and subsequently centrifuged for 10 minutes at 4000 × g. 
All materials were loaded onto the analyzer and measured using a fourfold 
dilution. Intra- and inter-assay coefficients of variation were 10%. 

3.3.3.2 AINX 
CSF AINX concentrations were measured using an in-house Simoa 
immunoassay developed at the Clinical Neurochemistry Laboratory, 
University of Gothenburg.174 The assay employs a two-antibody sandwich 
format, with a monoclonal capture antibody coupled to paramagnetic beads 
and a biotinylated detector antibody targeting distinct epitopes within the core 
region of AINX. Recombinant human AINX served as calibrator, and 
quantification was performed on the Simoa HD-X platform according to 
validated laboratory procedures. 

Analytical validation demonstrated high sensitivity, with a working range of 
approximately 0.14–140 ng/L and a lower limit of quantification below 0.2 
ng/L. Intra- and inter-assay variability remained below predefined acceptance 
thresholds (<15%). The assay showed acceptable dilutional linearity, spike 
recovery, and resistance to repeated freeze–thaw cycles and short-term storage 
at room temperature or 4°C. Blood contamination at clinically relevant levels 
did not materially influence measured concentrations. All CSF samples were 
analyzed in randomized order with laboratory personnel blinded to clinical 
data. 
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3.3.4 AQP4 AND MOG ANTIBODY ASSAYS 
The most recent guidelines for the diagnosis of AQP4-IgG positive NMOSD 
and MOGAD recommend live CBA for the detection of antibodies,8, 10 due to 
higher sensitivity and specificity compared to fixed CBA and ELISA.67 Both 
live and fixed CBA use detection by immunofluorescence, but the main 
difference is that live CBA uses living cells that express native AQP4 or MOG 
on cell surfaces, which preserves conformational epitopes and patient IgG 
binds as it would in vivo.67 However, live CBA requires maintaining 
transfected live cells and is more resource dependent, and was not available. 

For the analysis in patients in the studies included in this thesis, serum AQP4 
and MOG antibodies were analyzed semi-quantitatively using indirect 
immunofluorescence on AQP4-transfected and MOG-transfected cells (fixed 
CBA), respectively (EU-90; Euroimmun, Lübeck, Germany) at the Laboratory 
for Clinical Immunology, Clinical immunology and transfusion medicine, 
Sahlgrenska University Hospital. MOG-IgG titers ≥ 10 are reported as 
positive, and AQP4-IgG titers are reported as negative or positive. For this 
CBA, a sensitivity of 68% has been reported in the literature.175 In 5 patients 
with AQP4-IgG-positive NMOSD, serum samples were analyzed by Wieslab 
Diagnostic Services (SVAR Life Science, Malmö, Sweden). 

3.3.5 CALPROTECTIN 
Calprotectin in CSF and blood were measured with the Gentian GCAL® 
Calprotectin Immunoassay kit (Gentian Diagnostics AS, Moss, Norway), 
which is a particle-enhanced turbidimetric immunoassay (PETIA), run on the 
Optilite® automated analyzer (The Binding Site Group Ltd, Birmingham, 
UK). The assay was performed according to the manufacturer's instructions for 
serum and according to standard operating procedures at the laboratory for 
clinical immunology at Sahlgrenska University Hospital. In brief, patient 
serum is mixed with reagent containing microparticles (immunoparticles) 
coated with anti-calprotectin antibodies. Calprotectin in the sample binds to 
these antibodies and forms immune aggregates, which makes the reaction 
mixture more turbid (cloudy). The Optilite measures the reduction in 
transmitted light through the cuvette (i.e., increased turbidity). The change in 
signal is proportional to the calprotectin concentration, and the final 
concentration is obtained by comparison to a calibration curve.176 The level of 
quantification (LoQ) was 0.3mg/L and all samples were above limit of 
detection. 
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3.3.6 OTHER BIOMARKERS MENTIONED IN THIS 
THESIS 

Biomarker Main function and association Assay 
CSF 
Oligoclonal 
IgG bands and 
IgG index 

Intrathecal synthesis of 
immunoglobulins by the clonal 
expansion of plasma cells. 

Isoelectric focusing followed by 
immunoblotting 

CSF 
Oligoclonal 
IgM bands and 
IgM index 
Neutrophils in 
blood 

Nonspecific marker of systemic 
inflammation 

Routine complete blood counts with 
differential performed on an 
automated hematology analyzer 

Chitotriosidase Marker of activated 
microglia/macrophages and 
innate immune activation.177 

ELISA 

Neurogranin Postsynaptic protein and marker 
of synaptic injury/dysfunction.178 

ELISA 

CXCL13 B-cell–attracting chemokine and 
marker of intrathecal B-cell 
activity.46 

ELISA 

CHI3L1 
(YKL-40) 

Glycoprotein associated with 
microglial/macrophage activation 
and chronic active CNS 
inflammation.179 

ELISA 

T-Tau Marker of neuronal cell body 
injury.180 

ELISA 

CSF/serum 
albumin 
quotient 
(QAlb) 

The CSF/serum albumin quotient 
is a marker of BBB integrity.181 

Calculated from paired CSF and 
serum albumin concentrations 
measured by immunonephelometry 

3.4 NEUROIMAGING 
All MRI of brain and spinal cord were performed within clinical routine.  

In Paper I and II, 3.0 Tesla scanner was used to perform MRI of brain and 
spinal cord including T2-weighted images, fluid-attenuated inversion recovery 
(FLAIR) images, diffusion-weighted imaging (DWI), and T1 with gadolinium 
contrast. 

New MRI activity disease activity was defined as a new CEL or new or 
enlarged T2 lesion.  
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3.5 ETHICAL APPROVALS AND 
CONSIDERATIONS 

All study participants participated voluntarily. In Studies I, II, IV, and V, 
written informed consent was obtained from all participants prior to inclusion. 
In Study III, participants were informed about the study by letter and were 
given the opportunity to decline participation or request further information. 
This opt-out procedure was approved by the relevant ethics committee and 
considered appropriate since the study was retrospective and based on 
previously collected clinical data and samples. 

All data were pseudonymized prior to analysis and stored securely to prevent 
unauthorized access. Only authorized researchers had access to coded datasets. 

MRI and LP were performed as part of routine clinical investigation and not 
for research purposes. New blood samples were collected prospectively only 
in Studies I and II. The potential risks associated with blood sampling are 
minor and are considered proportionate to the potential scientific and clinical 
value of the studies. In Studies IV–V, analyses were conducted retrospectively 
on stored frozen serum and CSF samples. Therefore, the additional burden to 
participants was limited.  

Ethical approvals: 

• Study I The study was approved by the Regional Committee for 
Medical Research Ethics, Gothenburg (EPN-460-13) and the Swedish 
Ethical Review Agency (DNR 2020-04900).  

• Study II The Regional Ethics Review Board in Gothenburg, Sweden 
approved the study (Dnr 1133-16). 

• Study III The study was approved by the Regional Ethics Review 
Board in Gothenburg, Sweden (Dnr 2022–04,293–01, Dnr 460–13, 
and Dnr 223-15). 

• Study IV The regional ethical review boards in Uppsala, Sweden (Dnr 
2005:253) and Gothenburg, Sweden, (Dnr 460–13) approved the 
study. 

• Study IV The regional ethical review boards in Stockholm, Sweden 
(2022-04293-01) and Gothenburg, Sweden, (Dnr 460-13) approved 
the study.  

 



Biomarkers in Blood and Cerebrospinal Fluid for Monitoring and Differentiating 
Demyelinating Inflammatory Central Nervous System Disorders 

54 

 

 

 

 



Magnus Johnsson 

55 

4 RESULTS 

4.1 PAPER I: SERUM NFL IN EXTENDED 
NATALIZUMAB DOSING INTERVAL 

This study investigated longitudinal sNfL concentrations in patients with 
RRMS that extended the interval of natalizumab treatment (EID4-6) or already 
had an extended dosing interval (EID5/6). One patient in the EID5/6 cohort 
experienced a relapse with a new non-enhancing MRI lesion, while no other 
patients had a relapse or radiological disease activity during the study period. 
In the EID4–6 cohort, mean EDSS did not change significantly from baseline 
to 48 weeks (p = 0.68); although three patients were considered to convert to 
secondary progressive MS. Overall, NEDA-3 was achieved in 66 of 70 patients 
(94%).  

 

Figure 13 Serum NfL over time in EID4-6 and EID5/6 RRMS patient cohorts. 
Reproduced from Johnsson et al., Multiple Sclerosis Journal, 2022, under the Creative 
Commons Attribution 4.0 License (CC BY 4.0). 

The primary finding was that serum sNfL concentrations remained stable over 
time in patients switching from standard- to extended-interval dosing. (Figure 
13) Mean and median sNfL levels did not increase at any time point during the 
12-month follow-up, and no systematic temporal trend was observed. 
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Moreover, there was no significant difference in the baseline mean sNfL 
between EID4–6 and EID5/6 (−0.28 ng/L, 95% confidence interval 
(CI)=−2.97–2.70).  

Inter-and intraindividual variability in sNfL concentrations was low in both 
cohorts. In the EID4-6 group, the mean age-adjusted individual range was 4.9 
ng/L (95% CI = 3.92–5.88). Three participants had sNfL concentrations above 
+2SD from mean sNfL (mean; 10.8ng/L, 2SD; 22.6ng/L) in the EID4-6 cohort; 
all were in the oldest quartile of the patient cohort, but none had increasing 
levels of sNfL during the study period, or radiological or clinical evidence of 
disease activity. The correlation between sNfL and age (R=0.48, p<0.001) and 
intra-individual variability is visualized in Figure 14.  

 

Figure 14 Serum NfL concentration distribution in individual patients. Reproduced 
from Johnsson et al., Multiple Sclerosis Journal, 2022, under the Creative Commons 
Attribution 4.0 License (CC BY 4.0). 

Overall, these results indicate that extending natalizumab dosing intervals does 
not lead to increased axonal damage as reflected by sNfL, and they highlight 
the low variability of sNfL at both the individual and group level under 
conditions of sustained disease stability. 
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4.2 PAPER II: SERUM NFL LEVELS DURING 
MS RELAPSE ACTIVITY 

In this study, we repeatedly measured sNfL concentrations in 44 participants 
with either RRMS (n=40) or CIS (n=4) and evidence of clinical or radiological 
disease activity. At inclusion, 61% of patients had both a clinical relapse and 
CEL, 30% of patients had a clinical relapse but no CEL, and 9% of patients 
had CEL(s) but no clinical relapse. Nine patients had evidence of new disease 
activity after baseline. 

 

Figure 15 sNfL trajectories in individual patients with CIS or RRMS with clinical or 
radiological evidence of disease activity. Baseline (week 0) is first serum sampling. 
Blue lines indicate individual patients without disease activity during follow-up, and 
red lines indicate individuals with clinical or radiological evidence of new disease 
activity after baseline. Reproduced from Johnsson et al., Multiple Sclerosis Journal, 
2024, under the Creative Commons Attribution 4.0 License (CC BY 4.0). 

The median sNfL at baseline was 12.4 ng/L (IQR; 8.1-26.1), increased to 14.6 
ng/L two weeks after baseline (p=0.001), with a subsequent gradual decline 
(Figure 15). Substantial heterogeneity was observed in individual sNfL 
trajectories, and it was only patients with relapses with concomitant CELs that 
had statistically significant increase in sNfL after baseline (Figure 16). 
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Figure 16 sNfL levels in subgroups. Reproduced from Johnsson et al., Multiple 
Sclerosis Journal, 2024, under the Creative Commons Attribution 4.0 License (CC BY 
4.0). 

In patients with a clinical relapse, sNfL concentrations reached a peak after a 
median of 5.5 weeks after relapse symptom onset, which is visualized in Figure 
17. 

 

Figure 17 sNfL trajectories in patients with clinical relapses. Baseline is set to relapse 
symptom onset. Reproduced from Johnsson et al., Multiple Sclerosis Journal, 2024, 
under the Creative Commons Attribution 4.0 License (CC BY 4.0). 
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Analyses were performed to evaluate the sensitivity and specificity of sNfL for 
detecting disease activity (Table 10). The cohort with NEDA-3 (n = 66) in 
Paper I served as stable controls. Median baseline Z-score in NEDA-3 patients 
was 0.76 (IQR; 0.36-1.37), compared to 1.77 (IQR; 1.17-2.65) in patients with 
disease activity. Based on AUC values, age- and body mass index–adjusted 
sNfL Z-scores provided better discrimination than raw concentrations. A 
baseline Z-score threshold slightly above one SD from normative values 
yielded a moderate sensitivity (81%) and specificity (70%).  

Table 10 sNfL variables and calculations of sensitivity and specificity for the detection of 
disease activity Reproduced from Johnsson et al., Multiple Sclerosis Journal, 2024, under 
the Creative Commons Attribution 4.0 License (CC BY 4.0). 
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4.3 PAPER IV: AINX CONCENTRATIONS IN 
PATIENTS WITH MS 

In Paper IV, we used a novel method to quantify concentrations of AINX in 
patients with RRMS and healthy controls CSF.  

AINX concentrations were significantly higher in RRMS (median; 1.19 ng/L, 
IQR 0.69-2.34) compared with controls (median; 0.44 ng/L, IQR 0.36-0.51) 
(p<0.001) (Figure 18), and correlated with markers of disease activity, 
including CELs (R = 0.60; p = 0.0002) and new T2 lesions lesions (R = 0.42; 
p = 0.013).  

 

Figure 18 CSF α-internexin in patients with MS and controls. Reproduced from 
Johnsson et al., Multiple Sclerosis and Related Disorders, 2025, under the Creative 
Commons Attribution 4.0 License (CC BY 4.0). 
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A strong correlation was observed between AINX and cNfL (R = 0.9; p<0.001) 
(See Figure 19). Consistent with the pattern seen for cNfL, AINX levels 
decreased following escalation of DMT in the subgroup of patients who 
switched from platform therapy to fingolimod (p = 0.0254). 

 

Figure 19 Correlation between CSF α-internexin and NfL. Reproduced from Johnsson 
et al., Multiple Sclerosis and Related Disorders, 2025, under the Creative Commons 
Attribution 4.0 License (CC BY 4.0). 

Retrospectively, we identified one extreme outlier with a disproportionately 
elevated cNfL concentration relative to CSF AINX (NfL: 5852 ng/L; AINX: 
1.21 ng/L). According to the medical records, this patient had a documented 
peripheral nerve injury (radiculopathy secondary to disc herniation), which 
likely contributed to the markedly elevated cNfL level. No other patient had 
documented clinical evidence of peripheral nerve injury.  
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4.4 PAPER III AND V: BIOMARKERS FOR 
IMPROVED DIAGNOSTIC ACCURACY IN 
NMOSD AND MOGAD  

4.4.1 PAPER III: 
In this retrospective observational study, we expanded the scope and included 
patients with AQP4-IgG-positive NMOSD, DN-NMOSD, MOGAD, and 
RRMS. CSF GFAP concentrations were markedly elevated in AQP4-IgG–
positive NMOSD (median 2470 ng/L) compared with the other diagnostic 
groups (p < 0.001; Figure 20). BBB dysfunction, assessed by the QAlb, was 
likewise more pronounced in AQP4-IgG–positive NMOSD. 

 

Figure 20 GFAP, NfL, Tau, and Albumin quotient in disease categories AQP4-
NMOSD, DN-NNMOSD, MOGAD, and RRMS. Reproduced from Johnsson et al., 
Multiple Sclerosis and Related Disorders, 2025, under the Creative Commons 
Attribution 4.0 License (CC BY 4.0). 
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In patients with DN-NMOSD, MOGAD, or RRMS, the median CSF GFAP 
concentration was 330 ng/L, and no individual exceeded 2050 ng/L. In 
contrast, none of the patients with AQP4-IgG–positive NMOSD had CSF 
GFAP concentrations below 290 ng/L. ROC curve analysis demonstrated a 
high discriminatory performance of CSF GFAP for distinguishing AQP4-IgG–
positive NMOSD from the other diagnostic groups (AUC 0.92; 95% CI 0.84–
1.00). The optimal cut-off value (>715 ng/L) yielded a sensitivity of 81% and 
a specificity of 92%. 

 

Figure 21 Reproduced from Johnsson et al., Multiple Sclerosis and Related Disorders, 
2025, under the Creative Commons Attribution 4.0 License (CC BY 4.0). 

Combining GFAP with QAlb to differentiate AQP4-NMOSD versus the other 
diagnostic groups combined, increased diagnostic specificity for AQP4-
NMOSD. The combined biomarker model outperformed either marker alone 
(the combined biomarker model resulted in an AUC of 0.96) (Figure 21) 
supporting the concept that astrocytic injury and blood–brain barrier disruption 
represent complementary pathological features of AQP4-NMOSD. In contrast, 
DN-NMOSD showed a biomarker profile that was more similar to RRMS than 
to AQP4-NMOSD. GFAP levels were lower, and BBB disruption was less 
pronounced.  
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4.4.2 PAPER V 
In this observational study, CSF and serum calprotectin were measured in 
AQP4-NMOSD (n=10), DN-NMOSD (n=6), MOGAD (n=9), RRMS (n=10), 
and healthy controls (n=8). Serum calprotectin was significantly elevated in 
AQP4-NMOSD, DN-NMOSD, and MOGAD compared with RRMS and 
controls (p<0.001) (See Figure 22).  

 

Figure 22 Serum calprotectin concentrations across diagnostic groups.  
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CSF calprotectin was detectable in all samples but was significantly lower in 
MOGAD compared to NMOSD and RRMS (median; 0.23 mg/L, IQR 0.22-
0.31) (p=0.025) (See Figure 23). However, CSF calprotectin did not 
distinguish NMOSD from RRMS. In RRMS, both CSF and serum calprotectin 
correlated inversely with time since last relapse.  

 

Figure 23 Cerebrospinal fluid calprotectin concentrations across diagnostic groups 
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5 DISCUSSION 
This thesis focuses on soluble biomarkers that reflect different parts of 
inflammatory CNS disease: axonal injury (NfL, AINX), astrocyte damage 
(GFAP), BBB disruption (QAlb), and the innate immune system (calprotectin). 
Across the papers, a common theme is that biomarkers can add information 
beyond clinical assessment and MRI, but they also have important limits, 
especially when used for decisions in single patients. 

A second overarching theme is context: the same biomarker value can mean 
different things depending on age, body mass index (BMI), comorbidities, 
timing relative to relapse, and ongoing treatment. This is particularly clear for 
NfL, where population-level associations are strong, yet the individual-level 
diagnostic performance is not perfect even when using age- and BMI-adjusted 
reference values (Z-scores). 

5.1 AXONAL INTEGRITY DURING EXTENDED 
DOSING NATALIZUMAB TREATMENT 

A key worry when extending natalizumab dosing interval was whether this 
could permit subclinical inflammatory activity not captured by routine 
monitoring. In Paper I, we addressed this by longitudinally measuring sNfL, a 
well-established marker of neuroaxonal injury, and found no evidence of 
increased axonal injury in patients switching to EID, as reflected by stable 
sNfL concentrations. Parallel to our study, the efficacy of EID was investigated 
by research groups worldwide. Prior to our publication, several studies had 
reported preserved clinical efficacy of EID based on relapse and MRI 
outcomes,42, 43, 182, 183 and some had assessed sNfL at baseline and after six 
months,184 and at baseline and 12 months after dosing extension.44 However, 
early data on cNfL kinetics suggests that repeated sampling every 3–6 months 
is required to capture inflammatory disease activity,132 an approach later 
reflected in more recent sNfL monitoring recommendations.185 In Paper I, we 
applied frequent sampling, and our findings provide strong support for 
preserved axonal integrity when switching from SID to 6-week EID.186 These 
results were subsequently corroborated by additional studies examining sNfL 
in patients switching to 6-week EID.187, 188 Taken together, there is now robust 
group-level evidence indicating that EID does not confer a statistically 
significant risk of increased neuroaxonal injury. This also illustrates how sNfL, 
as an established biomarker of neuroaxonal damage, can serve as a valuable 
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tool in clinical studies. Collectively, these findings have contributed to the 
adoption of 6-week EID as common clinical practice. 

The question of the optimal natalizumab dosing interval remains relevant. 
Although a detailed discussion lies beyond the primary scope of this thesis, it 
is noteworthy that in one cohort of 50 patients with RRMS, sNfL levels 
remained stable in most individuals during the first eight weeks after 
natalizumab cessation, suggesting no immediate surge in neuroaxonal injury.48 
In efforts to refine treatment strategies, personalized intravenous interval 
dosing guided by natalizumab trough concentrations has recently been 
evaluated in several cohorts,44, 189 demonstrating that maintaining levels around 
10 µg/mL—and possibly even ~5 µg/mL—may preserve efficacy while 
allowing extended intervals.189 However, the evaluation of optimal and safe 
dosing intervals with respect to neuroaxonal integrity is evolving in parallel 
with developments in treatment delivery, including the approval of 
subcutaneous natalizumab.40 As the field continues to refine individualized 
dosing strategies, sensitive biomarkers such as sNfL are likely to play an 
increasingly important role in monitoring subclinical disease activity. 
Longitudinal sNfL assessments may therefore contribute meaningfully to 
future efforts aimed at balancing efficacy, safety, and treatment burden in 
natalizumab-treated patients. 

Paper I also contributes data on inter- versus intra-individual variation during 
long-term stable natalizumab treatment. Most patients showed only minor 
fluctuations over time, and variability between patients was greater than 
variability within the same individual. This supports the practical view that 
sNfL is best interpreted in relation to a patient’s own previous values whenever 
possible, rather than as a single isolated measurement. It also highlights the 
relevance of individualized interpretation approaches—such as age-adjusted 
reference ranges or z-score–based normalization—an aspect that leads into the 
next section. 

 

 



Magnus Johnsson 

69 

5.2 SERUM NFL EVALUATION IN THE 
INDIVIDUAL PATIENT 

In Paper II, we evaluated sNfL levels in 44 patients with RRMS or CIS during 
clinical and/or radiological activity. Consistent with prior work, sNfL reflected 
inflammatory disease activity at the group level.185 However, rather than re-
establishing this association, our primary aim was to assess its utility for 
detecting disease activity in the individual patient and to characterize its 
temporal dynamics. 

Peak sNfL concentrations occurred at a median of 5.5 weeks after relapse 
onset, in line with the known biological kinetics of NfL release and clearance 
over a 3–6 month window.185, 190 Importantly, this increase was largely driven 
by patients with CELs, which aligns with established association between sNfL 
and radiological activity.143 One recent study similarly reported elevations only 
in relapses accompanied by CELs.190 In contrast, patients with clinical relapse 
without CELs showed minimal group-level sNfL dynamics. Thus, some 
patients experienced clinical relapses with stable sNfL and MRI findings. 
These events may represent less axonally destructive inflammatory episodes, 
but they also highlight a conceptual limitation: there is currently no perfect 
gold standard for defining “true” inflammatory activity. In one cohort of 637 
clinical relapses, one-fourth were not associated with new T2 lesions or CELs 
in the peri-event window.103 Moreover, even in the presence of CELs, sNfL 
demonstrated only moderate sensitivity—consistent with other reports.138, 191  

At the individual level, sNfL therefore has imperfect sensitivity. In our active 
cohort, only about two-thirds had peak sNfL values above commonly used 
upper reference limits.144 Nevertheless, sNfL measurements impact clinical 
decision-making.192 In our study, Z-scores performed better than absolute cut-
offs, and have in other studies been shown to outperform raw concentrations 
in predicting disease activity,193 and treatment response.194 This has 
contributed to its increasing adoption and the recent introduction of pediatric 
reference Z-scores.195 However, even when applying age- and BMI-adjusted 
Z-scores, sensitivity and specificity were moderate. A baseline Z-score slightly 
above 1 provided reasonable discrimination, whereas higher Z-scores (e.g., 
≥1.5) have been associated with increased future relapse risk in other cohorts 
(e.g., Benkert et al.).145 These findings are not contradictory: lower thresholds 
may optimize detection of concurrent activity, whereas higher thresholds may 
better predict future risk. Context and intended use—diagnostic versus 
prognostic—are therefore critical.  
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Importantly, sensitivity and specificity must be interpreted in light of the study 
design. In our analysis, approximately 40% of individuals were classified as 
having active disease (44 active vs 66 NEDA-3 controls). This prevalence does 
not necessarily reflect a real-world outpatient setting and influences predictive 
values. Thus, these performance metrics should be viewed as approximate 
guides rather than universally applicable clinical constants. In addition, 
patients with MS tend to have elevated baseline sNfL compared with healthy 
controls, even during clinical quiescence. In our NEDA-3 controls, the median 
baseline Z-score was 0.76. Interpretation should thus not rely on 
“normalization to zero,” but rather on deviation from individualized baselines 
and prior values. A single measurement must always be interpreted alongside 
clinical and MRI findings, in line with recent consensus recommendations.185 

In summary, sNfL demonstrates meaningful group-level association with 
inflammatory activity and moderate diagnostic accuracy at the individual level. 
Its principal clinical value lies in longitudinal monitoring and risk stratification 
rather than binary decision-making based on a single measurement. Despite 
the substantial body of literature, optimal interpretation in the individual 
patient remains an evolving area, underscoring the need for further prospective 
studies integrating clinical, radiological, and biochemical data. 

5.3 AINX: A NEW BIOMARKER FOR 
MEASURING AXONAL INJURY 

In Paper IV, we demonstrate that CSF AINX is increased in patients with MS 
compared with healthy controls (p<0.001). Although AINX has been described 
for decades as an axonal structural intermediate filament protein, it has 
remained largely unexplored as a quantitative biomarker. The ability to reliably 
measure AINX at low concentrations represents a methodological advance and 
enabled the present evaluation of its clinical relevance in MS. 

We found that CSF AINX correlated strongly with cNfL (R= 0.9, p<0.001), 
which strongly supports the interpretation of AINX as a marker of axonal 
injury. Furthermore, AINX correlated with radiological inflammatory activity, 
and intrathecal inflammatory markers, and was reduced in patients switching 
from platform therapy to fingolimod, paralleling the established behavior of 
NfL. Together, these findings position AINX as a neuroaxonal biomarker 
reflecting acute inflammatory tissue damage in MS. 
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A key conceptual aspect of AINX concerns tissue specificity. 
Neuropathological data suggest that AINX is predominantly expressed in the 
CNS, in contrast to NfL, which is abundant in both CNS and peripheral nerves. 
However, while available data support CNS enrichment, CNS specificity 
cannot yet be regarded as definitively established. Studies of AINX expression 
in peripheral nerve tissue are scarce, and additional translational work is 
required before firm conclusions can be drawn. If CNS specificity is 
confirmed, AINX represents a candidate for differentiating CNS from 
peripheral axonal injury. In our dataset, the patient with concomitant 
radiculopathy displayed a disproportionally high NfL/AINX quotient, 
consistent with peripheral NfL release without a corresponding rise in AINX. 
Such observations align with a potential advantage of AINX over NfL in 
clinical scenarios where confounders such as peripheral nerve injury may 
influence blood NfL concentrations. The clinical utility of AINX would likely 
be even greater if a sensitive blood-based assay were developed, as 
differentiation between central and peripheral sources of NfL can be 
particularly challenging in serum or plasma.  

5.4 GFAP: A MARKER OF 
ASTROCYTOPATHY IN AQP4-IGG-
POSITIVE NMOSD 

In Paper III, we examined CSF biomarkers in a real-world cohort of patients 
with AQP4-IgG-positive NMOSD, DN-NMOSD, MOGAD, and RRMS, 
assessing the diagnostic performance of GFAP alone and in combination with 
QAlb. We confirmed previous studies demonstrating increased CSF GFAP 
levels in patients with AQP4-IgG NMOSD,154, 196 and high levels of GFAP 
demonstrated strong discriminatory accuracy compared to other diagnostic 
groups. Importantly, combining GFAP with QAlb further improved diagnostic 
performance (AUC 0.96), underscoring the complementary value of astrocytic 
injury and barrier dysfunction markers. Although GFAP demonstrated high 
discriminatory accuracy, interpretation must consider disease prevalence. In 
(NMOSD) low-prevalence settings such as Sweden, MS remains statistically 
more likely than NMOSD despite strong biomarker separation, underscoring 
the role of GFAP as a complementary biomarker. 

Our study extended previous non-antibody biomarker research, and we also 
included MOGAD and DN-NMOSD in direct comparison. Notably, the 
biomarker profile of DN-NMOSD appeared more aligned with MOGAD or 
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MS than with AQP4-IgG-positive NMOSD, supporting the concept that 
seronegative cases may lack the profound astrocytopathy characteristic of 
AQP4-IgG-mediated disease.197 

Since the publication of Paper III, increasing attention has shifted toward 
serum GFAP as a less invasive biomarker,198, 199 and GFAP Z-scores—derived 
from MS research—have been proposed to account for age-related variation,200 
although not yet validated for NMOSD or MOGAD. Moreover, the GFAP/NfL 
ratio has been suggested to further enhance discrimination between primary 
astrocytopathy and secondary axonal injury patterns.200 In our cohort, AQP4-
NMOSD also showed elevated cNfL, reflecting substantial secondary axonal 
damage during severe attacks, which may partially reduce the discriminatory 
separation based on GFAP/NfL ratio calculation. 

Serum GFAP has been evaluated as a monitoring biomarker in AQP4-IgG-
positive NMOSD, but has not yet been found to correlate with time to 
relapse.201 This supports our conclusion that, given the relapse-driven nature 
of NMOSD, the primary clinical utility of GFAP lies in the acute diagnostic 
setting rather than in longitudinal relapse prediction. When antibody testing is 
delayed, unavailable, or inconclusive, markedly elevated CSF GFAP may 
provide important supportive evidence for AQP4-IgG-positive NMOSD and 
facilitate timely treatment decisions. 

5.5 CALPROTECTIN IN CSF AND SERUM 
In Paper V, we found that serum calprotectin levels were elevated in patients 
with NMOSD and MOGAD compared with patients with RRMS and healthy 
controls. This supports the notion of systemic innate immune activation in 
these disorders and indicates that serum calprotectin may have diagnostic 
potential, although the small sample size means that the magnitude of these 
differences should be interpreted cautiously. In contrast, the relatively low CSF 
calprotectin levels observed in NMOSD, and particularly in MOGAD, were 
unexpected, since the neutrophil-associated inflammatory features of these 
disorders152 might have suggested increased CSF calprotectin concentrations. 
These findings indicate that CSF calprotectin may not be a reliable marker of 
granulocyte-driven pathology in NMOSD or MOGAD. While the sample size 
was too small to allow firm conclusions regarding associations with disease 
activity, serum and CSF calprotectin levels in RRMS were inversely correlated 
with time since last relapse, in agreement with the only previous study of CSF 
calprotectin in RRMS.167  
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5.6 STRENGTHS AND LIMITATIONS 

5.6.1 STRENGTHS 
A major strength of this thesis is the prospective study design in Paper I and 
II, with predefined sampling schedules and systematic clinical and MRI 
follow-up. In particular, the studies with repeated serum sampling at short 
intervals allowed us to evaluate biomarker dynamics over time within the same 
individual, rather than relying only on cross-sectional comparisons. This 
longitudinal approach increases clinical relevance, since biomarkers are 
intended to support monitoring in individual patients. 

Another important strength is that the data are derived from real-world clinical 
practice. Patients were recruited from a tertiary MS center and reflect routine 
care rather than highly selected trial populations. This improves 
generalizability and makes the findings directly applicable to everyday 
neurology practice. In addition, sampling in relation to relapse activity was 
carefully documented in several studies, which strengthens interpretation of 
biomarker levels in an inflammatory context. 

The thesis also benefits from access to well-characterized biobank material and 
to biological samples from patients with rare diseases such as AQP4-IgG-
positive NMOSD and MOGAD. Obtaining CSF and blood samples from these 
patient groups is challenging, and assembling sufficiently characterized 
cohorts requires long-term clinical follow-up and systematic record review. 
The availability of this material enabled comparative analyses across related 
but biologically distinct disorders, which strengthens conclusions regarding 
disease specificity and pathophysiological mechanisms. 

The thesis also benefits from the use of well-validated laboratory methods, 
including ultrasensitive Simoa-based assays performed at accredited 
laboratories, but in addition also the implementation of novel analytical 
methods. 
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5.6.2 LIMITATIONS 
Several limitations should be acknowledged. First, sample sizes were relatively 
small, particularly in the rare disease groups such as AQP4-IgG-positive 
NMOSD, DN-NMOSD, and MOGAD. Although this reflects the low 
prevalence of these disorders, small cohorts reduce statistical power and limit 
the robustness of subgroup analyses. 

Second, not all studies were prospective. Paper III was a retrospective study, 
and Paper II included partly retrospective group comparisons. Such designs 
increase the risk of selection bias and incomplete documentation. Missing data 
also represent a limitation. For example, spinal MRI was not available in all 
patients in Paper II, which may have influenced associations between MRI 
findings and biomarker levels. 

Third, Papers III and V were primarily cross-sectional with single time-point 
sampling, limiting conclusions regarding temporal biomarker dynamics and 
causality. 

From a statistical perspective, conclusions regarding sensitivity and specificity 
in Paper II must be interpreted within the studied population. Predictive values 
depend on disease prevalence, and since the cohorts were enriched rather than 
population-based, PPV and NPV may not be directly generalizable to routine 
clinical settings.171 

Preanalytical and analytical factors may also have influenced results. In Paper 
III, samples from patients with NMOSD and MOGAD were collected and 
stored at the virology department before analysis, introducing potential 
preanalytical variability. In Paper V, calprotectin was quantified using a 
turbidimetric assay validated for serum and plasma but not fully analytically 
validated for CSF. Matrix-related effects and differences in sample handling 
may therefore influence absolute concentrations and limit comparability. 

Finally, in Papers III and V, fixed CBA were used for AQP4-IgG and MOG-
IgG detection. These have lower sensitivity than live CBA,67, 175 the current 
reference standard, and may have contributed to misclassification in the DN-
NMOSD group. 
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6 CONCLUSION AND FUTURE 
DIRECTIONS 

This thesis builds on the long-standing biomarker tradition in inflammatory 
demyelinating disease, with Gothenburg playing a central role. 

In Paper I, we found no evidence of increased axonal injury, as measured by 
sNfL, after extending natalizumab dosing in RRMS. The 6-week interval is 
now established in clinical routine, although the optimal interval remains a 
topic of studies. The field is moving toward individualized dosing based on 
drug concentration, and sNfL will likely remain central in defining safe lower 
exposure limits without compromising disease control. 

In Paper II, we confirmed the association between sNfL and clinical and 
radiological activity but also demonstrated its limitations. Sensitivity at the 
individual level is moderate, even when using age-and BMI-adjusted Z-scores, 
and some patients with relapse or CEL show no marked elevation. sNfL should 
therefore be viewed as complementary to clinical assessment and MRI. Its 
main value lies in longitudinal monitoring and risk stratification rather than 
single-measure decision-making. As sNfL is now routinely measured, 
accumulating real-world data will further clarify its clinical role. 

As seen with NfL, development of a sensitive blood-based assay for AINX 
would represent an important advance, enabling longitudinal studies and larger 
cohorts. Given its correlation with NfL and proposed CNS specificity, AINX 
may help distinguish central from peripheral axonal injury—for example in 
MS with concomitant neuropathy, suspected orthopedic myelopathy, or 
traumatic brain injury with extracranial confounders. 

Finally, despite antibody-based diagnostics in NMOSD and MOGAD, non-
antibody biomarkers remain relevant. Our data show that CSF GFAP robustly 
differentiates AQP4-IgG–positive NMOSD from MS and MOGAD, while 
DN-NMOSD appears heterogeneous and warrants further study. 
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USE OF GENERATIVE AI 
Generative AI tools, including ChatGPT, were used in this thesis for grammar 
corrections and suggestions on language improvements. 

 



Magnus Johnsson 

77 

ACKNOWLEDGEMENT 
Many thanks to all that have contributed to my thesis, and I apologize in 
advance if I fail to mention someone! I am particularly grateful to all study 
participants that made these studies possible!  

I would like to express my deepest gratitude to my principal supervisor, 
Markus Axelsson. It has been a privilege to have a supervisor who is also a 
close colleague—someone who inspires me in both research and clinical work, 
and who is always uplifting, understanding, and generous with his good humor. 

I am also deeply grateful to my co-supervisor Clas Malmeström, particularly 
for your invaluable invaluable guidance on the laboratory and immunological 
aspects of our work. 

Special thanks to my co-author and colleague Jan Lycke, for your extensive 
experience and engagement in my research and the writing of manuscripts.  

Thanks to all my co-authors, of which some are also my close colleagues: 
Lenka Novakova, Igal Rosenstein, Kajsa Eriksson, Thea Stenberg, Brynhildur 
Hafsteinsdottir, Sofia Sandgren, Kalle Johansson. 

Thanks to all the people at the Neurochemistry lab that made the analyses 
possible: Henrik Zetterberg, Kaj Blennow, Helen Farman, Francisco Meda, 
Hlin Kvartsberg.  

Thank you, Joanna Said, for helping me localize samples at the Virology 
Department.  

To all my colleagues, especially those not already mentioned at the MS-team 
at Sahlgrenska: Marina Parziali, Peter Vaghfeldt, Björn Runmarker, Tatiani 
Fainekou, Robin Molander, Tim Lyckenvik.  

Thanks to all members of the MS-team, Gisela Andblad, Snezana Josifovska, 
Pia Lewander, Hedvig Myhrberg, Mina Sobhe Sadegh, Yuki Riomar, Linda 
Dahlborg, Silvia Rocha, Birgitta Heimer, Zhaleh Gheisavandi, Elias Furufors, 
Anne Brandt, Annie Sander, and Hanna Nyström and all members of the team 
at Neuro Dagvård.  

 



Biomarkers in Blood and Cerebrospinal Fluid for Monitoring and Differentiating 
Demyelinating Inflammatory Central Nervous System Disorders 

78 

I would also like to thank my former supervisor, Katarina Jood, during my 
neurology residency, as well as Eric Hanse, Katharina Stigbrant Sunnerhagen, 
and Johan Zelano at the institute. 

I would also like to thank the former and current heads of the Department of 
Neurology: Annika Nordanstig, Christer Ewaldsson, and Mikael Edsbagge. 

Thank you, Hemin Sabir, for being an inspiration, for being one of the main 
reasons I chose to pursue neurology, and for being a good friend. 

A big thank you to all my friends for being…friends! 

Lastly, love to my family for your support: Lennart, Elisabeth, Martin, Hanna, 
and of course, thank you Samira. 



Magnus Johnsson 

79 

REFERENCES 
1. Walton C, King R, Rechtman L, et al. Rising prevalence of 
multiple sclerosis worldwide: Insights from the Atlas of MS, third edition. 
Multiple Sclerosis (Houndmills, Basingstoke, England) 2020; 26: 1816 – 1821. 
2. Ahlgren C, Odén A and Lycke J. High nationwide prevalence 
of multiple sclerosis in Sweden. Mult Scler 2011; 17: 901–908. 20110401. 
DOI: 10.1177/1352458511403794. 
3. Ahlgren C, Oden A and Lycke J. High nationwide incidence of 
multiple sclerosis in Sweden. PLoS One 2014; 9: e108599. 20140929. DOI: 
10.1371/journal.pone.0108599. 
4. Fink K. The Swedish MS Registry Yearly Report 2024.  2024. 
5. Socialstyrelsen. Nationella riktlinjer 2025 Indikatorer för vård 
vid multipel skleros och Parkinsons sjukdom. 2025. 
6. Papp V, Magyari M, Aktas O, et al. Worldwide Incidence and 
Prevalence of Neuromyelitis Optica: A Systematic Review. Neurology 2021; 
96: 59–77. DOI: 10.1212/WNL.0000000000011153. 
7. Jonsson DI, Sveinsson O, Hakim R, et al. Epidemiology of 
NMOSD in Sweden from 1987 to 2013: A nationwide population-based study. 
Neurology 2019; 93: e181–e189. 20190606. DOI: 
10.1212/wnl.0000000000007746. 
8. Banwell B, Bennett JL, Marignier R, et al. Diagnosis of myelin 
oligodendrocyte glycoprotein antibody-associated disease: International 
MOGAD Panel proposed criteria. Lancet neurology 2023; 22: 268–282. DOI: 
10.1016/S1474-4422(22)00431-8. 
9. Johnsson M, Asztely F, Hejnebo S, et al. SARS-COV-2 a 
trigger of myelin oligodendrocyte glycoprotein-associated disorder. Annals of 
Clinical and Translational Neurology 2022; 9: 1296–1301. DOI: 
10.1002/acn3.51609. 
10. Jarius S, Aktas O, Ayzenberg I, et al. Update on the diagnosis 
and treatment of neuromyelits optica spectrum disorders (NMOSD) - revised 
recommendations of the Neuromyelitis Optica Study Group (NEMOS). Part I: 
Diagnosis and differential diagnosis. J Neurol 2023; 270: 3341–3368. 
20230406. DOI: 10.1007/s00415-023-11634-0. 
11. Kümpfel T, Giglhuber K, Aktas O, et al. Update on the 
diagnosis and treatment of neuromyelitis optica spectrum disorders (NMOSD) 
- revised recommendations of the Neuromyelitis Optica Study Group 
(NEMOS). Part II: Attack therapy and long-term management. J Neurol 2024; 
271: 141–176. 20230907. DOI: 10.1007/s00415-023-11910-z. 
12. Montalban X, Lebrun-Frénay C, Oh J, et al. Diagnosis of 
multiple sclerosis: 2024 revisions of the McDonald criteria. Lancet Neurol 
2025; 24: 850–865. DOI: 10.1016/s1474-4422(25)00270-4. 



Biomarkers in Blood and Cerebrospinal Fluid for Monitoring and Differentiating 
Demyelinating Inflammatory Central Nervous System Disorders 

80 

13. Wingerchuk DM, Banwell B, Bennett JL, et al. International 
consensus diagnostic criteria for neuromyelitis optica spectrum disorders. 
Neurology 2015; 85: 177–189. DOI: 10.1212/WNL.0000000000001729. 
14. Comabella M and Montalban X. Body fluid biomarkers in 
multiple sclerosis. The Lancet Neurology 2014; 13: 113–126. DOI: 
10.1016/S1474-4422(13)70233-3. 
15. Grzegorski T and Losy J. Multiple sclerosis – the remarkable 
story of a baffling disease. Reviews in the Neurosciences 2019; 30: 511–526. 
DOI: doi:10.1515/revneuro-2018-0074. 
16. Jarius S and Wildemann B. The history of neuromyelitis optica. 
Journal of Neuroinflammation 2013; 10: 797. DOI: 10.1186/1742-2094-10-8. 
17. Wingerchuk DM, Lennon VA, Lucchinetti CF, et al. The 
spectrum of neuromyelitis optica. Lancet neurology 2007; 6: 805–815. DOI: 
10.1016/S1474-4422(07)70216-8. 
18. Wingerchuk DM, Lennon VA, Pittock SJ, et al. Revised 
diagnostic criteria for neuromyelitis optica. Neurology 2006; 66: 1485–1489. 
DOI: 10.1212/01.wnl.0000216139.44259.74. 
19. Schumacher GA, Beebe G, Kibler RF, et al. PROBLEMS OF 
EXPERIMENTAL TRIALS OF THERAPY IN MULTIPLE SCLEROSIS: 
REPORT BY THE PANEL ON THE EVALUATION OF EXPERIMENTAL 
TRIALS OF THERAPY IN MULTIPLE SCLEROSIS. Annals of the New 
York Academy of Sciences 1965; 122: 552–568. DOI: 10.1111/j.1749-
6632.1965.tb20235.x. 
20. Poser CM, Paty DW, Scheinberg L, et al. New diagnostic 
criteria for multiple sclerosis: Guidelines for research protocols. Annals of 
neurology 1983; 13: 227–231. DOI: 10.1002/ana.410130302. 
21. McDonald WI, Compston A, Edan G, et al. Recommended 
diagnostic criteria for multiple sclerosis: Guidelines from the international 
panel on the diagnosis of multiple sclerosis. Annals of neurology 2001; 50: 
121–127. DOI: 10.1002/ana.1032. 
22. Lennon VA, Wingerchuk DM, Kryzer TJ, et al. A serum 
autoantibody marker of neuromyelitis optica: distinction from multiple 
sclerosis. The Lancet (British edition) 2004; 364: 2106–2112. DOI: 
10.1016/S0140-6736(04)17551-X. 
23. Wingerchuk DM, Hogancamp WF, O'Brien PC, et al. The 
clinical course of neuromyelitis optica (Devic's syndrome). Neurology 1999; 
53: 1107–1114. DOI: 10.1212/wnl.53.5.1107. 
24. Berger T, Rubner P, Schautzer F, et al. Antimyelin antibodies 
as a predictor of clinically definite multiple sclerosis after a first demyelinating 
event. N Engl J Med 2003; 349: 139–145. DOI: 10.1056/NEJMoa022328. 
25. Kitley J, Woodhall M, Waters P, et al. Myelin-oligodendrocyte 
glycoprotein antibodies in adults with a neuromyelitis optica phenotype. 



Magnus Johnsson 

81 

Neurology 2012; 79: 1273–1277. 20120822. DOI: 
10.1212/WNL.0b013e31826aac4e. 
26. Waters P, Woodhall M, OʼConnor KC, et al. MOG cell-based 
assay detects non-MS patients with inflammatory neurologic disease. 
Neurology : neuroimmunology & neuroinflammation 2015; 2: e89–e89. DOI: 
10.1212/NXI.0000000000000089. 
27. Jarius S, Paul F, Aktas O, et al. MOG encephalomyelitis: 
international recommendations on diagnosis and antibody testing. J 
Neuroinflammation 2018; 15: 134. 20180503. DOI: 10.1186/s12974-018-
1144-2. 
28. Thompson AJ, Banwell BL, Barkhof F, et al. Diagnosis of 
multiple sclerosis: 2017 revisions of the McDonald criteria. Lancet neurology 
2018; 17: 162–173. DOI: 10.1016/S1474-4422(17)30470-2. 
29. Cree BAC, Oksenberg JR and Hauser SL. Multiple sclerosis: 
two decades of progress. The Lancet Neurology 2022; 21: 211–214. DOI: 
10.1016/S1474-4422(22)00040-0. 
30. European Medicines Agency (EMA), 
https://www.ema.europa.eu/en/search (2026). 
31. Polman CH, O'connor PW, Havrdová EK, et al. A randomized, 
placebo-controlled trial of natalizumab for relapsing multiple sclerosis. The 
New England journal of medicine 2006; 354 9: 899–910. 
32. Miller DH, Khan OA, Sheremata WA, et al. A controlled trial 
of natalizumab for relapsing multiple sclerosis. N Engl J Med 2003; 348: 15–
23. DOI: 10.1056/NEJMoa020696. 
33. Kleinschmidt-DeMasters BK and Tyler KL. Progressive 
multifocal leukoencephalopathy complicating treatment with natalizumab and 
interferon beta-1a for multiple sclerosis. N Engl J Med 2005; 353: 369–374. 
20050609. DOI: 10.1056/NEJMoa051782. 
34. Ho PR, Koendgen H, Campbell N, et al. Risk of natalizumab-
associated progressive multifocal leukoencephalopathy in patients with 
multiple sclerosis: a retrospective analysis of data from four clinical studies. 
Lancet Neurol 2017; 16: 925–933. 20170929. DOI: 10.1016/s1474-
4422(17)30282-x. 
35. Muralidharan KK, Kuesters G, Plavina T, et al. Population 
Pharmacokinetics and Target Engagement of Natalizumab in Patients With 
Multiple Sclerosis. Journal of Clinical Pharmacology 2017; 57: 1017–1030. 
DOI: 10.1002/jcph.894. 
36. Derfuss T, Kovarik JM, Kappos L, et al. α4-integrin receptor 
desaturation and disease activity return after natalizumab cessation. 
Neurology: Neuroimmunology and NeuroInflammation 2017; 4. DOI: 
10.1212/NXI.0000000000000388. 



Biomarkers in Blood and Cerebrospinal Fluid for Monitoring and Differentiating 
Demyelinating Inflammatory Central Nervous System Disorders 

82 

37. Plavina T, Muralidharan KK, Kuesters G, et al. Reversibility of 
the effects of natalizumab on peripheral immune cell dynamics in MS patients. 
Neurology 2017; 89: 1584–1593. DOI: 10.1212/wnl.0000000000004485. 
38. O'Connor PW, Goodman A, Kappos L, et al. Disease activity 
return during natalizumab treatment interruption in patients with multiple 
sclerosis. Neurology 2011; 76: 1858–1865. DOI: 
10.1212/WNL.0b013e31821e7c8a. 
39. Kaufman M, Cree BAC, De Sèze J, et al. Radiologic MS disease 
activity during natalizumab treatment interruption: findings from RESTORE. 
Journal of Neurology 2015; 262: 326–336. DOI: 10.1007/s00415-014-7558-6. 
40. Trojano M, Ramió-Torrentà L, Grimaldi LME, et al. A 
randomized study of natalizumab dosing regimens for relapsing–remitting 
multiple sclerosis. Multiple Sclerosis Journal 2021; 27: 2240–2253. DOI: 
10.1177/13524585211003020. 
41. Ryerson LZ, Foley J, Chang I, et al. Risk of natalizumab-
associated PML in patients with MS is reduced with extended interval dosing. 
Neurology 2019; 93: e1452–e1462. DOI: 10.1212/WNL.0000000000008243. 
42. Foley JF, Defer G, Ryerson LZ, et al. Comparison of switching 
to 6-week dosing of natalizumab versus continuing with 4-week dosing in 
patients with relapsing-remitting multiple sclerosis (NOVA): a randomised, 
controlled, open-label, phase 3b trial. The Lancet Neurology 2022; 21: 608–
619. DOI: 10.1016/S1474-4422(22)00143-0. 
43. Zhovtis Ryerson L, Frohman TC, Foley J, et al. Extended 
interval dosing of natalizumab in multiple sclerosis. Journal of Neurology, 
Neurosurgery and Psychiatry 2016; 87: 885–889. DOI: 10.1136/jnnp-2015-
312940. 
44. van Kempen ZLE, Hoogervorst ELJ, Wattjes MP, et al. 
Personalized extended interval dosing of natalizumab in MS: A prospective 
multicenter trial. Neurology 2020; 95: e745–e754. DOI: 
10.1212/WNL.0000000000009995. 
45. Absinta M, Sati P, Masuzzo F, et al. Association of Chronic 
Active Multiple Sclerosis Lesions with Disability in Vivo. JAMA Neurology 
2019; 76: 1474–1483. DOI: 10.1001/jamaneurol.2019.2399. 
46. Novakova L, Axelsson M, Malmeström C, et al. NFL and 
CXCL13 may reveal disease activity in clinically and radiologically stable MS. 
Multiple Sclerosis and Related Disorders 2020; 46. DOI: 
10.1016/j.msard.2020.102463. 
47. Giovannoni G, Popescu V, Wuerfel J, et al. Smouldering 
multiple sclerosis: the ‘real MS’. Therapeutic Advances in Neurological 
Disorders 2022; 15. DOI: 10.1177/17562864211066751. 
48. Proschmann U, Inojosa H, Akgün K, et al. Natalizumab 
Pharmacokinetics and -Dynamics and Serum Neurofilament in Patients With 
Multiple Sclerosis. Front Neurol 2021; 12. DOI: 10.3389/fneur.2021.650530. 



Magnus Johnsson 

83 

49. Foley J, Xiong K, Hoyt T, et al. Serum Neurofilament Light 
(sNfL) Levels in Patients with Relapsing-remitting Multiple Sclerosis (RRMS) 
Switching from Natalizumab Every-4-week (Q4W) Dosing to Extended 
Interval Dosing (EID) (2013). Neurology 2020; 94. DOI: 
10.1212/WNL.94.15_supplement.2013. 
50. Trewin BP, Brilot F, Reddel SW, et al. MOGAD: A 
comprehensive review of clinicoradiological features, therapy and outcomes 
in 4699 patients globally. Autoimmunity Reviews 2025; 24: 103693. DOI: 
10.1016/j.autrev.2024.103693. 
51. Aboseif A, Kim NN, Bou G, et al. Meningitis as an Attack 
Phenotype of Myelin Oligodendrocyte Glycoprotein Antibody–Associated 
Disease. JAMA Neurology 2025; 82: 871–873. DOI: 
10.1001/jamaneurol.2025.1774. 
52. Carnero Contentti E, Rotstein D, Okuda DT, et al. How to avoid 
missing a diagnosis of neuromyelitis optica spectrum disorder. Multiple 
Sclerosis Journal 2025; 31: 8–22. DOI: 10.1177/13524585241292797. 
53. Marignier R, Bernard-Valnet R, Giraudon P, et al. Aquaporin-
4 antibody-negative neuromyelitis optica: distinct assay sensitivity-dependent 
entity. Neurology 2013; 80: 2194–2200. 20130508. DOI: 
10.1212/WNL.0b013e318296e917. 
54. Lublin FD, Reingold SC, Cohen JA, et al. Defining the clinical 
course of multiple sclerosis: the 2013 revisions. Neurology 2014; 83: 278–286. 
20140528. DOI: 10.1212/wnl.0000000000000560. 
55. Runmarker B and Andersen O. Prognostic factors in a multiple 
sclerosis incidence cohort with twenty-five years of follow-up. Brain (London, 
England : 1878) 1993; 116: 117–134. DOI: 10.1093/brain/116.1.117. 
56. Tremlett H, Yinshan Z and Devonshire V. Natural history of 
secondary-progressive multiple sclerosis. Mult Scler 2008; 14: 314–324. 
20080121. DOI: 10.1177/1352458507084264. 
57. Lorscheider J, Buzzard K, Jokubaitis V, et al. Defining 
secondary progressive multiple sclerosis. Brain 2016; 139: 2395–2405. DOI: 
10.1093/brain/aww173. 
58. Kurtzke JF. Rating neurologic impairment in multiple sclerosis: 
An expanded disability status scale (EDSS). Neurology 1983; 33: 1444–1452. 
DOI: 10.1212/wnl.33.11.1444. 
59. Tedeholm H, Piehl F, Lycke J, et al. Effectiveness of first 
generation disease-modifying therapy to prevent conversion to secondary 
progressive multiple sclerosis. Mult Scler Relat Disord 2022; 68: 104220. 
20221005. DOI: 10.1016/j.msard.2022.104220. 
60. Kuhlmann T, Moccia M, Coetzee T, et al. Multiple sclerosis 
progression: time for a new mechanism-driven framework. Lancet Neurol 
2023; 22: 78–88. 20221118. DOI: 10.1016/s1474-4422(22)00289-7. 



Biomarkers in Blood and Cerebrospinal Fluid for Monitoring and Differentiating 
Demyelinating Inflammatory Central Nervous System Disorders 

84 

61. Kappos L, Wolinsky JS, Giovannoni G, et al. Contribution of 
Relapse-Independent Progression vs Relapse-Associated Worsening to 
Overall Confirmed Disability Accumulation in Typical Relapsing Multiple 
Sclerosis in a Pooled Analysis of 2 Randomized Clinical Trials. JAMA Neurol 
2020; 77: 1132–1140. DOI: 10.1001/jamaneurol.2020.1568. 
62. Kappos L, Butzkueven H, Wiendl H, et al. Greater sensitivity 
to multiple sclerosis disability worsening and progression events using a 
roving versus a fixed reference value in a prospective cohort study. Mult Scler 
2018; 24: 963–973. 20170530. DOI: 10.1177/1352458517709619. 
63. Cree BAC, Hollenbach JA, Bove R, et al. Silent progression in 
disease activity-free relapsing multiple sclerosis. Ann Neurol 2019; 85: 653–
666. 20190330. DOI: 10.1002/ana.25463. 
64. Tur C, Carbonell-Mirabent P, Cobo-Calvo Á, et al. Association 
of Early Progression Independent of Relapse Activity With Long-term 
Disability After a First Demyelinating Event in Multiple Sclerosis. JAMA 
Neurol 2023; 80: 151–160. DOI: 10.1001/jamaneurol.2022.4655. 
65. Scalfari A, Traboulsee A, Oh J, et al. Smouldering-Associated 
Worsening in Multiple Sclerosis: An International Consensus Statement on 
Definition, Biology, Clinical Implications, and Future Directions. Ann Neurol 
2024; 96: 826–845. 20240725. DOI: 10.1002/ana.27034. 
66. Wingerchuk DM. IPND 2025: Revised Consensus Criteria, 
Classification, and Nomenclature for Neuromyelitis Optica Spectrum 
Disorders. ECTRIMS. Barcelona, Spain2025. 
67. Said Y, Filippatou A, Tran C, et al. Real-world clinical 
experience with serum MOG and AQP4 antibody testing by live versus fixed 
cell-based assay. Ann Clin Transl Neurol 2025; 12: 556–564. 20250203. DOI: 
10.1002/acn3.52310. 
68. Wang Z, Tan H, Huang W, et al. Fluctuations in serum 
aquaporin-4 antibody titers: the clinical significance in neuromyelitis optica 
spectrum disorder. J Neurol 2025; 272: 403. 20250516. DOI: 10.1007/s00415-
025-13137-6. 
69. Kim SH, Kim W, Huh SY, et al. Clinical efficacy of 
plasmapheresis in patients with neuromyelitis optica spectrum disorder and 
effects on circulating anti-aquaporin-4 antibody levels. J Clin Neurol 2013; 9: 
36–42. 20130103. DOI: 10.3988/jcn.2013.9.1.36. 
70. Matsumoto Y, Kaneko K, Takahashi T, et al. Diagnostic 
implications of MOG-IgG detection in sera and cerebrospinal fluids. Brain 
2023; 146: 3938–3948. DOI: 10.1093/brain/awad122. 
71. Wootla B, Eriguchi M and Rodriguez M. Is Multiple Sclerosis 
an Autoimmune Disease? Autoimmune Diseases 2012; 2012: 969657. DOI: 
10.1155/2012/969657. 
72. Pittock SJ, Berthele A, Fujihara K, et al. Eculizumab in 
Aquaporin-4–Positive Neuromyelitis Optica Spectrum Disorder. The New 



Magnus Johnsson 

85 

England journal of medicine 2019; 381: 614–625. DOI: 
10.1056/NEJMoa1900866. 
73. Klaver R, De Vries HE, Schenk GJ, et al. Grey matter damage 
in multiple sclerosis: a pathology perspective. Prion 2013; 7: 66–75. 
20130101. DOI: 10.4161/pri.23499. 
74. Kuhlmann T, Ludwin S, Prat A, et al. An updated histological 
classification system for multiple sclerosis lesions. Acta Neuropathol 2017; 
133: 13–24. 20161217. DOI: 10.1007/s00401-016-1653-y. 
75. Takai Y, Misu T, Fujihara K, et al. Pathology of myelin 
oligodendrocyte glycoprotein antibody-associated disease: a comparison with 
multiple sclerosis and aquaporin 4 antibody-positive neuromyelitis optica 
spectrum disorders. Front Neurol 2023; Volume 14 - 2023. Review. DOI: 
10.3389/fneur.2023.1209749. 
76. Sabatino JJ, Cree BAC and Hauser SL. New Horizons for 
Multiple Sclerosis Therapy: 2025 and Beyond. Annals of neurology 2025; 98: 
317–328. DOI: 10.1002/ana.27270. 
77. Weiner HL. Multiple sclerosis is an inflammatory T-cell-
mediated autoimmune disease. Arch Neurol 2004; 61: 1613–1615. DOI: 
10.1001/archneur.61.10.1613. 
78. Compston A and Coles A. Multiple sclerosis. The Lancet 2008; 
372: 1502–1517. DOI: 10.1016/S0140-6736(08)61620-7. 
79. Boutitah-Benyaich I, Eixarch H, Villacieros-Álvarez J, et al. 
Multiple sclerosis: molecular pathogenesis and therapeutic intervention. Signal 
Transduct Target Ther 2025; 10: 324. 20251002. DOI: 10.1038/s41392-025-
02415-4. 
80. Thomas OG, Haigh TA, Croom-Carter D, et al. Heightened 
Epstein-Barr virus immunity and potential cross-reactivities in multiple 
sclerosis. PLoS Pathog 2024; 20: e1012177. 20240606. DOI: 
10.1371/journal.ppat.1012177. 
81. Bjornevik K, Cortese M, Healy BC, et al. Longitudinal analysis 
reveals high prevalence of Epstein-Barr virus associated with multiple 
sclerosis. Science 2022; 375: 296–301. 20220113. DOI: 
10.1126/science.abj8222. 
82. Jons D, Zetterberg H, Biström M, et al. Axonal injury in 
asymptomatic individuals preceding onset of multiple sclerosis. Ann Clin 
Transl Neurol 2022; 9: 882–887. 20220503. DOI: 10.1002/acn3.51568. 
83. Fadda G, Yea C, O'Mahony J, et al. Epstein-Barr Virus Strongly 
Associates With Pediatric Multiple Sclerosis, But Not Myelin 
Oligodendrocyte Glycoprotein-Antibody-Associated Disease. Ann Neurol 
2024; 95: 700–705. 20240227. DOI: 10.1002/ana.26890. 
84. Barrie W, Yang Y, Irving-Pease EK, et al. Elevated genetic risk 
for multiple sclerosis emerged in steppe pastoralist populations. Nature 2024; 
625: 321–328. 20240110. DOI: 10.1038/s41586-023-06618-z. 



Biomarkers in Blood and Cerebrospinal Fluid for Monitoring and Differentiating 
Demyelinating Inflammatory Central Nervous System Disorders 

86 

85. Zeng L, Khan A, Lama T, et al. GWAS highlights the neuronal 
contribution to multiple sclerosis susceptibility.  2024. 
86. Patsopoulos NA, Barcellos LF, Hintzen RQ, et al. Fine-
mapping the genetic association of the major histocompatibility complex in 
multiple sclerosis: HLA and non-HLA effects. PLoS Genet 2013; 9: e1003926. 
20131121. DOI: 10.1371/journal.pgen.1003926. 
87. Degelman ML and Herman KM. Smoking and multiple 
sclerosis: A systematic review and meta-analysis using the Bradford Hill 
criteria for causation. Mult Scler Relat Disord 2017; 17: 207–216. 20170721. 
DOI: 10.1016/j.msard.2017.07.020. 
88. Belbasis L, Bellou V, Evangelou E, et al. Environmental risk 
factors and multiple sclerosis: an umbrella review of systematic reviews and 
meta-analyses. Lancet Neurol 2015; 14: 263–273. 20150204. DOI: 
10.1016/s1474-4422(14)70267-4. 
89. Yanagimura F, Nakajima A, Saji E, et al. NMOSD: Innate 
Immunology Revisited. Clinical and Experimental Neuroimmunology 2025; 
16: 301–309. DOI: 10.1111/cen3.70019. 
90. Höftberger R, Guo Y, Flanagan EP, et al. The pathology of 
central nervous system inflammatory demyelinating disease accompanying 
myelin oligodendrocyte glycoprotein autoantibody. Acta Neuropathol 2020; 
139: 875–892. 20200211. DOI: 10.1007/s00401-020-02132-y. 
91. Gawde S, Siebert N, Ruprecht K, et al. Serum Proteomics 
Distinguish Subtypes of NMO Spectrum Disorder and MOG Antibody-
Associated Disease and Highlight Effects of B-Cell Depletion. Neurol 
Neuroimmunol Neuroinflamm 2024; 11: e200268. 20240617. DOI: 
10.1212/nxi.0000000000200268. 
92. Corbali O and Chitnis T. Pathophysiology of myelin 
oligodendrocyte glycoprotein antibody disease. Front Neurol 2023; Volume 
14 - 2023. Review. DOI: 10.3389/fneur.2023.1137998. 
93. Ciampi E. MOGAD: A Shifting Landscape—From 
Pathogenesis to Personalised Management, Global Perspectives and Latin 
American Insights. Biomedicines 2025; 13: 2344. 
94. Filippi M and Rocca MA. MR imaging of multiple sclerosis. 
Radiology 2011; 259: 659–681. DOI: 10.1148/radiol.11101362. 
95. Barkhof F, Reich DS, Oh J, et al. 2024 MAGNIMS-CMSC-
NAIMS consensus recommendations on the use of MRI for the diagnosis of 
multiple sclerosis. Lancet Neurol 2025; 24: 866–879. DOI: 10.1016/s1474-
4422(25)00304-7. 
96. Svenska MS-sällskapet. Konsensusdokument för 
magnetresonanstomografi vid multipel skleros.  2025. 
97. Brownlee WJ, Altmann DR, Prados F, et al. Early imaging 
predictors of long-term outcomes in relapse-onset multiple sclerosis. Brain 
2019; 142: 2276–2287. DOI: 10.1093/brain/awz156. 



Magnus Johnsson 

87 

98. Miller DH, Barkhof F, Berry I, et al. Magnetic resonance 
imaging in monitoring the treatment of multiple sclerosis: concerted action 
guidelines. J Neurol Neurosurg Psychiatry 1991; 54: 683–688. DOI: 
10.1136/jnnp.54.8.683. 
99. Camera V, Holm-Mercer L, Ali AAH, et al. Frequency of New 
Silent MRI Lesions in Myelin Oligodendrocyte Glycoprotein Antibody 
Disease and Aquaporin-4 Antibody Neuromyelitis Optica Spectrum Disorder. 
JAMA Netw Open 2021; 4: e2137833. 20211201. DOI: 
10.1001/jamanetworkopen.2021.37833. 
100. Giovannoni G, Tomic D, Bright JR, et al. “No evident disease 
activity”: The use of combined assessments in the management of patients with 
multiple sclerosis. Multiple Sclerosis Journal 2017; 23: 1179–1187. DOI: 
10.1177/1352458517703193. 
101. Barkhof F. The clinico-radiological paradox in multiple 
sclerosis revisited. Curr Opin Neurol 2002; 15: 239–245. DOI: 
10.1097/00019052-200206000-00003. 
102. Pirko I, Lucchinetti CF, Sriram S, et al. Gray matter 
involvement in multiple sclerosis. Neurology 2007; 68: 634–642. DOI: 
10.1212/01.wnl.0000250267.85698.7a. 
103. Gavoille A, Rollot F, Casey R, et al. Acute Clinical Events 
Identified as Relapses With Stable Magnetic Resonance Imaging in Multiple 
Sclerosis. JAMA Neurology 2024; 81: 814–823. DOI: 
10.1001/jamaneurol.2024.1961. 
104. Strimbu K and Tavel JA. What are biomarkers? Curr Opin HIV 
AIDS 2010; 5: 463–466. DOI: 10.1097/COH.0b013e32833ed177. 
105. Ishikawa  H, Bischoff  R and Holtzer  H. MITOSIS AND 
INTERMEDIATE-SIZED FILAMENTS IN DEVELOPING SKELETAL 
MUSCLE. Journal of Cell Biology 1968; 38: 538–555. DOI: 
10.1083/jcb.38.3.538. 
106. Eriksson JE, Dechat T, Grin B, et al. Introducing intermediate 
filaments: from discovery to disease. J Clin Invest 2009; 119: 1763–1771. 
20090701. DOI: 10.1172/jci38339. 
107. Liem RK, Yen SH, Salomon GD, et al. Intermediate filaments 
in nervous tissues. J Cell Biol 1978; 79: 637–645. DOI: 10.1083/jcb.79.3.637. 
108. Pachter JS and Liem RK. alpha-Internexin, a 66-kD 
intermediate filament-binding protein from mammalian central nervous 
tissues. J Cell Biol 1985; 101: 1316–1322. DOI: 10.1083/jcb.101.4.1316. 
109. Zhu Q, Couillard-Després S and Julien J-P. Delayed Maturation 
of Regenerating Myelinated Axons in Mice Lacking Neurofilaments. 
Experimental Neurology 1997; 148: 299–316. DOI: 10.1006/exnr.1997.6654. 
110. Marszalek J, Williamson T, Lee M, et al. Neurofilament subunit 
NF-H modulates axonal diameter by selectively slowing neurofilament 
transport. The Journal of cell biology 1996; 135: 711–724. 



Biomarkers in Blood and Cerebrospinal Fluid for Monitoring and Differentiating 
Demyelinating Inflammatory Central Nervous System Disorders 

88 

111. Nixon RA and Logvinenko KB. Multiple fates of newly 
synthesized neurofilament proteins: evidence for a stationary neurofilament 
network distributed nonuniformly along axons of retinal ganglion cell neurons. 
J Cell Biol 1986; 102: 647–659. DOI: 10.1083/jcb.102.2.647. 
112. Lawson SN, Perry MJ, Prabhakar E, et al. Primary sensory 
neurones: neurofilament, neuropeptides, and conduction velocity. Brain Res 
Bull 1993; 30: 239–243. DOI: 10.1016/0361-9230(93)90250-f. 
113. Khalil M, Teunissen CE, Otto M, et al. Neurofilaments as 
biomarkers in neurological disorders. Nat Rev Neurol 2018; 14: 577–589. DOI: 
10.1038/s41582-018-0058-z. 
114. Fliegner KH, Kaplan MP, Wood TL, et al. Expression of the 
gene for the neuronal intermediate filament protein α-internexin coincides with 
the onset of neuronal differentiation in the developing rat nervous system. 
Journal of Comparative Neurology 1994; 342: 161–173. DOI: 
10.1002/cne.903420202. 
115. Kaplan MP, Chin SS, Fliegner KH, et al. Alpha-internexin, a 
novel neuronal intermediate filament protein, precedes the low molecular 
weight neurofilament protein (NF-L) in the developing rat brain. J Neurosci 
1990; 10: 2735–2748. DOI: 10.1523/jneurosci.10-08-02735.1990. 
116. Yuan A, Rao MV, Sasaki T, et al. Alpha-internexin is 
structurally and functionally associated with the neurofilament triplet proteins 
in the mature CNS. J Neurosci 2006; 26: 10006–10019. DOI: 
10.1523/jneurosci.2580-06.2006. 
117. Chien C-L, Lee T-H and Lu K-S. Distribution of neuronal 
intermediate filament proteins in the developing mouse olfactory system. 
Journal of Neuroscience Research 1998; 54: 353–363. DOI: 
10.1002/(SICI)1097-4547(19981101)54:3<353::AID-JNR6>3.0.CO;2-6. 
118. UniProt: the Universal Protein Knowledgebase in 2023. Nucleic 
Acids Res 2023; 51: D523–d531. DOI: 10.1093/nar/gkac1052. 
119. Uhlén M, Fagerberg L, Hallström BM, et al. Proteomics. 
Tissue-based map of the human proteome. Science 2015; 347: 1260419. DOI: 
10.1126/science.1260419. 
120. The GTEx Consortium atlas of genetic regulatory effects across 
human tissues. Science 2020; 369: 1318–1330. DOI: 10.1126/science.aaz1776. 
121. Eaker EY. Neurofilament and Intermediate Filament 
Immunoreactivity in Human Intestinal Myenteric Neurons. Digestive Diseases 
and Sciences 1997; 42: 1926–1932. DOI: 10.1023/A:1018871428831. 
122. Song Y-L, Yu R, Qiao X-W, et al. Prognostic relevance of 
UCH-L1 and α-internexin in pancreatic neuroendocrine tumors. Scientific 
Reports 2017; 7: 2205. DOI: 10.1038/s41598-017-02051-1. 
123. Cairns NJ, Grossman M, Arnold SE, et al. Clinical and 
neuropathologic variation in neuronal intermediate filament inclusion disease. 



Magnus Johnsson 

89 

Neurology 2004; 63: 1376–1384. DOI: 
doi:10.1212/01.WNL.0000139809.16817.DD. 
124. Murakami A, Nakamura M, Nakamura Y, et al. An autopsy case 
report of neuronal intermediate filament inclusion disease presenting with 
predominantly upper motor neuron features. Neuropathology 2021; 41: 357–
365. DOI: 10.1111/neup.12741. 
125. Koga S, Murakami A, Soto-Beasley AI, et al. Diffuse 
argyrophilic grain disease with TDP-43 proteinopathy and neuronal 
intermediate filament inclusion disease: FTLD with mixed tau, TDP-43 and 
FUS pathologies. Acta Neuropathol Commun 2023; 11: 109. 20230706. DOI: 
10.1186/s40478-023-01611-z. 
126. Yuan A, Sasaki T, Kumar A, et al. Peripherin Is a Subunit of 
Peripheral Nerve Neurofilaments: Implications for Differential Vulnerability 
of CNS and Peripheral Nervous System Axons. The Journal of neuroscience : 
the official journal of the Society for Neuroscience 2012; 32: 8501–8508. DOI: 
10.1523/JNEUROSCI.1081-12.2012. 
127. Ebrahimi R, Seifi M, Masouri MM, et al. Blood neurofilament 
light chain in patients with multiple sclerosis: A systematic review and updated 
meta-analysis. Experimental Gerontology 2026; 213: 112992. DOI: 
10.1016/j.exger.2025.112992. 
128. Hauser SL, Bar-Or A, Cohen JA, et al. Ofatumumab versus 
Teriflunomide in Multiple Sclerosis. New England Journal of Medicine 2020; 
383: 546–557. DOI: 10.1056/NEJMoa1917246. 
129. Kuhle J, Kappos L, Montalban X, et al. Evobrutinib, a Bruton's 
Tyrosine Kinase Inhibitor, Decreases Neurofilament Light Chain Levels Over 
2.5 Years of Treatment in Patients with Relapsing Multiple Sclerosis. Multiple 
Sclerosis and Related Disorders 2023; 71: 104357. DOI: 
10.1016/j.msard.2022.104357. 
130. Rosengren LE, Karlsson JE, Karlsson JO, et al. Patients with 
amyotrophic lateral sclerosis and other neurodegenerative diseases have 
increased levels of neurofilament protein in CSF. J Neurochem 1996; 67: 
2013–2018. DOI: 10.1046/j.1471-4159.1996.67052013.x. 
131. Lycke JN, Karlsson JE, Andersen O, et al. Neurofilament 
protein in cerebrospinal fluid: a potential marker of activity in multiple 
sclerosis. J Neurol Neurosurg Psychiatry 1998; 64: 402–404. DOI: 
10.1136/jnnp.64.3.402. 
132. Malmeström C, Haghighi S, Rosengren L, et al. Neurofilament 
light protein and glial fibrillary acidic protein as biological markers in MS. 
Neurology 2003; 61: 1720–1725. DOI: 
10.1212/01.wnl.0000098880.19793.b6. 
133. Gunnarsson M, Malmeström C, Axelsson M, et al. Axonal 
damage in relapsing multiple sclerosis is markedly reduced by natalizumab. 
Ann Neurol 2011; 69: 83–89. 20101208. DOI: 10.1002/ana.22247. 



Biomarkers in Blood and Cerebrospinal Fluid for Monitoring and Differentiating 
Demyelinating Inflammatory Central Nervous System Disorders 

90 

134. Axelsson M, Malmeström C, Gunnarsson M, et al. 
Immunosuppressive therapy reduces axonal damage in progressive multiple 
sclerosis. Mult Scler 2014; 20: 43–50. 20130523. DOI: 
10.1177/1352458513490544. 
135. Salzer J, Svenningsson A and Sundström P. Neurofilament light 
as a prognostic marker in multiple sclerosis. Mult Scler 2010; 16: 287–292. 
20100119. DOI: 10.1177/1352458509359725. 
136. Gaiottino J, Norgren N, Dobson R, et al. Increased 
Neurofilament Light Chain Blood Levels in Neurodegenerative Neurological 
Diseases. PLoS ONE 2013; 8. 
137. Kuhle J, Barro C, Andreasson U, et al. Comparison of three 
analytical platforms for quantification of the neurofilament light chain in blood 
samples: ELISA, electrochemiluminescence immunoassay and Simoa. Clin 
Chem Lab Med 2016; 54: 1655–1661. DOI: 10.1515/cclm-2015-1195. 
138. Novakova L, Zetterberg H, Sundstrom P, et al. Monitoring 
disease activity in multiple sclerosis using serum neurofilament light protein. 
Neurology 2017; 89: 2230–2237. 20171027. DOI: 
10.1212/WNL.0000000000004683. 
139. Disanto G, Adiutori R, Dobson R, et al. Serum neurofilament 
light chain levels are increased in patients with a clinically isolated syndrome. 
J Neurol Neurosurg Psychiatry 2016; 87: 126–129. 2015/02/27. DOI: 
10.1136/jnnp-2014-309690. 
140. Plavina T, Singh CM, Sangurdekar D, et al. Association of 
Serum Neurofilament Light Levels With Long-term Brain Atrophy in Patients 
With a First Multiple Sclerosis Episode. JAMA Netw Open 2020; 3: e2016278. 
20201102. DOI: 10.1001/jamanetworkopen.2020.16278. 
141. Barro C, Benkert P, Disanto G, et al. Serum neurofilament as a 
predictor of disease worsening and brain and spinal cord atrophy in multiple 
sclerosis. Brain 2018; 141: 2382–2391. DOI: 10.1093/brain/awy154. 
142. Håkansson I, Tisell A, Cassel P, et al. Neurofilament levels, 
disease activity and brain volume during follow-up in multiple sclerosis. J 
Neuroinflammation 2018; 15: 209. 20180718. DOI: 10.1186/s12974-018-
1249-7. 
143. Disanto G, Barro C, Benkert P, et al. Serum Neurofilament 
light: A biomarker of neuronal damage in multiple sclerosis. Annals of 
neurology 2017; 81: 857–870. DOI: 10.1002/ana.24954. 
144. Simrén J, Andreasson U, Gobom J, et al. Establishment of 
reference values for plasma neurofilament light based on healthy individuals 
aged 5-90 years. Brain Commun 2022; 4: fcac174. 20220704. DOI: 
10.1093/braincomms/fcac174. 
145. Benkert P, Meier S, Schaedelin S, et al. Serum neurofilament 
light chain for individual prognostication of disease activity in people with 



Magnus Johnsson 

91 

multiple sclerosis: a retrospective modelling and validation study. Lancet 
Neurol 2022; 21: 246–257. DOI: 10.1016/s1474-4422(22)00009-6. 
146. Basel sNfL Reference App, 
https://shiny.dkfbasel.ch/baselnflreference/ (2022). 
147. Ye JJ and Quintana FJ. Astrocyte Biology in CNS 
Inflammatory Diseases. Neurology® Neuroimmunology & 
Neuroinflammation 2025; 13. 
148. Rosengren LE, Wikkelsø C and Hagberg L. A sensitive ELISA 
for glial fibrillary acidic protein: application in CSF of adults. J Neurosci 
Methods 1994; 51: 197–204. DOI: 10.1016/0165-0270(94)90011-6. 
149. Axelsson M, Malmeström C, Nilsson S, et al. Glial fibrillary 
acidic protein: a potential biomarker for progression in multiple sclerosis. J 
Neurol 2011; 258: 882–888. 20110101. DOI: 10.1007/s00415-010-5863-2. 
150. Norgren N, Sundström P, Svenningsson A, et al. Neurofilament 
and glial fibrillary acidic protein in multiple sclerosis. Neurology 2004; 63: 
1586–1590. DOI: doi:10.1212/01.WNL.0000142988.49341.D1. 
151. Rosenstein I, Nordin A, Sabir H, et al. Association of serum 
glial fibrillary acidic protein with progression independent of relapse activity 
in multiple sclerosis. Journal of Neurology 2024; 271: 4412 – 4422. 
152. Furlan R, Schaedelin S, Frederiksen JL, et al. Granulocyte and 
astrocyte markers distinguish MOG-antibody disease and neuromyelitis optica 
from multiple sclerosis. Brain (London, England : 1878) 2025. DOI: 
10.1093/brain/awaf345. 
153. Chitnis T, Magliozzi R, Abdelhak A, et al. Blood and CSF 
biomarkers for multiple sclerosis: emerging clinical applications. Lancet 
Neurol 2025; 24: 1066–1078. 20250925. DOI: 10.1016/s1474-
4422(25)00249-2. 
154. Wei Y, Chang H, Li X, et al. Cytokines and Tissue Damage 
Biomarkers in First-Onset Neuromyelitis Optica Spectrum Disorders: 
Significance of Interleukin-6. Neuroimmunomodulation 2018; 25: 215–224. 
20181213. DOI: 10.1159/000494976. 
155. Wang S, Song R, Wang Z, et al. S100A8/A9 in Inflammation. 
Frontiers in Immunology 2018; Volume 9 - 2018. Review. DOI: 
10.3389/fimmu.2018.01298. 
156. Tardif MR, Chapeton-Montes JA, Posvandzic A, et al. 
Secretion of S100A8, S100A9, and S100A12 by Neutrophils Involves 
Reactive Oxygen Species and Potassium Efflux. J Immunol Res 2015; 2015: 
296149. 20151230. DOI: 10.1155/2015/296149. 
157. Burri E and Beglinger C. The use of fecal calprotectin as a 
biomarker in gastrointestinal disease. Expert Rev Gastroenterol Hepatol 2014; 
8: 197–210. 20131218. DOI: 10.1586/17474124.2014.869476. 
158. Sejersen K, Eriksson MB and Larsson AO. Calprotectin as a 
Biomarker for Infectious Diseases: A Comparative Review with Conventional 



Biomarkers in Blood and Cerebrospinal Fluid for Monitoring and Differentiating 
Demyelinating Inflammatory Central Nervous System Disorders 

92 

Inflammatory Markers. International Journal of Molecular Sciences 2025; 26: 
6476. 
159. Brun JG, Jonsson R and Haga HJ. Measurement of plasma 
calprotectin as an indicator of arthritis and disease activity in patients with 
inflammatory rheumatic diseases. J Rheumatol 1994; 21: 733–738. 
160. SHOZAN A. ALI MD, Mohammad E. EL SHEWI, M.D. Value 
of Cerebrospinal Fluid Calprotectin Assay in Patients with Acute Meningitis. 
The Medical Journal of Cairo University 2022. 
161. Dunlop O, Bruun JN, Myrvang B, et al. Calprotectin in 
cerebrospinal fluid of the HIV infected: a diagnostic marker of opportunistic 
central nervous system infection? Scandinavian journal of infectious diseases 
1991; 23 6: 687–689. 
162. Brück W, Porada P, Poser S, et al. Monocyte/macrophage 
differentiation in early multiple sclerosis lesions. Ann Neurol 1995; 38: 788–
796. DOI: 10.1002/ana.410380514. 
163. Olsson A, Gustavsen S, Hasselbalch IC, et al. Biomarkers of 
inflammation and epithelial barrier function in multiple sclerosis. Multiple 
Sclerosis and Related Disorders 2020; 46: 102520. DOI: 
10.1016/j.msard.2020.102520. 
164. Floris S, van der Goes A, Killestein J, et al. Monocyte activation 
and disease activity in multiple sclerosis. A longitudinal analysis of serum 
MRP8/14 levels. Journal of Neuroimmunology 2004; 148: 172–177. DOI: 
10.1016/j.jneuroim.2003.11.005. 
165. Soker EB, Erdem M, Ozdogru D, et al. Human calprotectin as 
a novel biomarker in multiple sclerosis: Can it differentiate disease stages? 
Medicine (Baltimore) 2026; 105: e46677. DOI: 
10.1097/md.0000000000046677. 
166. Bogumil T, Rieckmann P, Kubuschok B, et al. Serum levels of 
macrophage-derived protein MRP-8/14 are elevated in active multiple 
sclerosis. Neuroscience Letters 1998; 247: 195–197. DOI: 10.1016/S0304-
3940(98)00263-8. 
167. Berg-Hansen P, Vandvik B, Fagerhol M, et al. Calprotectin 
levels in the cerebrospinal fluid reflect disease activity in multiple sclerosis. 
Journal of Neuroimmunology 2009; 216: 98–102. DOI: 
10.1016/j.jneuroim.2009.09.006. 
168. Johansson K, Wasling P, Novakova L, et al. Cerebrospinal fluid 
amyloid precursor protein as a potential biomarker of fatigue in multiple 
sclerosis: A pilot study. Mult Scler Relat Disord 2022; 63: 103846. 20220506. 
DOI: 10.1016/j.msard.2022.103846. 
169. Novakova L, Axelsson M, Khademi M, et al. Cerebrospinal 
fluid biomarkers of inflammation and degeneration as measures of fingolimod 
efficacy in multiple sclerosis. Mult Scler 2017; 23: 62–71. 20160711. DOI: 
10.1177/1352458516639384. 



Magnus Johnsson 

93 

170. Collingridge DS. A Primer on Quantitized Data Analysis and 
Permutation Testing. Journal of Mixed Methods Research 2013; 7: 81–97. 
DOI: 10.1177/1558689812454457. 
171. Furberg Ga. D12 Diagnostik - en tolkningsfråga? : Holmbergs 
Malmö, 2007. 
172. Junge MRJ and Dettori JR. ROC Solid: Receiver Operator 
Characteristic (ROC) Curves as a Foundation for Better Diagnostic Tests. 
Global Spine J 2018; 8: 424–429. 20180523. DOI: 
10.1177/2192568218778294. 
173. Rissin DM, Kan CW, Campbell TG, et al. Single-molecule 
enzyme-linked immunosorbent assay detects serum proteins at subfemtomolar 
concentrations. Nature Biotechnology 2010; 28: 595–599. DOI: 
10.1038/nbt.1641. 
174. Meda FJ, Dittrich A, Skoog I, et al. Alpha-internexin as a brain-
specific neurodegeneration marker: development and validation of a novel 
CSF assay. J Neurol 2025; 272: 676. 20251006. DOI: 10.1007/s00415-025-
13428-y. 
175. Waters PJ, Pittock SJ, Bennett JL, et al. Evaluation of 
aquaporin-4 antibody assays. Clin Exp Neuroimmunol 2014; 5: 290–303. 
20140422. DOI: 10.1111/cen3.12107. 
176. Horsewood P. Specific Proteins Analysis by Nephelometry and 
Turbidimetry. In: Ngo TT (ed) Nonisotopic Immunoassay. Boston, MA: 
Springer US, 1988, pp.439–455. 
177. Olsson B, Malmeström C, Basun H, et al. Extreme stability of 
chitotriosidase in cerebrospinal fluid makes it a suitable marker for microglial 
activation in clinical trials. J Alzheimers Dis 2012; 32: 273–276. DOI: 
10.3233/jad-2012-120931. 
178. Thorsell A, Bjerke M, Gobom J, et al. Neurogranin in 
cerebrospinal fluid as a marker of synaptic degeneration in Alzheimer's 
disease. Brain Res 2010; 1362: 13–22. 20100925. DOI: 
10.1016/j.brainres.2010.09.073. 
179. Bonneh-Barkay D, Bissel SJ, Kofler J, et al. Astrocyte and 
macrophage regulation of YKL-40 expression and cellular response in 
neuroinflammation. Brain Pathol 2012; 22: 530–546. 20111222. DOI: 
10.1111/j.1750-3639.2011.00550.x. 
180. Jaworski J, Psujek M, Janczarek M, et al. Total-tau in 
cerebrospinal fluid of patients with multiple sclerosis decreases in secondary 
progressive stage of disease and reflects degree of brain atrophy. Ups J Med 
Sci 2012; 117: 284–292. 20120504. DOI: 10.3109/03009734.2012.669423. 
181. Chen B, Qin C, Tao R, et al. The clinical value of the albumin 
quotient in patients with neuromyelitis optica spectrum disorder. Mult Scler 
Relat Disord 2020; 38: 101880. 20191202. DOI: 
10.1016/j.msard.2019.101880. 



Biomarkers in Blood and Cerebrospinal Fluid for Monitoring and Differentiating 
Demyelinating Inflammatory Central Nervous System Disorders 

94 

182. Bomprezzi R and Pawate S. Extended interval dosing of 
natalizumab: A two-center, 7-year experience. Therapeutic Advances in 
Neurological Disorders 2014; 7: 227–231. DOI: 10.1177/1756285614540224. 
183. Clerico M, De Mercanti SF, Signori A, et al. Extending the 
Interval of Natalizumab Dosing: Is Efficacy Preserved? Neurotherapeutics 
2020; 17: 200–207. DOI: 10.1007/s13311-019-00776-7. 
184. Foley J, Xiong K, Hoyt T, et al. Serum Neurofilament Light 
(sNfL) levels in patients with Relapsing-remitting Multiple Sclerosis (RRMS) 
Switching from Natalizumab Every-4-week (Q4W) dosing to extended 
interval dosing (EID) (2013). Neurology 2020; 94. 
185. Freedman MS, Gnanapavan S, Booth RA, et al. Guidance for 
use of neurofilament light chain as a cerebrospinal fluid and blood biomarker 
in multiple sclerosis management. EBioMedicine 2024; 101: 104970. 
20240213. DOI: 10.1016/j.ebiom.2024.104970. 
186. Johnsson M, Farman HH, Blennow K, et al. No increase of 
serum neurofilament light in relapsing-remitting multiple sclerosis patients 
switching from standard to extended-interval dosing of natalizumab. Mult 
Scler 2022; 28: 2070–2080. 20220720. DOI: 10.1177/13524585221108080. 
187. Valentino P, Malucchi S, Martire S, et al. sNFL applicability as 
additional monitoring tool in natalizumab extended interval dosing regimen for 
RRMS patients. Multiple Sclerosis and Related Disorders 2022; 67: 104176. 
DOI: 10.1016/j.msard.2022.104176. 
188. Foley J, Xiong K, Hoyt T, et al. Serum neurofilament light 
levels in natalizumab-treated patients with multiple sclerosis who switch to 
extended interval dosing from every-4-week dosing in real-world clinical 
practice. Multiple sclerosis 2023; 29: 196–205. DOI: 
10.1177/13524585221130949. 
189. Toorop AA, van Lierop ZY, Gelissen LM, et al. Prospective 
trial of natalizumab personalised extended interval dosing by therapeutic drug 
monitoring in relapsing-remitting multiple sclerosis (NEXT-MS). J Neurol 
Neurosurg Psychiatry 2024; 95: 392–400. 20240412. DOI: 10.1136/jnnp-
2023-332119. 
190. Rosso M, Gonzalez CT, Healy BC, et al. Temporal association 
of sNfL and gad-enhancing lesions in multiple sclerosis. Annals of Clinical 
and Translational Neurology 2020; 7: 945–955. DOI: 10.1002/acn3.51060. 
191. Bose G, Healy B, Barro C, et al. Accuracy of serum 
neurofilament light to identify contrast-enhancing lesions in multiple sclerosis. 
Multiple Sclerosis Journal 2023; 29: 1418–1427. DOI: 
10.1177/13524585231198751. 
192. van Lierop ZY, Wessels MH, Lekranty WM, et al. Impact of 
serum neurofilament light on clinical decisions in a tertiary multiple sclerosis 
clinic. Mult Scler 2024; 30: 1620–1629. 20241017. DOI: 
10.1177/13524585241277044. 



Magnus Johnsson 

95 

193. Sandgren S, Einsiedler M, Benkert P, et al. Are neurofilament 
light chain levels ready for routine clinical use? – Yes. Multiple Sclerosis 
Journal; 0: 13524585261423032. DOI: 10.1177/13524585261423032. 
194. Einsiedler M, Maceski AM, Sandgren S, et al. Serum 
Neurofilament Light Chain in Multiple Sclerosis: Superiority of Age- and 
BMI-Corrected Z Scores/Percentiles Over Absolute Cutoff Values for 
Prediction of Treatment Response. Annals of Clinical and Translational 
Neurology 2025; 12: 2214–2225. Article. DOI: 10.1002/acn3.70149. 
195. Abdelhak A, Petermeier F, Benkert P, et al. Serum 
neurofilament light chain reference database for individual application in 
paediatric care: a retrospective modelling and validation study. The Lancet 
Neurology 2023; 22: 826–833. DOI: 10.1016/S1474-4422(23)00210-7. 
196. Kleerekooper I, Herbert MK, Kuiperij HB, et al. CSF levels of 
glutamine synthetase and GFAP to explore astrocytic damage in seronegative 
NMOSD. Journal of Neurology, Neurosurgery &amp;amp; Psychiatry 2020; 
91: 605. DOI: 10.1136/jnnp-2019-322286. 
197. Hyun J-W, Kim Y, Kim KH, et al. CSF GFAP levels in double 
seronegative neuromyelitis optica spectrum disorder: no evidence of astrocyte 
damage. Journal of neuroinflammation 2022; 19: 86–86. DOI: 
10.1186/s12974-022-02450-w. 
198. Aktas O, Smith MA, Rees WA, et al. Serum Glial Fibrillary 
Acidic Protein: A Neuromyelitis Optica Spectrum Disorder Biomarker. Ann 
Neurol 2021; 89: 895–910. 20210330. DOI: 10.1002/ana.26067. 
199. Carta S, Dinoto A, Capobianco M, et al. Serum Biomarker 
Profiles Discriminate AQP4 Seropositive and Double Seronegative 
Neuromyelitis Optica Spectrum Disorder. Neurology Neuroimmunology 
&amp; Neuroinflammation 2024; 11: e200188. DOI: 
doi:10.1212/NXI.0000000000200188. 
200. Rodin RE and Chitnis T. Soluble biomarkers for Neuromyelitis 
Optica Spectrum Disorders: a mini review. Front Neurol 2024; Volume 15 - 
2024. Mini Review. DOI: 10.3389/fneur.2024.1415535. 
201. Wingerchuk DM, Bennett JL, Nakahara J, et al. Clinical 
Characteristics Associated With High Baseline Glial Fibrillary Acidic Protein 
(GFAP) and Neurofilament Light Chain (NfL) Levels in Patients With Anti-
Aquaporin-4 Antibody-Positive (AQP4-Ab+) Neuromyelitis Optica Spectrum 
Disorder (NMOSD) From the PREVENT and CHAMPION-NMOSD Trials 
(S38.001). Neurology 2025. 

 




