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Abstract 
 

Background: We have insufficient diagnostic tools to capture and anticipate the course of 

multiple sclerosis (MS) and to monitor treatment response. Blood-based biomarkers could 

provide a valuable measure to detect neurodegeneration and disease worsening in MS. Serum 

neurofilament light chain (sNfL) is a biomarker of neuro-axonal injury that has been 

investigated in its association with disease activity and disability accumulation in MS, but larger 

scale studies to determine the sNfL levels of healthy persons and MS patients are currently 

lacking. Furthermore, we lack biomarkers to discern the pathogenesis of ‘pure progression’ in 

MS from that due to focal inflammatory activity. Serum glial fibrillary acidic protein (sGFAP) 

is a marker for astrogliosis and a potential candidate biomarker that may be more strongly 

associated with disease progression than active inflammation in MS. 

Objectives: We aimed to bring sNfL closer to clinical application by establishing a reference 

database of sNfL levels from control persons, in order to enable the determination of 

pathological sNfL levels by calculation of sNfL percentiles and Z scores of MS patients. 

Further, we used this reference database to analyze sNfL’s ability to capture and prognosticate 

disease activity in patients followed in the Swiss MS Cohort (SMSC) and the Swedish MS 

Registry and explored the effectiveness of disease modifying therapies. Further, we assessed 

the value of sGFAP in addition to sNfL as a biomarker for disease progression and acute 

inflammation, as well as in patients under B-cell depleting therapy. 

Methods: We used the Single Molecule Array (SIMOA) technology (Quanterix) for the 

measurements of sNfL and sGFAP. For the sNfL reference database, persons with no evidence 

of CNS disease were included from four cohort studies in Europe and North America. A 

generalized additive model for location, scale and shape (GAMLSS) was used to model the 

distribution of sNfL concentrations in function of age and body mass index (BMI). We tested 

the reference database by generating sNfL percentiles and Z scores in the SMSC, and as a 

validation in the Swedish MS Registry. In the second study, we measured sNfL and sGFAP in 

three different groups of patients in the SMSC: firstly, matched patients with MS who had either 

stable disease or disability progression with no relapses during the entire follow-up; secondly, 

patients with MRI or clinical signs of acute neuroinflammation or in remission; thirdly, patients 

who had initiated and continued B-cell–depleting treatment (ocrelizumab or rituximab). 
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Results: In the first study we measured sNfL concentrations in 10’133 serum samples from 

5’390 control persons and found an age- and BMI-related sNfL increase. We also measured 

7’769 serum samples from 1’313 MS patients from the SMSC. sNfL Z scores prognosticated 

an increased risk for future disease activity and normalized in patients under treatment with 

monoclonal antibodies compared to other treatments or untreated patients. These results were 

validated in 4’341 samples from the Swedish MS Registry. 

In the second study we measured sNfL and sGFAP in 355 patients and 259 healthy controls. 

sGFAP concentrations in the controls increased with age and BMI and were higher in women 

than men. Patients with worsening progressive MS had higher levels of sGFAP than stable 

patients even after adjustment for sNfL. Furthermore, baseline sGFAP was associated with gray 

matter volume loss, but not white matter volume loss, and remained unchanged during relapses 

compared to remission phases. Additionally, the combination of sGFAP and sNfL Z scores 

could prognosticate future disability worsening and 'progression independent of relapse activity' 

(PIRA). 

Conclusion: Our reference database and the therein derivable sNfL percentiles or Z scores 

enable the identification of individual persons with MS at risk for future disease worsening and 

treatment response also in otherwise seemingly stable disease stage. Furthermore, sGFAP may 

be a sensitive tool to capture and prognosticate future PIRA, especially in combination with 

sNfL.  
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Chapter 1: Introduction 
 

1.1 Multiple Sclerosis Disease Patterns 

 

Multiple Sclerosis (MS) is an inflammatory demyelinating and neurodegenerative disease of 

the central nervous system and one of the major causes of disability in young adults.1,2 MS is 

characterized by a highly heterogeneous disease pattern, with two main types of disease 

courses: firstly, disease worsening due to acute neuroinflammation with new MRI lesions 

and/or clinical relapses, and secondly, due to insidious disease progression with increasing 

disability levels over time.3,4 Acute disease activity appears to be driven by lymphocyte 

invasion into the CNS causing lesion formation as seen in MRI, and its clinical correlate acute 

attacks, which can lead to permanent functional deficits called ‘relapse‐associated worsening’ 

(RAW).4  

Progression instead, was defined as continuous and increasing neurologic impairment over 

time.5,6 Although the majority of patients (85%) experience the onset of MS with relapsing-

remitting disease (RRMS),5,7 a study of RRMS patients showed that 24.2% of these cases 

transform into secondary progressive disease course (SPMS) 20 years after onset.8 Especially 

in the later stages of disease the effect of relapses on disease worsening is strongly reduced,9,10 

hence at this point disease progression may play a larger role in accelerating disability 

worsening. In pure progression, it is assumed that brain‐diffuse neurodegeneration resulting 

from inflammatory activity by brain‐resident cells as an innate immune reaction leads to a 

smoldering loss of neurological functions.11 This subclinical chronic inflammation, or so-called 

'smoldering MS'11 has also been defined as 'progression independent of relapse activity' 

(PIRA).3 PIRA challenges the current practices of MS diagnosis and treatment monitoring, as 

this disease worsening is relapse-free and is difficult to measure in MRI or clinical assessment.11 

Instead, PIRA leads to confirmed disability progression (CDP) in terms of EDSS score 

progression, despite the absence of relapses.3,12 Accordingly, alternative ways of measuring the 

underlying processes of disease worsening are required, especially when pure progression is 

involved. As the EDSS score increase is accelerated through earlier onset of PIRA in MS 

patients,12 the urgency of detecting PIRA at an early and any stage of the disease becomes 

evident. The strong impact of PIRA on disability progression in MS patients shows the high 

importance of a better understanding of the factors associated with MS disease progression and 

finding superior ways to measure and eventually treat this disease course. 
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1.2 Disease Modifying Treatments in MS 
 

The increased knowledge about the MS disease course and pathology in recent years has led to 

the development of a wide range of disease modifying treatments (DMT’s).  

Despite the almost complete suppression of acute disease activity with these 'high‐efficacy 

therapies' (monoclonal antibodies targeting CD20, CD52 or VLA‐ 4), these therapies have little 

impact on progression.8,9 Consequently, this chronic deterioration of neurologic functions is the 

largest unmet medical need in MS, both therapeutically and diagnostically.  

The mechanism of current DMT’s is the reduction of neuroinflammation by either depletion of 

lymphocytes or interference with their course of action, hence they are mainly active on acute 

inflammatory stages of disease, while the pathomechanims leading to disease progression are 

largely outside their pharmacological reach.13 This also explains why, in a long-term cohort of 

MS patients followed for 10 years, 59% of patients experienced significant increase in disability 

despite being under treatment and undergoing treatment escalation.8  

The current diagnosis and monitoring of treatment of MS are based on clinical criteria, analysis 

of cerebrospinal fluid (CSF) and MRI,1 as described in the McDonald criteria.6,14 CSF analysis 

is used to determine the intrathecal synthesis of immunoglobulin G (IgG) leading to the 

presence of increased IgG index and oligoclonal IgG bands,1 the latter can be found in the CSF 

in 95% of MS patients.15 The disadvantage of these measures is their lack of specificity, as they 

also occur in other inflammatory diseases than MS; and that they require lumbar puncture and 

hence cannot be measured longitudinally in routine clinical practice.15  

MRI has become the gold-standard of paraclinical measures for diagnosis and treatment 

monitoring in MS, however, it is mainly a retrospective measure of neural inflammation and 

atrophy and its elaborate procedures impede frequent measurements.16 Consequently, new 

methods to measure MS disease progression are required. 

 

1.3 Blood-based Biomarkers 
 

To fill in the gaps in the monitoring of MS, blood-based biomarkers may provide a minimally 

invasive alternative to measure real-time neuronal damage across the entire CNS. These are 
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aimed not to replace, but to complement the existing measures, in order to enhance and facilitate 

the regular examinations in a personalized medicine approach. Two potential candidate 

biomarkers will be discussed in more detail: Serum neurofilament light chain (sNfL) and serum 

glial acidic fibrillary protein (sGFAP). 

 

1.3.1 Neurofilament Light Chain 
 

Neurofilaments are structural proteins of neurons that have an important role in maintaining the 

neuronal shape.17 These proteins take the form of heavy chain (190-210 kilodalton (kDa)), 

intermediate chain (150 kDa) and light chain neurofilaments (68 kDa), of which the light chain 

is the most abundant (NfL).18 As neurofilaments are released during neuronal injury into the 

CSF and the blood, and are exclusively found in neurons, they qualify as specific markers for 

neuro-axonal injury in the central and peripheral nervous system.18  

NfL has first been investigated in CSF, where levels were elevated in MS patients compared to 

healthy controls19 and concentration increases occurred parallel to the onset and progression of 

brain lesions.20,21 The emergence of novel assay platforms for the highly sensitive detection of 

proteins, such as the SIMOA (single molecule array) technology, enabled the measurement of 

NfL in serum samples.22 NfL levels are 30-70x lower in serum than CSF,18 but there is a high 

correlation between CSF and serum or plasma NfL levels, hence previous results in CSF of MS 

patients were highly congruent to those from serum.23–27 This led to the rise of investigations 

on NfL as a biomarker in MS and numerous neurodegenerative diseases, where elevated levels 

of NfL compared to controls could be found in several diseases, such as amyotrophic lateral 

sclerosis (ALS)28,29 and Guillain-Barré syndrome.29 Furthermore, NfL correlated with brain 

atrophy rate and time to disease onset in Alzheimer’s patients30 and increased according to the 

severity of injury in patients with traumatic brain injury (TBI),31 such as American football 

athletes,32 boxers33 and patients with spinal cord injury,34 as well as ALS patients.16,35 Despite 

the different processes of neuronal damage, the results in terms of sNfL fluctuations depending 

on disease severity can be seen in many of these diseases. In MS, sNfL has been widely 

investigated due to the need for additional diagnostic and monitoring methods. Previous work 

in our group has shown that sNfL levels can be used as a blood biomarker to predict MS disease 

worsening and to monitor treatment effects.24,25,36,37 
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As a highly sensitive real-time marker of neuro-axonal injury, sNfL levels can indicate 

presymptomatic stages of MS. In a study in the US army, persons who developed MS had higher 

sNfL levels as much as 6 years before disease onset compared to healthy controls.38 Similarly, 

in a longitudinal study with RRMS patients, baseline sNfL was predictive of 4-year brain 

atrophy and the development of new T2 weighted (w) lesions.39 This predictive value of sNfL 

for T2 lesion volume and brain parenchymal fraction could also be shown in a longitudinal 

study of MS patients followed over 10 years.40 Subsequently the association of sNfL with T2w 

lesion volume was confirmed in several studies.24,25,41–45 MS patients with increasing brain 

volume loss also had high baseline NfL,24,40,46,47 which was also the case for a number of 

Gadolinium-enhancing lesions.25,27,48 

These studies show the potential of sNfL as a biomarker for MS, as it fulfills the biological and 

technical criteria required for a biomarker to have potential as a clinical tool:49 It is increased 

in MS patients compared to healthy controls and correlates with disease severity; As a blood-

based biomarker it is relatively easy accessible and detectable with modern methods (SIMOA); 

Further, NfL in serum is not sensitive to repeated freeze/thawing cycles and can be stored using 

standard serum sample handling procedures.50,51 Consequently, sNfL is not only in theory a 

promising biomarker for MS, previous studies have also shown the potential of sNfL as a 

prognostic biomarker and as a disease activity and treatment response biomarker in different 

MS patient cohorts. However, despite the large number of studies about sNfL in MS and 

neurodegenerative diseases, to date sNfL has not been approved as a biomarker for any disease. 

This could partly be due to the fact that these promising preliminary findings are mainly valid 

on a group level and potentially as an endpoint for clinical trials. In order to advance sNfL as a 

clinical biomarker for MS, these findings must be validated in a larger scale study, otherwise 

the reproducibility of previous study results cannot be guaranteed on an individual patient level. 

An important issue in translating the results from the group level to the individual patient level 

is the impact of confounding factors on sNfL concentrations. Studies have shown that age and 

body mass index (BMI) have an effect on sNfL levels of healthy persons.24,52,53 Therefore, 

applying fixed cut-offs ignoring the influence of age and BMI on measured concentrations is 

suboptimal, since the range of normal values differ between individuals depending on their age, 

BMI and potentially other factors. This would clearly hamper the clinical application of sNfL 

as a biomarker of disease activity in individual patients. A large reference database with sNfL 

levels of the healthy population is required to determine normal values of sNfL across age 

groups, before pathological levels in individual MS patients can be fully assessed. 
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The last decades have seen the development of a variety of new DMT’s for MS patients. In 

order to better understand the efficacy of those therapies, stringent monitoring of disease 

activity in treated patients is required. Clinical trials have used sNfL as an endpoint to determine 

the effectiveness of the therapy in addition to clinical and MRI markers, noting a reduction in 

sNfL levels following therapy.54,55 Further studies could show that sNfL levels were reduced in 

patients under DMT compared to the untreated patients.25,42,48,56 However, even after treatment 

initiation sNfL levels remained elevated in progressive MS (PMS) compared RRMS patients 

and controls,24,57,58 supporting the previous findings of a reduced treatment efficacy in PMS 

patients.8,9  

 

1.3.2 Glial Fibrillary Acidic Protein 
 

The second investigated biomarker is glial fibrillary acidic protein (GFAP), an intermediate 

filament of astrocytes with a fiber diameter of 8-12nm that is released into the CSF and blood 

following astrocytic damage or activation.59,60 Different from NfL, it is assumed that GFAP 

levels can be increased both in phases of acute astrocyte damage and as a reflection of 

astrogliosis.61–63 Therefore, GFAP has been explored as a biomarker for a variety of 

neurological conditions such as TBI, MS, neuromyelitis optica spectrum disorder (NMOSD) 

and neurodegenerative dementias, such as Alzheimer’s disease and frontotemporal dementia.64–

67 In patients with NMOSD, GFAP levels were increased within one week of an NMOSD attack 

and the amount of increase correlated with the attack severity.64,65 In neurodegenerative 

dementias, in particular frontotemporal dementia, GFAP was increased in comparison with 

controls67 and correlated with age, NfL and brain volume.66 The literature shows that although 

it is relatively new to the MS biomarker field, sGFAP has been investigated in depth in other 

neurodegenerative diseases, and has also already been authorized by the FDA in the form of a 

blood test to measure mild TBI.68,69 Clearly the research on sGFAP is already advanced in other 

diseases, allowing its application as a biomarker for astrocytic damage and showing its potential 

value as a biomarker for disability progression in MS.  

Early studies investigating GFAP in CSF of MS patients have found a correlation of GFAP 

levels with higher disability levels as measured by EDSS score and clinical parameters.61,70 

Interestingly, CSF GFAP was not affected by the acute phases of relapses or lesional activity, 

while NfL was a sensitive indicator of acute disease activity.21,71,72 On the contrary, CSF GFAP 

was even increased in progressive patients in comparison to relapsing patients.19,70 This is an 
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interesting finding insofar that the association of NfL with focal inflammation has already been 

found in previous studies,24,25,42,73 while the contrary effect of GFAP gives rise to new 

possibilities in combining biomarkers that reflect different disease states in MS. 

For GFAP, likewise as NfL, the new, more sensitive measuring devices have rather recently 

allowed the quantitation of GFAP in serum, showing a similar correlation with measures of 

disability as has been described in CSF.63,74 Apart from clinical measures of disease, sGFAP 

also showed correlation with MRI measures in MS patients. Accordingly, high sGFAP was 

associated with higher T1w hypointense and T2w hyperintense lesion load as well as with gray 

and white matter atrophy.68,74,75 These results suggest a promising link of sGFAP with disability 

worsening in MS patients. Additional to the association of sGFAP with clinical and MRI 

characteristics, studies have also found moderately high correlation between sNfL and sGFAP 

levels in MS patients (rho=0.53, p<0.001, n=79;74 rho=0.4, p<0.001, n=80;63 rho=0.66, 

p<0.001, n=12975) bearing potentially added value next to sNfL measurements. Since sGFAP 

has been investigated intensively in TBI, its half-life is already known and estimated at 24-72h 

after injury.68,76 This is contrary to sNfL, of which an official half-life could to date not be 

defined.76 There is only one study in patients with TBI that noted a return to normal sNfL levels 

around 3 months after injury.33 This knowledge may be helpful in understanding the metabolism 

of sGFAP and sNfL, which in turn would be useful in determining the state of 

neurodegeneration and the required frequency of measurement of sNfL and sGFAP as 

biomarkers. Furthermore, considering the variation of sNfL concentrations based on 

confounding factors such as age or renal function, the same may be the case for sGFAP. Indeed, 

an association of sGFAP with age has been found by some studies in MS patients74,75 and 

controls63. This needs to be pursued further in healthy controls to ensure a clear understanding 

of the influencing factors on sGFAP concentrations to avoid any false conclusions on MS 

pathologies and disease worsening. 

Despite these strong advances in blood biomarker research, to date no blood-based biomarkers 

are clinically used in diagnostics and treatment monitoring of MS on a routine basis. Evidently, 

there is large potential for sNfL to advance as an MS biomarker, with only a few major pieces 

of information missing to reach the next step in its development as a tool for application in 

clinical practice. Furthermore, sGFAP is an emerging biomarker for astrocytic damage and, 

according to preliminary studies, a potential candidate for measuring disease worsening in MS. 

However, both of these biomarkers require further in-depth investigations in specialized and 

well-characterized MS cohorts in order to advance in their development as biomarkers for MS. 
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Chapter 2: Research Objectives 
 

This project includes three main sub-projects, of which the first two were focused on bringing 

sNfL closer to clinical application, while the third focused on the potential of combining sNfL 

with another biomarker, sGFAP, to explore its value as a biomarker of disease progression in 

MS 

1.) The first objective was to derive percentiles and Z scores for sNfL from a large reference 

database from control persons, to define levels of pathological increase of sNfL independent of 

BMI and age, in the most efficient, sensitive and specific way. Our objective was to test, in two 

large and independent cohorts of people with MS, whether sNfL Z scores would predict the risk 

for future disease activity also in patients with ‘no evidence of disease activity-3’ NEDA-3. 

This can be found in chapter 3.1 in the first publication. 

2.) The second objective was	to investigate whether the sNfL percentiles and Z scores could be 

used to compare effects of disease-modifying therapies on longitudinal sNfL levels. This work 

can also be found in chapter 3.1 as a second part of publication one. 

3.) The third objective was to directly compare sGFAP and sNfL levels: how they reflect acute 

disease activity vs how they identify and prognosticate future disease progression and whether 

their combination provides added value. In cohort 1 (SMSC patients with either worsening 

progressive/stable MS and relapsing MS), we (1) measured sNfL and sGFAP levels in patients 

who either remained clinically stable or continued to accumulate more disability over time and 

(2) compared how they are impacted by acute inflammation in a cohort of patients with 

relapsing forms of MS. In cohort 2 (SMSC patients under B-cell depleting therapy (BCDT)), 

we evaluated how sNfL and sGFAP levels, alone and in combination, are prognostic for future 

disability worsening and PIRA in patients with MS receiving BCDT as a model of optimal 

suppression of acute disease activity. This can be found in chapter 3.2, the second publication.	 
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Chapter 3: Publications 
 

3.1 Serum neurofilament light chain for individual prognostication of disease activity 

in people with multiple sclerosis: a retrospective modelling and validation study. 
 

Note: This publication was awarded with the Viollier Prize 2022 and the prize of the Mogens 

und Wilhelm Ellermann-Stiftung 2022. 

  



 18 

 



 19 

 
 
 
 
 



 20 

 



 21 

 



 22 

 



 23 

 



 24 

 



 25 

 



 26 

 



 27 

 



 28 

 



 29 

 
  



 30 

 
  



 31 

  



 32 



 33 

 
 
  



 34 



 35 

 
 



 36 

 
 
 



 37 

 
 



 38 

 
 
 



 39 

 
 
 
  



 40 

 



 41 

 
 



 42 

 
 
 



 43 

 



 44 

 
 



 45 

 
 



 46 

 
 
 



 47 

 
 



 48 

 



 49 

 
 
 



 50 

 
 
 



 51 

 



 52 

 
 
 



 53 

 
 
 



 54 

 
 



 55 

 
 



 56 

 
 
 



 57 

 



 58 

 
 
 



 59 

 



 60 

 
 
 



 61 

 
 
 



 62 

 
 
 



 63 

 
 
 



 64 

 
 
 



 65 

 
  



 66 

3.2 Serum Glial Fibrillary Acidic Protein Compared With Neurofilament Light Chain 

as a Biomarker for Disease Progression in Multiple Sclerosis  
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Chapter 4: Summary, discussion and future steps 
 

In this project we aimed to advance the use of blood-based biomarkers to measure disease 

activity, worsening, progression4,77 and as a secondary aim also treatment response in MS 

patients; we focused on two fluid biomarkers, sNfL and sGFAP, and their value in three of the 

currently most pressing issues in MS management: detecting subclinical disease activity, 

treatment monitoring and detecting disease progression in MS. Since sNfL is a step ahead of 

sGFAP in its development status towards clinical application, the focus of the sNfL part lay not 

only on measuring sNfL in MS patients, but on a critical missing piece which is the 

establishment of reference values of sNfL in healthy persons.  

In the first study, the sNfL measurements of a large cohort of control persons showed a 

physiological dependence of sNfL concentrations on age and BMI with a non-linear association 

between age and sNfL and a further increase after the age of 50 years. Importantly we also 

noticed that below an estimated glomerular filtration rate (eGFR) of 60 mL/min/1.73 m2, sNfL 

levels rapidly increased in control persons. Although in earlier studies age as a variable of sNfL 

levels has been recognized,24,52 these findings have not been explored in a way to normalize 

values, i.e. to derive a measure that allows to compare measures across different ages. Here we 

show that the use of fixed cut-off levels of absolute sNfL concentrations to define pathological 

values is suboptimal in that concurrent disease activity in young persons may remain 

unrecognized, whereas older persons have a higher likelihood to have higher sNfL levels driven 

by a higher age, i.e.  false positive results. To overcome this fundamental limitation, we created 

a reference database (RDB), based on normative sNfL values from 5’390 persons with 4’532 

individual and 10’133 overall samples from Europe and the USA that provides a basis of 

comparison for pathological sNfL values. Based on the RDB, we created a web-based tool to 

calculate sNfL percentiles and Z scores that are adjusted for age and BMI. With this tool, 

researchers and clinicians can determine the age- and BMI-adjusted sNfL values of their 

patients and detect pathological levels more accurately than with absolute sNfL concentrations 

(832 active users sNfL reference app: https://shiny.dkfbasel.ch/baselnflreference/, as of May 

12, 2023). The availability of sNfL Z scores or percentiles (which are interchangeable, however 

physicians may find percentiles more intuitive) strongly increases the applicability of sNfL 

measurements in clinical practice. Furthermore, the reference database may give rise to a 

stronger collaboration among MS researchers as a basis for streamlining the use of sNfL as a 

biomarker for MS. Indeed, following the publication of our reference database,78 the American 

Food and Drug Administration (FDA) granted Quanterix Breakthrough Device Designation for 
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the SIMOA NfL test used in our publication, allowing for accelerated assessment and review 

processes for the potential approval of this immunoassay.79 

During the past year, several other reference databases for sNfL values were published.80–83 

Nevertheless, these studies included smaller numbers of participants and used different 

measurement platforms and, in part, sample types (serum,82 plasma81 or both sample types80,83). 

Furthermore, our RDB is the only one correcting for age and BMI, as opposed to only age, 

leading to more accurate sNfL values. Despite these differences, a consensus should be reached 

on a European or global level to develop more comparable sNfL Z score ranges, specifically 

across different analytical platforms. A first step towards such a solution was taken in a 

commutability study for NfL measurements, which is an inter-center collaboration that our 

group has initiated and led together with the colleagues in Gothenburg.84 Serum and plasma 

samples were evaluated on 4 different analytical platforms for NfL to determine the correlation 

between these different measurement methods towards a certified reference material (CRM) for 

making concentrations between platforms comparable.  

A further part of this project was the association of biomarkers and the response to treatment in 

MS patients. The development of high-efficacy treatments in MS has also increased the need 

for stringent monitoring of their efficacy, especially in seemingly stable patients (NEDA-3), 

where importantly sNfL showed additional prognostic value, i.e. experiencing EDA-3 in/during 

the next year of clinical and MRI follow-up. We show that sNfL could in fact be used to monitor 

treatment response, as sNfL levels strongly decreased with monoclonal antibody and oral 

therapies, confirming findings from previous studies of MS patients undergoing a specific 

treatment.54,55 Recent studies have used sNfL as an endpoint for their drug trials,54,55 albeit only 

few of them compared the effects of different types of DMT’s on blood-based biomarkers.25,42,56 

In these studies, similarly to our study, the rate of sNfL decrease was related to the treatment 

used, although they investigated different compounds to those examined herein. In our case, 

the grouping of treatment categories allowed for the detection of changes between treatment 

types on a larger scale. The strong differences in efficacy between therapies based on the sNfL 

values may have an influence on the choice of treatment depending on the patient, as well as 

potential treatment adaptation depending on the development of the disease. Due to this 

variation between treatment efficacies, regular monitoring of disease activity is all the more 

important, highlighting the value of an easily measurable biomarker such as sNfL. 

A common endpoint of clinical trials in MS and aim of treatment in clinical practice is the state 

of NEDA-3 that describes a stable patient, based on clinical and radiologic criteria.85–87 When 
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investigating the connection of sNfL levels with NEDA-3 in patients under DMT, our study 

showed a prognostic value of sNfL in NEDA-3 patients for future disease activity, which 

proposes superior sensitivity versus clinical and conventional MRI measures (chapter 3.1). 

Despite its value in predicting relapses, EDSS worsening or brain volume loss, attempts to 

investigate sNfL’s prognostic potential for disease progression have so far been less successful. 

However, PIRA events may be preceded by increased sNfL levels 1 to 3 years earlier before 

overt disease progression is taking place (Abdelhak et al, under review). The difficulty to 

accurately capture our clinical phenotype outcomes may be an additional factor limiting such 

correlations or even prognostications.  

In our second study, we focused on the capacity of sGFAP and sNfL in detecting PIRA in MS. 

Here, we examined whether sGFAP and sNfL have the ability to capture and prognosticate 

‘pure progression’/PIRA in MS patients. We found significantly higher levels of sGFAP, 

independent of other metrics, in relapse‐free PMS patients with ‘pure progression’ compared 

to those who remained clinically stable. Conversely, while sGFAP was largely inert to changes 

of acute inflammatory activity, sNfL was strongly associated with this disease state. Increased 

sNfL levels were also related to continuous disease worsening, confirming earlier findings,63,74 

however this correlation was relatively weak and less prognostic for future PIRA than sGFAP. 

The association of sGFAP with PIRA as a reflection of chronic subclinical disease activity with 

astrocytic involvement hence may provide a valuable addition to sNfL. These results are 

currently under validation in large cohorts of the SMSC and Swedish MS Registry. At the same 

time and as a consequence of the clear age and interestingly sex association of sGFAP my group 

is currently also developing a large reference database for sGFAP.  

Interestingly, in the worsening progression cohort of our study, baseline sGFAP was associated 

with gray matter (GM) volume loss, while baseline sNfL was associated with white matter 

(WM) volume loss. Previous studies examining the association of sNfL and sGFAP with brain 

atrophy in different brain compartments have not reached a clear consensus,47,75,88–90 i.e. this 

needs to be further investigated to be better understood. Our preliminary results in our well 

characterized cohort of MS patients with very specific disease phenotypes provide a basis to 

better understand the dynamics of sNfL and sGFAP under different conditions of the disease, 

and provide the opportunity to compare with the course of pathology in MRI.  

Additional to the MS patients we also investigated sGFAP in a cohort of healthy persons to 

determine the physiological levels and confounding factors of sGFAP. Similar to sNfL, the 

sGFAP levels in the control cohort were correlated with age and BMI. In addition, sGFAP 
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concentrations were higher in women than men, again highlighting the importance of including 

healthy persons as a comparison to the patient groups in order to prevent any skewing of our 

results in the patient cohort. A similar establishment of a RDB of GFAP values from healthy 

controls is the next step to bring GFAP closer to its potential introduction into clinical practice.  

 

4.2 Summary and Outlook 
 

In summary, this project has advanced sNfL considerably as a biomarker for MS disease 

activity on an individual patient level through the establishment of an RDB of control persons 

and the corresponding tool for calculation of sNfL percentiles and Z scores. Further we could 

show differential effects of DMT’s through sNfL measurements and the benefit of combining 

sNfL with an additional biomarker, sGFAP, to prognosticate PIRA. 

The establishment of the RDB has advanced the recognition of sNfL as a biomarker for MS in 

its potential clinical use on a larger scale. A further study in our group with our national 

collaborators from the SMSC aims to prospectively test the applicability and added value of 

sNfL measurements in a clinical setting by incorporating the sNfL measurements into the 

examinations of MS patients together with clinical and MRI tools. By regularly monitoring 

these classical parameters together with sNfL, the added value of sNfL may be more clearly 

established on an individual patient level. The RDB will serve as a basis for percentile and Z 

score calculations that will be used to interpret individual measuring results in clinical practice.  

The measurements of sGFAP in healthy controls gave an important insight into confounding 

factors of sGFAP concentrations and showed the need to also here apply percentiles or Z scores 

to reach the most accurate and meaningful conclusions. Therefore, a database for the calculation 

of reliable Z scores or a larger reference database, alike to the one for sNfL, is currently being 

established. This is a necessary next step in the development of sGFAP as a biomarker 

complementary to sNfL. Ideally, these findings may add to the establishment of a range of 

biomarkers that could be combined and used to more precisely examine disease worsening in 

MS in the future. Furthermore, the clinical usefulness of sGFAP in capturing and 

prognosticating PIRA and the association of sGFAP with gray matter atrophy will be further 

investigated by measuring sGFAP in all available samples from the SMSC, allowing for an 

overarching analysis of sGFAP in a large cohort of MS patients. 
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