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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 sSNfL 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).



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 sNfLL 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 sSGFAP 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.



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.!> 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.>* 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.>® Although the majority of patients (85%) experience the onset of MS with relapsing-
remitting disease (RRMS),>’ a study of RRMS patients showed that 24.2% of these cases
transform into secondary progressive disease course (SPMS) 20 years after onset.® Especially
in the later stages of disease the effect of relapses on disease worsening is strongly reduced,®!°
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.!! This subclinical chronic inflammation, or so-called
'smoldering MS'!! has also been defined as 'progression independent of relapse activity'
(PIRA).? 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.!!
Instead, PIRA leads to confirmed disability progression (CDP) in terms of EDSS score
progression, despite the absence of relapses.®!? 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,'? 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.®® 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.!® 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.®

The current diagnosis and monitoring of treatment of MS are based on clinical criteria, analysis
of cerebrospinal fluid (CSF) and MRI,! as described in the McDonald criteria.®!'* 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,! the latter can be found in the CSF
in 95% of MS patients.!® 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.'

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.! 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.!” 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).!® 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.!®

NfL has first been investigated in CSF, where levels were elevated in MS patients compared to
healthy controls'® and concentration increases occurred parallel to the onset and progression of
brain lesions.?>?! 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.?? NfL levels are 30-70x lower in serum than CSF,'® 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.?*-?7 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)?®?° and Guillain-Barré syndrome.? Furthermore, NfL correlated with brain
atrophy rate and time to disease onset in Alzheimer’s patients*® and increased according to the
severity of injury in patients with traumatic brain injury (TBI),*! such as American football
athletes,* boxers®® and patients with spinal cord injury,** as well as ALS patients.!%3> 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, sNfLL 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.?+23-36-37
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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.*® 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.*® 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.*’ Subsequently the association of SNfL with T2w
lesion volume was confirmed in several studies.?*?>#1=%> MS patients with increasing brain
volume loss also had high baseline NfL,24404647 which was also the case for a number of

Gadolinium-enhancing lesions.?>2748

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:* 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.’®>! 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 sNfLL in MS and
neurodegenerative diseases, to date sSNfL 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.?*32>3 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.>*>° Further studies could show that sNfL levels were reduced in
patients under DMT compared to the untreated patients.?>*>%%3 However, even after treatment
initiation sNfL levels remained elevated in progressive MS (PMS) compared RRMS patients
and controls,?**7% supporting the previous findings of a reduced treatment efficacy in PMS

patients.®?

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.’®%° Different from NfL, it is assumed that GFAP
levels can be increased both in phases of acute astrocyte damage and as a reflection of

61-63 Therefore, GFAP has been explored as a biomarker for a variety of

astrogliosis.
neurological conditions such as TBI, MS, neuromyelitis optica spectrum disorder (NMOSD)
and neurodegenerative dementias, such as Alzheimer’s disease and frontotemporal dementia.®*
7Tn patients with NMOSD, GFAP levels were increased within one week of an NMOSD attack
and the amount of increase correlated with the attack severity.®*%> In neurodegenerative
dementias, in particular frontotemporal dementia, GFAP was increased in comparison with
controls®” and correlated with age, NfL and brain volume.® The literature shows that although
it is relatively new to the MS biomarker field, sSGFAP 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.%%¢ 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.®!-"
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.?!:’1> On the contrary, CSF GFAP
was even increased in progressive patients in comparison to relapsing patients.!®’® This is an

14



interesting finding insofar that the association of NfL with focal inflammation has already been

24,25,42,73

found in previous studies, 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.%%7* Apart from clinical measures of disease, sSGFAP
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.®®7+7° 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 sNfLL and sGFAP
levels in MS patients (rtho=0.53, p<0.001, n=79;"* rho=0.4, p<0.001, n=80;% rho=0.66,
p<0.001, n=1297%) 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.®®’® This is contrary to SNfL, of which an official half-life could to date not be
defined.”® There is only one study in patients with TBI that noted a return to normal sNfL levels
around 3 months after injury.> 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 sNfLL 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,

74,75 and

an association of sSGFAP with age has been found by some studies in MS patients
controls®®. 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.
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dent sample of individuals with multiple sclerosis who were followed up in the Swedish Multiple Sclerosis

registry.

Findings We obtained 10 133 blood samples from 5390 people (median samples per patient 1[IQR 1-2] in the control
group). In the control group, sNfL concentrations rose exponentially with age and at a steeper increased rate after
approximately 50 years of age. We obtained 7769 samples from 1313 people (median samples per person 6-0 [IQR
3-0-8.0]). In people with multiple sclerosis from the SMSC, sNfL percentiles and Z scores indicated a gradually
increased risk for future acute (eg, relapse and lesion formation) and chronic (disability worsening) disease activity. A
sNfL Z score above 1.5 was associated with an increased risk of future clinical or MRI disease activity in all people
with multiple sclerosis (odds ratio 3-15, 95% CI 2-35-4-23; p<0-0001) and in people considered stable with no
evidence of disease activity (266, 1-08-6-55; p=0-034). Increased Z scores outperformed absolute raw sNfL cutoff
values for diagnostic accuracy. At the group level, the longitudinal course of sNfL Z score values in people with
multiple sclerosis from the SMSC decreased to those seen in the control group with use of monoclonal antibodies (ie,
alemtuzumab, natalizumab, ocrelizumab, and rituximab) and, to a lesser extent, oral therapies (ie, dimethyl fumarate,
fingolimod, siponimod, and teriflunomide). However, longitudinal sNfL Z scores remained elevated with platform
compounds (interferons and glatiramer acetate; p<0-0001 for the interaction term between treatment category and
treatment duration). Results were fully supported in the validation cohort (n=4341) from the Swedish Multiple
Sclerosis registry.

Interpretation The use of sNfL percentiles and Z scores allows for identification of individual people with multiple
sclerosis at risk for a detrimental disease course and suboptimal therapy response beyond clinical and MRI measures,
specifically in people with disease activity-free status. Additionally, sNfL might be used as an endpoint for comparing
effectiveness across drug classes in pragmatic trials.

Funding Swiss National Science Foundation, Progressive Multiple Sclerosis Alliance, Biogen, Celgene, Novartis,
Roche.

Copyright © 2022 Published by Elsevier Ltd. All rights reserved.
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Research in Context

Evidence before this study

We identified existing evidence through author knowledge and
PubMed searches from database inception, to Sept 30, 2021
using the search terms: “neurofilament” and “multiple
sclerosis”. In multiple sclerosis, serum neurofilament light chain
(sNfL) has been established as a marker of acute disease activity
(eg, formation lesions and relapses), treatment response, and
as a predictor of the long-term course of disability. However,
the application of sNfL as a biomarker is restricted to group-
level analyses, and its routine use in personalised medicine has
not yet been possible. Arbitrary cutoffs to define normal values
yield misleading interpretation of values as normal or increased,
specifically for individuals and in comparisons across groups of
variable age and weight.

Added value of this study

We established a large and statistically robust reference
database using data from four cohort studies in Europe and
North America that included people without any documented
CNS disease. We expressed these data as percentiles and

Z scores, adjusted for age and BMI, to create a new method

Introduction
Multiple sclerosis is a chronic inflammatory and
neurodegenerative disease of the CNS characterised by
acute deterioration of neurological function (relapse) and
chronic accumulation of relapse-independent disability
(progression). In the past three decades, increasingly
effective disease-modifying therapies have led to ground-
breaking success in suppressing relapses and its MRI
correlate, focal brain lesion formation.! However, the
effect on the course of progression has been modest, at
best." Disease activity-free status, or no evidence of
disease activity-3 ((NEDA-3] ie, no relapses, no clinically
significant increase in Expanded Disability Status Scale
[EDSS], no new or enlarging T2-weighted lesions, and no
Tl-weighted contrast-enhancing lesions on brain MRI),
has become a treatment goal for multiple sclerosis and a
new outcome measure in clinical trials.™ However, fewer
than 8% of individuals keep NEDA-3 status. Moreover,
this outcome was not associated with better EDSS
outcomes 7-8 years later.** Cree and colleagues have also
called into question the utility of annual MRI assessments
as a treat-to-target approach for long-term multiple
sclerosis care.” Furthermore, there is no biofluid marker
available in clinical practice to monitor a patient’s
response to drugs or to predict the course of disease
progression.® Accordingly, no common denominator
endpoint has been established for objective evaluation of
the relative effectiveness of disease-modifying therapies,
and head-to-head comparisons of modern, high-efficacy,
disease-modifying therapies are scarce.

Neurofilament light chain (NfL) is a neuroaxonal
cytoskeletal protein that is released into the CSF, and
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with which clinicians can identify and interpret elevated values
of sNfL. We tested and validated this new method, which has
been developed into an internet-based app, in two large and
independent cohorts of people with multiple sclerosis. We
showed that elevated NfL Z scores were associated with
increased risk of future disease activity and demonstrated that
sNFL Z scores in longitudinal samples can be used to compare
the long-term effectiveness of disease-modifying therapiesin a
real-world setting.

Implications of all the available evidence

Current clinical measures and standard imaging techniques are
inadequate for identification of subclinical disease activity, which
is the main driver of the course of disability in people with
multiple sclerosis. The internet-based app for reference values of
sNfL, and the evidence for sNfL as a real-time therapy monitoring
biomarker, allows clinicians to use sNfL as a biomarker in the
diagnostic work-up of disease activity in individual people with
multiple sclerosis. This ability closes the diagnostic gap in the
detection of subclinical disease activity in people with multiple
sclerosis with a timely choice between therapy options.

eventually into blood, on neuronal injury.” It was the first
serum biomarker shown at the group level (eg, in clinical
trials where relative changes between treatment arms are
compared) to reflect acute disease activity (relapse and
lesion formation) in people with multiple sclerosis, to
correlate with therapy response, and to predict the course
of disability worsening.”* Serum NfL (sNfL) provides a
rater-independent quantification of the intensity of
ongoing neuronal damage based on a standardised assay
platform.” Therefore, sNfL could serve as a common
denominator for the objective comparative assessment of
drug effectiveness across all disease-modifying therapies.”
However, sNfL is not a stable measure because it increases
physiologically with age’ and decreases with body-mass
index (BMI).“” These physiological modulators hamper
the validity of fixed cutoff values to define pathological
levels for individuals, and they limit the use of sNfL as a
biomarker for group-level comparisons, for which
(through randomisation or other ways of adjustment)
these confounding factors can be controlled. Hence, for
individual use and to compare across treatment groups in
real-world settings, reference values are needed that
control for age, BMI, and (potentially) comorbidities that
affect sNfL concentrations.

We aimed to derive percentiles and Z scores for sNfL
from a large reference database established from a general
population, to define levels of pathological increase
independent of BMI and age. Our objective was to test, in
two large and independent cohorts of people with multiple
sclerosis, whether these adjusted sNfL measures would
predict the risk for future disease activity, both at the
group level and in individuals in clinical practice. We also
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See Online for appendix

aimed to investigate whether the sNfL percentiles and
Z scores could be used to quantify and compare the long-
term effectiveness of disease-modifying therapies.

Methods

Study design and participants

For derivation of the reference database of sNfL values,
we assembled a control group from participants in four
European and US population-based studies and control
groups of genetic multiple sclerosis studies spanning
over six decades of life. People in these cohorts did not
have documented CNS disease. The origins and
characteristics of these four cohorts are described in the
appendix (pp 4-5, 8).

For testing of the reference database, we used
prospectively collected data from participants in the Swiss
Multiple Sclerosis Cohort (SMSC),* which is a cohort study
at eight academic medical centres in Switzerland
(appendix p 4). All individuals in SMSC with a diagnosis of
relapsing or secondary progressive multiple sclerosis,
defined according to Lublin and colleagues,” were included
in our analysis.

For validation of the findings, we included prospective
collected data from people with multiple sclerosis in
the Swedish Multiple Sclerosis registry, which comprises
three partly overlapping large cohorts: the Epidemiological
Investigation ~ of  Multiple  Sclerosis  (EIMS),”
Immunomodulation and Multiple Sclerosis Epidemiology
(IMSE),” and Comparison Between All immuno-Therapies
for Multiple Sclerosis (COMBAT-MS; appendix p 4).*

Institutional review boards at the respective SMSC
centres and the Stockholm regional ethics committee
approved this study. Written informed consent was
obtained from all participants.

Procedures

From each cohort, we obtained relevant data for our
analysis, including participant’s age, sex, BMI, and for the
multiple sclerosis cohorts, clinical variables (eg, EDSS
score, estimated glomerular filtration rate [eGFR], disease
duration, and type of multiple sclerosis), current treat-
ment, and MRI parameters. Treatments were categorised
into high-efficacy monoclonal antibody therapies (alemtu-
zumab, natalizumab, ocrelizumab, and rituximab), oral
therapies (dimethyl fumarate, fingolimod, siponimod, and
teriflunomide), platform compounds (interferon beta and
glatiramer acetate), and untreated (appendix p 4).

Blood samples were obtained from all controls and
people with multiple sclerosis. In people with multiple
sclerosis from SMSC and all controls, sNfL was measured
in duplicate with the NF-light assay (Quanterix, Billerica,
MA, USA) according to the protocol provided by the
company. Intra-assay and inter-assay variability was
evaluated with three native quality control serum samples
during each of the runs. All samples produced signals
above the analytical sensitivity of the assay. Measurements
of the few samples with intra-assay coefficients of variation

of more than 20% were repeated. The mean coefficients of
variation of duplicate determinations for concentration
were 5:-2% (6-2 pg/mL, sample 1), 3-1% (18-8 pg/mL,
sample 2), and 3.0% (37-1 pg/mlL, sample 3). The
interassay coefficients of variation were 6-9% (sample 1),
5-5% (sample 2), and 5-8% (sample 3). In the validation
cohort comprising people with multiple sclerosis from the
Swedish Multiple Sclerosis registry, NfL was measured by
NF-light assay”* in duplicate in plasma samples (pNfL)
treated with EDTA (edetic acid; appendix pp 5-6).

Statistical analysis

We used data from the control group to model the
relation between sNfL, age, and BMI, to create the
reference database. In the appendix (pp 6-7), we have
explained our reasoning for inclusion of BMI and age,
but not diabetes, and for excluding a few samples with an
eGFR of less than 60 mL/min per 1-73 m2. We have also
described in detail the selection of one sample from each
control person, the modelling procedures, how generalis-
ability of the resulting reference database was tested, and
how overtraining of the final reference database was
ruled out (appendix pp 67, 13-18).

We used a generalised additive model for location,
scale, and shape. From this model, percentiles and
Z scores were calculated as two interchangeable
measures that quantify the deviation of sNfL values from
the control group.” Percentiles express the percentage of
the general population expected to have an sNfL value
(adjusted for age and BMI) lower than a given value.
Z scores express the deviation of the adjusted sNfL from
values in the control population in terms of number of
standard deviations from the mean.

Multivariable linear mixed-effects models with a
random intercept for the patient were used to investigate
associations between sex, clinical variables, and MRI
parameters of disease worsening (either active disease
[relapse, or T1l-weighted contrast enhancing lesions] or
progression [EDSS score, or hyperintense T2-weighted
lesion volume]) and disease-modifying therapies, with
longitudinal sNfL Z scores as a dependent variable. The
estimates represent additive effects on the sNfL Z score.

We compared the performance of absolute sNfL
concentration with that of sNfL Z score in terms of
association with future disease activity (evidence of
disease activity-3 [EDA-3]; appendix pp 4-7) or recent
disease activity (relapse =4 months). High sNfL was
defined as the portion of samples with highest values
(separately based on absolute sNfL concentration and
based on sNfL Z score) using three different cutoffs—ie,
the top 25% (ie, first quartile), top 10%, and top 5% of all
samples. Generalised linear (logistic) mixed-effects
models, with future and recent disease activity as
dependent variables, were generated with the dicho-
tomised variable (based on absolute sNfL concentration
or sNfL Z scores) as the only predictor, and odds ratios
(ORs) are presented. For comparison between the SMSC
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and the validation cohort from the Swedish Multiple
Sclerosis registry, identical absolute values of NfL for
cutoffs were used.

We analysed the performance of sNfL Z scores to
quantify the risk of future disease activity. In univariable
generalised linear (logistic) mixed-effects models, sNfL
Z scores were included as a continuous variable, and
cutoffs were used (ie, sSNfL Z scores above vs below 1.0,
or 1.5, or 2.0) to predict future disease activity
(ie, occurrence of relapse, EDSS worsening, or EDA-3) in
the following year.

To quantify the potentially added contribution of sNfL
Z score to predict the risk of future (following year)
EDA-3 status, we combined disease activity measures
currently used in clinical practice (eg, EDSS worsening
[appendix p 4], rate of relapse in the past year, new and
enlarging T2-weighted lesions in the past year, and
current contrast enhancing lesions), with sNfL Z scores
in multivariable generalised linear (logistic) mixed-
effects models. The fit of the two alternative multivariable
models (including and excluding sNfL Z score) was
compared with the 2 test.

Finally, to quantify the risk of future (following year)
EDA-3, we analysed the performance of sNfL Z score
cutoffs (dichotomising with the above vs below cutoffs) in
people currently (past year and present) fulfilling NEDA-3
criteria (ie, without clinical or MRI evidence of disease
activity; appendix p 4). We used univariable generalised
linear (logistic) mixed-effects models in these stable
patients (defined clinically and according to conventional
MRI).

To model disease activity as expressed by sNfL Z scores
under specific disease-modifying therapy categories, a
multivariable model with sNfL Z score as dependent
variable was built using treatment regimen (disease-
modifying therapy categories or untreated) and time
since the start of treatment (or time untreated,
respectively) as explanatory variables. Further, the
interaction term between time since start and treatment
category was included to assess whether the evolution of
sNfL Z scores differs between the disease-modifying
therapy groups. The non-linear dynamics in disease
activity over time was modelled using spline terms for
time under treatment and time untreated. The optimal
number of degrees of freedom of the splines (5 in the
final model) was chosen based on the model's Akaike
information criterion. From the final model, marginal
effects for disease-modifying therapy groups over time
were extracted and plotted together with 95% CIs, using
the R package sjPlot.* As a sensitivity analysis, a model
adjusted for demographic and clinical covariates (ie, sex,
age, disease duration, secondary progressive multiple
sclerosis vs relapsing multiple sclerosis , presence of
relapse in the past 4 months, EDSS) was built
(appendix p 19). All analyses were done using the
statistical software package R (version 4.0.4) using
two-sided tests.
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Figure 1: sNfL percentiles (A) and Z scores (B) reference curves

A generalised additive model for location, scale, and shape was used to model the association of sNfL
concentration (pg/mL) in controls with data for BMI and age. Example 1, at 30 years and a BMI of 25 kg/m?, shows
sNfL of 9-5 pg/mL (95th percentile) and Z score of more than 1.5 (exact value 1-64, as calculated by the sNfL app),

and the interpretation is elevated. Example 2, at 55 years with a BMI of 25 kg/m’, shows sNfL of 11-0 pg/mL, below

the 80th percentile (calculated as 68th percentile) and a Z score of less than 1.0 (calculated as 0-47), which is

similarto levels seen in controls. Example 3, at 60 years and a BMI of 30 kg/m?, shows sNfL of 25 pg/mL, close to

the 99th percentile (calculated as 98-6th percentile) and a Z score of more than 2 (calculated as 2-2), and the

interpretation is elevated. BMI=body-mass index. sNfL=serum neurofilament light chain.

Role of the funding source

The funders of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
this report.

Results

10133 serum samples (samples available per control
person: median 1 [IQR 1-2]) from 5390 people without
evidence of CNS disease were available for creation of the
reference database of sNfL percentiles and Z scores values
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Number of participants (n=1313)
Demographic data
Sex
Female 883 (67:3%)
Male 430 (327%)
Age, years 405 (31-5-49-2)
Ethnicity
White 1291 (98:3%)
Other 22 (1.7%)
Clinical data, samples, and follow-up
Disease course
Relapsing multiple sclerosis 1238 (94-3%)
Secondary progressive multiple 75 (57%)
sclerosis
Disease duration, years 66 (1.9-13-8)
Relapses in past year, n 05 (0-70)
EDSS score 2.0 (1:5-3-0)
Serum samples per patient, n 60 (3-0-8.0)
Duration of follow-up, years 56(32-7:2)
Di difying atinclusi
High-efficiency monoclonal antibody 303 (23-1%)
therapies*
Oral therapiest 453 (34:5%)
Platform compounds 169 (12:9%)
Other§ 12 (0-9%)
Untreated 376 (28-6%)
Data are n (%), mean (SD), or median (IQR). EDSS=Expanded Disability Status
Scale. *Al b (n=10), b (n=244), ocreli; (n=35),
rituximab (n=14). fFingolimod (n=373), dimethyl fumarate (n=71), and
ifl ide (n=9). # beta (n=122) and glatil acetate (n=47)
p i i (n=7), ioprine (n=3), and participation ina
randomised dlinical trial (n=2).
Table: Baseline demographic and clinical ch: istics of people with
multiple sclerosis from the Swiss Multiple Sclerosis Cohort

(appendix p 8). We have presented reference values in
figure 1, in the appendix (p 9), and as an intenet-based app
(appendix p 33).” The age-related increase of sNfL
percentiles and Z scores in the control population was not
linear (figure 1). Further analysis showed that the increase
was exponential but with an inflection point around
50 years of age, with a steeper increase thereafter
(appendix p 20). Lower levels of sNfL were seen with
higher BMI. After age adjustment, BMI showed a constant
but inverse correlation with sNfL (appendix p 13; figure 1).

3105 (58%) of 5390 people in the control population
contributed several serum samples at different time-
points. Whereas we only used one sample per patient in
the final reference database (n=4532; appendix p 7), all
available samples were used for sensitivity analyses.
These samples confirmed that the shapes and positions
of percentile and Z score reference curves were
insensitive to alterations of the underlying reference
dataset (ie, using alternative selections of samples per
control person [appendix p 17] and using bootstrapping
[appendix p 18]).

1313 people participating in the SMSC, with a disease
course classified as relapsing or secondary progressive
multiple sclerosis, were included in our analysis (table).
The age distribution of people was congruent with that
seen for the reference database population (appendix p 15).
At entry into the SMSC, 376 (28-6%) people were
untreated, 169 (12-9%) were on platform compounds,
453 (34-5%) were on oral therapies, and 303 (23-1%)
were on high efficacy monoclonal antibody therapy
(table). Over a median follow-up period of 5-6
(IQR 3-2-7-2) years, 121 (9-2%) of 1313 individuals
remained untreated, 788 people (60-0%) were treated
with one compound from these disease-modifying
therapy classes, and 404 people (30-8%) were treated
with more than one class of disease-modifying therapy. A
total of 7769 serum samples were obtained from
1313 participants in the SMSC, with a median number of
samples per person of 6:0 (IQR 3-0-8-0; table;
appendix pp 11-12).

In the multivariable mixed-effects model with sNfL
Z scores as a dependent variable, clinical and MRI
measures of disease worsening or progression were
strongly and independently associated with higher sNfL
Z scores. Furthermore, a treatment -effectiveness
hierarchy was seen, compared with untreated people, of
high efficacy monoclonal antibody therapies over oral
therapies and of oral therapies over platform compounds
(figure 2). This hierarchy was supported by results in the
validation cohort (appendix p 21). The estimated additive
effects on sNfL Z score were —0-14 (95% CI-0-23 to 0-05;
p=0-0018) for high efficacy monoclonal antibody therapy
versus oral therapy, and —0-23 (-0-36 to 0-10; p<0-0001)
for oral versus platform therapy.

Similar to the results in the control group, absolute
sNfL values in people with multiple sclerosis rose with
age (figure 3). Increased sNfL concentrations measured
by higher Z scores were more frequent in younger versus
older individuals.

A conservative cutoff of 10 pg/mL was used as an
arbitrary definition of a non-pathological sNfL con-
centration (figure 3). With this approach, in people aged
20-30 years, 70 (68%) of 103 with Z scores of 1-5-2-0 and
seven (4%) of 164 with Z scores of more than 2-0 would
be declared as having sNfl concentrations within normal
range (<10 pg/mL). However, compared with people with
sNfL Z scores of 1.5 or less and sNfL below 10 pg/mL,
these 77 people showed more recent clinical disease
activity (p=0-023) and fulfilled concurrent EDA-3 status
more frequently (p=0-016; appendix pp 10, 22). Moreover,
the people with increased Z scores (>1.-5) showed a
higher propensity for clinical disease activity (p=0-041)
and numerically fulfilling EDA-3 status (p=0-22) in the
following year (appendix pp 10, 22). Conversely, in the age
range of 30-60 years, 989 (39-1%) of 2517 people with a
normal Z score (0-1-5) would be labelled as having
elevated (>10 pg/mL) sNfL concentrations (appendix p 10).
The mismatch between these two ways to define normal
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values becomes more pronounced in individuals older
than 60 years, since 292 (100%) of 292 with Z score ranges
of 0-1-5 and 156 (50%) of 310 with Z scores of 0 or below
are above the 10 pg/mL cutoff.

Using three different threshold levels for high and low
samples, increased sNfL Z scores and absolute sNfL
concentrations both showed a higher likelihood for disease
activity in the following year (EDA-3; p<0-0001 for all
six estimates [appendix p 23] and for the validation cohort
[appendix p 24]). However, Z scores consistently led to
higher ORs than did absolute sNfL values when using the
three different cutoffs for a sample defined as high
(ie, top 25%, top 10%, and top 5%). For ORs of absolute
sNfL concentrations versus sNfL Z scores, the top
25% resulted in ORs of 2-09 vs 3-09; the top 10% in
2:83 vs 3-84; and the top 5% in 2-53 vs 4-43, which
corroborates the superior performance of sNfL Z scores
over fixed cutoff levels of absolute sNfL values, irrespective
of where cutoff values were set. Accordingly, the association
between a recent relapse (<4 months) and sNfL Z scores
was considerably stronger versus absolute sNfL con-
centrations in the validation cohort (appendix pp 25-26).

sNfL percentiles and Z scores were used as measures
and predictors of future disease activity in multiple
sclerosis. People with higher sNfL Z scores showed a
greater probability of relapses (OR 1-41, 95% CI
1.30-1-54; p<0-0001), EDSS worsening (1-11, 1-03-1-21;
p=0-0093), and EDA3 (1.43, 1.31-1.57; p<0-0001;
figure 4A; for the validation cohort, appendix p 27) in the
following year, based on a model with Z score as a
continuous predictor.

As compared with the continuous analysis, the use of
sNfL Z score cutoffs led to a substantially higher
probability of EDA-3 in the following year (figure 4B), by
incremental increases of cutoff levels (validation cohort,
appendix p 27). A sNfL Z score above 1.5 was associated
with an increased risk of future clinical or MRI disease
activity in all people with multiple sclerosis (OR 3-15,
95% CI 2-35-4-23; p<0-0001; figure 4B), and in people
considered stable with no evidence of disease activity
(2-66,1-08-6-55; p=0-034; figure 4D).

When sNfL Z scores are combined with disease activity
measures currently used in clinical practice in a
multivariable model, the risk of EDA-3 in the following
year was increased independently (OR 1.23, 95% CI
1-06-1-44; p=0-0072; figure 4C; validation cohort,
appendix p 27). It is noteworthy that model quality was
improved when sNfL Z scores were included together
with all classic measures of disease activity shown in
figure 4C (x%; p=0-0023) as compared with the same
model without sNfL Z scores.

The clinical consequence of increased sNfL Z scores in
people with NEDA-3 was a higher likelihood for EDA-3
status in the following year. For example, sNfL
concentrations were higher than the 89.4th percentile
(ie, a Z score >1.25) in 57 (9%) of 608 serum samples
from people being classified as NEDA-3 since the past
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Figure 2: Factors affecting sNfL Z scores in people with multiple sclerosis
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score. HEmAb=high efficacy monoclonal antibody therapies. sNfL=serum neurofilament light chain. *p=0-20.
p=0.076. tp=0-11.
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Figure 3: sNfL Z scores according to age of people with multiple sclerosis participating in the Swiss Multiple
Sclerosis Cohort

Age-adjusted and BMI-adjusted sNfL Z scores are shown by colour gradient. The fixed sNfL cutoff is shown by the
horizontal line at 10 pg/mL. Using a fixed cutoff in people with multiple sclerosis aged 20-30 years might miss
people with increased sNfL Z scores (false negatives: yellow and red dots below horizontal 10 pg/mL cutoff).
Conversely, in people older than 30 years, a large proportion of individuals with normal age-corrected sNfL

(ie, SNfL Z scores 0-1-5 [grey], <O [blue]) show values above the fixed threshold of pathology (false positives).
Numerical values are provided in the appendix (p 10). Different Z scores can occur with similar sNfL concentrations
and identical age, because of additional adjustment for BMI. sNfL=serum neurofilament light chain.
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year. These cases displayed a higher risk (OR 2-28,
95% CI 1-11-4-68; p=0-025) of experiencing any sign of
clinical or MRI disease activity over the following year
(figure 4D). This risk increased in people with sNfL
concentrations exceeding the 96-0th percentile (ie, a
Z score >1-75 OR 385, 1.27-11-63; p=0-017; figure 4D;
validation cohort, appendix, p 27).

In the mixed-effects model of disease activity and long-
term treatment effects of disease-modifying therapy
categories, the evolution of sNfL Z scores over time was
assessed in the four treatment categories. In the first year
after initiation of therapy, sNfL concentrations decreased
rapidly in treated individuals, whereas they fell only
marginally in untreated people (figure 5). The reduction
of the sNfL Z score was more rapid with high efficacy
monoclonal antibody therapies, compared with oral
therapies and platform compounds, as reflected by the
steeper slope of the line (p<0-0001 for the interaction
term between treatment category and treatment duration).
Over the following 4 years, high efficacy monoclonal
antibody therapies and, to a lesser extent, oral therapies
showed sNfL concentrations that overlapped with those of
the control population (ie, SNfL Z score 0), whereas with
platform compounds the sNfL concentrations remained
increased. Platform compounds were associated with the
weakest sNfL reduction in the first year of treatment, and
were followed by a new increase thereafter, coming close
to concentrations measured in untreated people. As a
sensitivity analysis, a model adjusted for demographic
and clinical covariates supported the effectiveness
hierarchy established in the unadjusted analysis (as well
as in the multivariable analysis in figure 2) with estimated
marginal effects (remaining disease activity explained by
sNfL Z score) being numerically lower (appendix p 19).

The appendix (p 30) shows seven clinical use cases
from the SMSC for the application of sNfL percentiles
and Z scores as a biomarker, covering therapy monitoring
and risk assessment for future acute and chronic disease
activity. To facilitate the use of sNfL Z scores in clinical
practice, an internet-based app was created based on
sNfL values from the reference database, to determine
Z scores and respective percentile values by entering
individuals’ measured sNfL concentrations, height,
weight (or BMI), and age. The adjusted sNfL measures
(percentiles and Z scores) can be retrieved in both
numerical format and as a graphical illustration
(appendix p 33) online.

Discussion

Our results show that NfL can be used as a biomarker for
monitoring of treatment efficacy and prognostication of
disease course in individual people with multiple sclerosis.
A reference database with age-adjusted and BMI-adjusted
sNfL concentrations was created using samples from a
general population with no documented CNS disease.
Statistical transformation of sNfL concentrations from
absolute values into percentiles and Z scores allowed us to
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— Platform
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Number
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Untreated 375 163 101 76 66
Platform 170 115 92 57 48
Orals 804 785 611 490 358
HEmAb 561 422 292 161 153

Figure 5: Temporal evolution of sNfL Z scores under treatment

Fourtreatment categories were included in a mixed-effects model, thereby using spline terms to model the

non-linear temporal association and an interaction term between disease-modifying therapy category and
treatment duration. The number of samples in the respective yearly interval is shown in the different treatment
groups. Shaded areas indicate 95% Cl. HEmAb=high efficacy monoclonal antibody therapies.

reliably correct for confounding factors to discern
pathological from physiological levels of sNfL. This
database and transformation was subsequently tested in
two large, independent, real-world multiple sclerosis
cohorts. Moreover, our results showed that sNfL can be
used as an additional measure of disease activity (EDA-3)
besides clinical assessments and MRI. It is specifically
useful for stable people (ie, in NEDA-3 status) to identify
ongoing disease activity that is below the detection
threshold of standard clinical and MRI markers. Using the
reference database, sNfL concentrations can also be
applied for the quantitative comparison of long-term
effectiveness across disease-modifying therapies (while
considering limitations based on design preventing proof
of causation in real-world settings).

In 2018, Giovannoni described NfL as “the neurologist’s

C-reactive protein” for measurement of the neuro- Forthe online application see

protective effects of disease-modifying therapies in the https//shiny.dkfbasel.ch/

context of clinical trials. Since then, clinical studies have
shown how sNfL can quantify disease activity in multiple
sclerosis and other neurological disorders.” Moreover,
phase 3 studies in multiple sclerosis have used sNfL as
an exploratory endpoint for treatment -efficacy.™**
Despite these studies showing that sNfL accurately
reflects even subclinical disease activity,*? sNfL has not
been generally accepted as a clinical routine biomarker
for individual people with multiple sclerosis, nor as a

baselnfireference
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primary or secondary trial endpoint. By contrast to
Cereactive protein, sNfL did not have two essential
premises for such a breakthrough—namely, reference
values from a general population who did not have
clinically manifest diseases,”” and a way to interpret
values without interfering the factor of age and BMI.

With the advent of high-efficacy multiple sclerosis
therapies, relapses and high rates of lesion formation have
been suppressed almost completely. We now need to ask,
how should we control the subclinical diffuse brain
damage that manifests clinically as continuously
worsening disease (progression), and how should we
measure it> Since sNfL concentrations remain modestly
raised in the progressive disease state, compared with the
more pronounced NfL concentration increases that are
associated with relapses,” the task to discern disease
signal from agerelated changes becomes more
challenging. The earlier assumption of a constant increase
of 2-2% per year of sNfL in controls’ was based on
cohorts*** that were too small and insufficiently covered
the age range specifically relevant for progressive multiple
sclerosis. Data from our reference database show that the
evolution of sNfL with age follows a non-log-linear
function, and they establish BMI as an important
additional modulator of NfL concentrations in reference
populations. By consequence, fixed cutoffs to define
pathological sNfL levels could lead to a misclassification,
even if the cutoff is set at a lower level in the present
analysis than in earlier ones.*** Various fixed cutoffs to
define pathological sNfL concentrations have been used
previously."*** We used a conservative cutoff of 10 pg/mL
for an arbitrary definition of a non-pathological sNfL level.
Current results show that a substantial proportion of
young people (<30 years) with multiple sclerosis have
ongoing disease activity that would remain unrecognised
using such fixed cutoff levels and, hence, the purpose of
measuring sNfL to guide therapeutic decisions might be
missed. Additionally, the inclusion of BMI to define
reference percentiles and Z scores further increases the
precision in determining pathological cutoff values. In
general, Z scores are more accurate versus absolute values
of sNfL to reflect past and to predict future clinical disease
activity. Conversely, a fixed cutoff might lead to a
significant false-positive rate in individuals older than
40 years, which is problematic for the interpretation of
sNfL concentrations in people with progressive multiple
sclerosis or primarily neurodegenerative diseases.*

Z scores are a standard measure in other fields of
medicine—eg, echocardiographic measurement of aortic
dilation, or determination of bone mineral density to
separate pathology-indicating signals of biomarkers from
physiological longitudinal changes.”* Percentiles (which
are used, for example, in paediatric growth curves) are
akin to Z scores, a derivative of standard deviation
calculations, and are a very similar way to describe
deviation from normality in medicine.” However, they
are less sensitive to longitudinal change, particularly for

extreme values, due to their finite measuring range.
Instead, Z scores can quantify deviations from normal
values beyond a percentile range.

On the group level, Z scores allow quantification not
only of the contribution of clinical and MRI features to
disease activity but also of effectiveness of therapy
categories of disease-modifying therapy. Clinicians have
the choice between more than ten registered disease-
modifying therapies for multiple sclerosis. However, a
quantitative assessment of their efficacy across the
various clinical trials, specifically related to their effect on
the long-term course of disease, is not possible for
methodological reasons. With the reference database and
Z scores, we can now model the effectiveness of drugs
and of residual disease activity over years of treatment.
High efficacy monoclonal antibody therapies, and to a
lesser extent oral therapies, coincide with a normalisation
of sNfL concentrations over time. By contrast, the
diminishing treatment effect of platform compounds in
presented models, as seen in earlier long-term extensions
of two clinical studies with interferon beta, is mirrored
by a continuous increase of sNfL.“*

Our study has several limitations. The reference
database is based on a cohort of people without clinical
manifestation of somatic disease. However, many
subclinical disease conditions could be associated with
an increase of sNfL concentration due to neuronal
damage to the nervous system. For example, underlying
primary neurodegenerative diseases (eg, Alzheimer’s
disease) can lead to an increase in NfL concentrations
years before they clinically manifest.* On purpose, we
did not establish our reference database on a cohort of
people for whom subclinical laboratory aberrations have
been excluded—ie, whose serum samples were selected
for absence of neurodegenerative or other diseases
developing later in life. Such diseases can occur as well
with similar incidence and prevalence in people with
multiple sclerosis. Hence, with a view to use the reference
database percentiles and Z scores in clinical real-world
practice for people with multiple sclerosis, we did not
pursue the concept to correct for such comorbidities
occurring at later stages in life.

Although we have acquired limited data that mild renal
insufficiency and diabetes have little effect on sNfL
concentrations, we need to define how more severe
stages of these diseases, and possibly other confounding
factors, limit the interpretability of findings in people
with multiple sclerosis. Our results are largely based on
people with relapsing multiple sclerosis who are White;
therefore, the generalisability of our data for people with
primary progressive multiple sclerosis and in people
with different ethnic backgrounds needs to be validated
in referring cohorts. It is not known whether data
acquired with the current standard assay system (Simoa;
Quanterix, Billerica, MA, USA) are fully compatible with
those of other analytical platforms for NfL, given that
they provide highly correlated but different absolute
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values. Standardisation efforts are now ongoing within
the International Federation of Clinical Chemistry,
aiming for developing Certified Reference Materials for
harmonisation of readouts across platforms. In essence,
the use of our internet-based percentile and Z score tool
requires that data are acquired with the standard kit and
on the same hardware platform.

In conclusion, sNfL percentiles and Z scores could be
used as a clinical methods to identify subclinical disease
activity in individual people with multiple sclerosis and to
monitor drug response. It is now available for clinicians
by use of an internet-based app. This app can also be used
in future trials, in which sNfL is an endpoint measure.
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Supplementary Methods

1. Swiss Multiple Sclerosis Cohort (SMSC)

The SMSC (NCT02433028) is a prospective multicentre cohort study performed across eight Swiss academic
medical centres: The Cantonal Hospital of Aarau, the University Hospitals of Basel, Berne, Geneva and
Lausanne, the Regional Hospital of Lugano and the Cantonal Hospital of St. Gallen. Demographic,
neuroimaging, and clinical data as well as serum samples are collected every 6 or 12 months. Standardized
clinical assessments with functional system score and Expanded Disability Status Scale (EDSS) score
calculations were performed by certified raters (http://www.neurostatus.net/).'

Relapses were defined as new, worsening or recurrent neurologic symptoms that lasted for at least 24 hours
without fever, infection, or adverse reaction to a prescribed medication and that were preceded by a stable or
improving neurologic status of at least 30 days. Recent relapses were defined as events with onset within 4
months before serum sampling. EDSS worsening (in the following year) was defined as an increase in EDSS
from the current to the next visit of >1-5 points from an EDSS score of 0-0, >1-0 point from an EDSS score of
1-0-5-5 or >0-5 point from an EDSS score >6-0. NEDA-3 was defined as having had no EDSS worsening, no
relapses, no new/enlarging T2 weighted and no T1 weighted contrast enhancing lesions in the last year, as
opposed to patients with EDA-3 who fulfilled at least one of these criteria in the last year. Self-reported weight
and height measures were collected at each visit and body mass index (BMI) calculated as weight in kg divided
by squared height.

All samples are collected within 8 days from the clinical visit and stored at -80°C following standardised
procedures.>* 81 samples (0-9%) under immunosuppressive therapy (n=52: n=36 under mitoxantrone, n=16
azathioprine), randomised controlled phase 3 trial (n=25) or after hematopoietic stem cell transplantation (n=4)
were excluded from the analysis (including 17 at baseline), but all patients remained in the study since
additional samples were available from respective patients.

Treatment epochs were defined from the day of the first administration of the DMT until its discontinuation. As
the pharmacodynamic effect of DM Ts may last beyond their wash-out period, treatment effect durations after
stopping administration were estimated for the DMTs and added to the time of administration if no other DMT
was started (platform and oral: 2 months, except teriflunomide: 0-5 years; HEmAb: 1-5 years for rituximab and
ocrelizumab, 5 years for alemtuzumab and 2 months for natalizumab).

2. Validation cohort: Epidemiological Investigation of Multiple Sclerosis (EIMS), Inmunomodulation and
Multiple Sclerosis Epidemiology (IMSE) and Comparison Between All immuno-Therapies for Multiple
Sclerosis (COMBAT-MS)

We validated our findings in 4341 MS cases participating in the EIMS*, IMSE® and/or Combat-MS cohorts.® In
EIMS, individuals with newly diagnosed MS were identified at neurology clinics throughout Sweden and
invited to participate by completing a questionnaire and donating a blood sample. All patients have been
examined by a neurologist at the clinic where they were recruited. The IMSE cohorts are part of a nationwide
phase 4 surveillance study aimed at investigating the long-term safety and efficacy of all more recent DMTs
starting from natalizumab. The Combat-MS is an observational drug trial (clinicaltrials.gov, NCT03193866) in a
contemporary relapsing MS cohort entailing a structured follow-up routine and validation of registered data
compared to clinical routine.® Combined, these cohorts contribute additional data beyond what are collected in
the Swedish MS registry (SMSreg), including ethylenediaminetetraacetic acid (EDTA)-treated plasma
samples.*”” In EIMS, EDTA plasma samples were collected within 5 years of onset of MS and in the IMSE
cohort EDTA plasma samples were collected at baseline before initiation of the DMTs (within a month prior to
start of DMT), where patients were either treatment naive or were exposed to only interferons and/or glatiramer
acetate and at follow-up (treatment duration > 4 months). In Combat-MS patients contribute a yearly plasma and
serum sample from date of inclusion in the study. 3022 patients provided one, 1122 two, 141 three, 48 four and
8 patients five samples (overall number of samples: 5921). Baseline demographic and clinical characteristics are
shown in Suppl Table 1.

In the SMSreg, data are recorded by neurologists or MS nurses through a web interface and include patient
characteristics, MS course, DMT exposure, visits, clinical scales (including EDSS), relapses, MRI and
laboratory tests. Most data are collected at routine clinical visits on annual or biannual basis.® Relapses, recent
relapses, EDSS worsening, NEDA-3, EDA-3 and treatment epochs were defined as outlined above.

3. Origin and characteristics of the four cohorts of control persons included in the reference database
(RDB)

a) Genetic and phenotypic determinants of blood pressure and other cardiovascular risk factors study (GAPP)*?
GAPP is a population-based prospective cohort study involving a representative sample of healthy adults in the
Principality of Lichtenstein. Exclusion criteria were any cardiovascular disease, diabetes, obstructive sleep
apnoea syndrome, daily intake of nonsteroidal anti-inflammatory drugs, a body mass index >35 kg/m? or any
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other major illness. All inhabitants of the Principality of Liechtenstein aged 2541 years were invited to
participate in the study. The institutional review board of the University Hospital Ziirich approved the study,
and written informed consent was obtained from all participants.

b) Multiple Sclerosis Expression, Proteomics, Imaging, Clinical Study (EPIC)'° and Genetic MS Associations
(Gene MSA)>!!

Healthy adults were ascertained through a prospective multicentre effort initiated in 2003. Three MS clinical
centres were involved in patient enrolment and biological specimen collection using identical inclusion criteria,
two in Europe (Vrije Universiteit Medical Center, Amsterdam; and University Hospital Basel) and one in the
USA (University of California San Francisco). Serum samples from San Francisco and Basel were available for
this study. The control group consisted of unrelated individuals, primarily spouses/partners, friends and other
volunteers. A familial history or current diagnosis of MS as well as a relation to another case or control subject
or other reported ongoing major illnesses were considered exclusionary for this group. The institutional review
boards of University of California San Francisco and University Hospital Basel, respectively, approved the
study, and written informed consent was obtained from all participants.

c) Establishing the links between subclinical arteriosclerosis and depression (BiDirect)!>~'4

The BiDirect study investigates the mutual relationship between depression and (subclinical) arteriosclerosis. It
is a prospective observational study that integrates three different cohorts. Only two of the three cohorts were
integrated in the generation of the RDB: Cohort 1 consisted of 899 patients, who suffered from an episode of
depression at the time of recruitment. Recruitment took place at six different psychiatric and psychosomatic
hospitals and departments located in and around the city of Miinster, as well as two resident psychiatrists’
practices located in Miinster. The recruitment of outpatients was limited to those who had been hospitalized due
to depression at least once during the 12 months period prior to inclusion into the study. Inclusion criteria were
(i) age (=35 and <66 years) and (ii) current in- or outpatient treatment due to acute depression. Exclusion criteria
were (i) compulsory admission, (ii) comorbid dementia, and (iii) comorbid drug abuse (including alcohol).
Cobhort 2 included 813 community dwelling adults (age: >35 and <66 years). These participants had been
randomly sampled from the population register of the city of Miinster and were invited for BiDirect-Baseline via
letter. Individuals in cohort 1 were slightly younger compared with cohort 2 (median (IQR): 52-0 (46-3-57-9) vs
56-6 (49-2-62-4) years) and sNfL levels were numerically slightly lower (8-7 (6-6-11-3) pg/ml vs 9-3 (7-1-12-3)
pg/ml; p=0-45, after age correction). The joint ethics committee of the University of Miinster and the
Westphalian Chamber of Physicians approved the BiDirect-Study, and written informed consent was obtained
from all participants.

Self-reported weight and height measures were collected at each visit and BMI calculated (coverage: GAPP:
100%; EPIC: 33-8%; Gene MSA: 100%; BiDirect: 100%). Information on an existing diagnosis of Diabetes
mellitus was known in all SMSC patients and control persons and on estimated glomerular filtration rate (eGFR,
as a measure of renal function, was calculated according the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) creatinine equation') in 52% of SMSC patients and all participants from BiDirect
and GAPP.

All serum samples were stored at -80C. Serum samples from EPIC had undergone one additional thaw cycle.
sNfL has been shown to not be influenced by thawing.'®!” We did not see an effect of storage time on sNfL
concentrations.

4. Plasma Neurofilament light chain measurements

In EIMS, IMSE and Combat-MS, NfL was measured in duplicate in ethylenediaminetetraacetic acid (EDTA)-
treated samples (pNfL) by NF-light® assay at the University Hospital Basel according to the manufacturer’s
instructions (Quanterix, Billerica, USA)'®'°. Intra- and inter-assay coefficients of variation were < 10%.

Two hundred ninety-nine paired serum and EDTA plasma samples from the first follow-up examination of
BiDirect (Suppl Table 2) were selected to investigate the association between NfL concentrations in serum and
EDTA plasma. The samples were selected in a way to represent a uniform distribution of age and sex.?’ NfL
concentrations between both matrices were highly correlated (Pearson’s r: 0-991, p<0-0001); concentrations
were systematically higher in serum (Suppl Figure 1). The resulting formula for conversion from pNfL to sNfL
was: serum NfL [pg/mL] =-0-33 + 1-11 x pNfL [pg/mL].%°

Suppl Figure 1. Bland-Altman plot showing the relationship between serum and plasma concentrations of NfL
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Ratio serum to plasma NfL

©
=

Mean NfL concentration [pg/mL]

Legend: Ratio between NfL concentration in 299 paired serum and plasma samples plotted against the mean
NIfL concentration of the pairs. The y-axis represents the ratio of serum to plasma NfL. The blue dotted line
represents the mean ratio difference (1-07); the light blue dashed lines represent the 95% limits of agreement
(0-88-1-30).

5. MRI assessment methods

Brain MRI scans were performed annually in the SMSC. A standardised imaging protocol was applied across
centres including a 3D Magnetization Prepared - RApid Gradient Echo (MPRAGE), a 3D Fluid Attenuated
Inversion Recovery (FLAIR) sequence, and a post contrast T1 sequence acquired at a spatial resolution of
Imm?®, T2w lesion volume was automatically assessed annually by using a deep-learning based approach?! and a
longitudinal evaluation method?®? respectively, followed by manual quality assessment and correction. The
number of gadolinium-enhancing lesions was assessed manually. The MRI protocol in the validation cohort has
been published previously.?*

6. Modelling of the SNfL-BMI-age relationship and creation of the reference database

6.1. Generation of the final RDB and investigation of relevant comorbidities

Current knowledge indicates an increase of sNfL by comorbid renal insufficiency,?*?’ diabetes mellitus®® and a
decrease of sNfL concentrations in individuals with higher BMI.26%7

65 control persons showed at one or several time points an eGFR <60 mL/min/1.73 m? contributing 108 serum
samples. In addition, 177 control persons with a diagnosis of diabetes mellitus contributed 439 serum samples.

In a mixed effects linear model with log(NfL) as dependent variable (coefficient of determination of the overall
model: R?=0-417; n=8379 serum samples with complete information), the following factors were independently
associated with sNfL:

- age (per year; estimate: 1-025; 95% CI: 1-025-1-026; p<0-0001; i.e., 2-5% increase in sNfL concentration per
year of age; R? remaining: 0-031, when excluding this variable)

- BMI (per 1 kg/m?; 0-980; 0-978-0-982; p<0-0001; remaining R%: 0-374),

- eGFR < 60 mL/min/1-73 m? (1-215; 1-139-1-295; p<0-0001; remaining R% 0-415),

- diagnosis of diabetes mellitus (1-119; 1-064-1-177; p<0-0001; remaining R?: 0-413),

- but not sex (1-:008; 0-988-1-028; p=0-43; remaining R% 0-417).

Based on these analyses (Suppl Figure 2), BMI and age were integrated in the RDB (and accounted for in the
statistical model), whereas diabetes mellitus was not (for marginal contribution). Although eGFR explains
overall only a very limited portion of the variability of sSNfL in the general population as expressed by the
coefficient of determination (due to the low prevalence), the change in sNfL Z-score associated with very low
eGFR values is considerable (Suppl Figure 2E): As can be seen in Suppl Figure 2C, eGFR values
>60ml/min/1-73 m? shows limited association with sNfL Z-score, while eGFR <60ml/min/1-73m? coincides
with a significant increase. We therefore excluded the 108 samples with an eGFR <60 mL/min/1-73 m? from the
final RDB.
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6.2. Establishing the GAMLSS model

The relationship between sNfL, BMI and age in control persons was modelled using a generalized additive
model for location, scale and shape (GAMLSS) based on a Box-Cox t distribution.?®?* GAMLSS is an extension
of generalized linear models (GLMs) and additive linear models (GAMs) suitable for large complex datasets.
This method is appropriate for the right-skewed and heavy-tailed distribution of sNfL. It enables the estimation
of the first four moments (mean, variance, skewness and kurtosis) as linear or smooth functions of exploratory
variables, allowing an accurate estimation also of extreme percentiles and Z-scores. Several distributions were
tested comparing goodness-of-fit statistics to find the most appropriate fit for the data. SNfL was the dependent
variable and spline terms with 3 degrees of freedom for both explanatory variables (age, BMI) were used to
model the non-linear association and no interaction term was used since the Akaike information criterion (AIC)
was not considerably better than the more parsimonious model. The optimal number of degrees of freedom of
the splines was chosen based on the model’s AIC. The model fit was assessed using detrended QQ-plots.

To avoid repeated measures in a reference database, only one sample was selected from each control person by
a heuristic approach optimizing towards an even sample distribution over the entire age range (n: 4532) (Suppl
Table 2). Suppl Figure 3 shows the number of samples per age group in participants of the reference database
and of patients in the SMSC.

From this final GAMLSS model age- and BMI-specific reference values for various percentiles/Z-scores cut-
offs were generated and made available as lookup tables (Suppl Table 3), reference curves (Figure 1) and as an
internet-based App.

6.3. Derivation of percentiles and Z-scores from the GAMLSS model

Suppl Figure 4 shows that absolute sSNfL levels in this RDB cohort almost double in persons over 60 years
compared to those of 30-40 year; at the same time, the standard deviation increases in higher age groups with a
considerable number of samples with higher sNfL values. The age- and BMI-adjusted Z-scores derived from the
GAMLSS model represent the number of standard deviations the adjusted sNfL levels differ from respective
values in the entire control population. Besides being an age- and BMI-corrected measure, Z-scores have the
advantage over absolute values to be normally distributed, a mathematical property that is advantageous for
statistical modelling. As an alternative measure of the deviation from “normal”, percentiles are provided.*
Percentiles express the percentage of persons in the general population that are expected to have a sNfL value
(adjusted for age and BMI) as high as a given value or lower. The two measures are interchangeable (a Z-score
of 1 and 1-5 represents the 84-1 and 93-3 percentile, respectively, according to the standard normal
distribution). However, Z-scores are not bound between 0-100 enabling different applications.

Suppl Table 3 shows the comparison of absolute sSNfL values in function of BMI and age and the respective Z-
score/percentile levels.

6.4. Validating the GAMLSS model

The theoretical number and the actual number of samples above various cut-offs when sNfL Z-scores were
applied on the RDB are in agreement, indicating that the distribution is adequately modelled (Suppl Table 4).
The remainder of control samples was used to investigate the variability of model parameters and
generalisability of the resulting reference curves:

First, we investigated whether the variation in sNfL levels observed within the same control person has an
impact on the resulting reference curves by randomly selecting alternative samples per patient (repeated 100
times; Suppl Figure 5). Second, we applied a bootstrapping procedure to rule out that the GAMLSS model was
overtrained: 100 bootstrap samples (n=4532, with replacement) were drawn from the RDB and the same model
was fit on the individual bootstrap replicates. The locations of resulting reference curves were inspected
graphically (Suppl Figure 6).
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Suppl Table 1. Baseline demographic and clinical characteristics of included MS patients in the
Epidemiological Investigation of Multiple Sclerosis (EIMS), Immunomodulation and Multiple Sclerosis
Epidemiology (IMSE) cohorts (validation cohort) and Comparison Between All immuno-Therapies for Multiple
Sclerosis (COMBAT-MS) (validation cohort).

Number of patients (n) I 4341
Demographic data
Female (n, %) 3073 (70-8)
Male (n, %) 1268 (29-2)
| Age (Y) 38-1(30-2,45-9)
Clinical data, samples and follow-up
RMS (n, %) 3746 (86-3)
SPMS (n, %) 595 (13-7)
Discase duration (Y) 3-0(1-0,9:0)
Nr. relapses in last year (mean, SD) 0-3(0-5)
EDSS 1-5(0-0,2'5)
Nr. of serum samples per patient (n) 1-:0(1:0,2:0)
Disease-modifying treatment at inclusion
1IEmAD (n, %) 356 (8 2)
Orals 130(3-0)
Platform 2047 (47-2)
Untreated 1808 (41-6)

Abbreviations: EDSS: Expanded Disability Status Scale; HEmADb: high efficiency monoclonal antibody
therapies; MS: multiple sclerosis; Nr.: number; RMS: relapsing MS; SD: standard deviation; SPMS: secondary
progressive MS; Y: years.

Numbers are reported as median and interquartile range if not mentioned differently.

“HEmADb” include: alemtuzumab (n=6), natalizumab (n=265), rituximab (n=85); “Orals” include: fingolimod
(n=36), dimethyl fumarate (n=88), teriflunomide (n=6); “Platform” includes: all interferon beta (n=1700) and
glatiramer acetate (n=347) preparations.

Suppl Table 2. Source of data of persons and samples included into the reference database.

Data Source Subjects (n) Time points: Age Selected for

< H "

ples (®) median (IQR) range RDB* ()

Genetic and phenotypic determinants of | 2,163 BL: 2,162 36:8(31:2-40-2) 23-8-443 1652
blood pressure and other cardiovascular FU1l: 1535 41-3 (36:2-44°5) 27-9-49-0 511
risk factors study (GAPP)**
Multiple Sclerosis Expression, 1,181 BL: 1,181 440 (34:0-53-0) 18-0-81-0 295
Proteomics, Imaging, Clinical Study FUILl: 87 46-0 (41-0-55-5) 55
(EPIC)"®
Genetic MS Associations (Gene 259 BL: 259 44-3 (36°3-52:3) 18-1-70-6 118
MSA)*" FU1l: 226 45-4 (39-1-53-4) 19-2-71-6 141
Establishing the links b 1,787 BL: 1,712 51-3 (45:1-57-8) 30-9-70-2 555
subclinical arteriosclerosis and FUIl: 1,185 53:6 (47-4-59-8) 36-0-71-2 224
depression (BiDirect)'* ' FU2: 877 55-0 (48:7-61-0) 36-8-72:0 208

FU3: 909 60-3 (53-9-66-3) 41-2-73-5 773
Total 5,390 10,133 44-7 (38-3-55-2) 18-0-81-0 4532

*A single sample per control person was selected from all with available BMIL.
Abbreviations: BL: baseline; FU: follow up; IQR: interquartile range; RDB: reference database.
Age in years. GAPP, EPIC and Gene MSA had one follow up visit. BiDirect had baseline and 3 follow up visits.



Suppl Table 3. sNfL concentrations (pg/ml) corresponding to a certain Z-score (percentile) at a given age and
BMI as derived from the statistical model applied on reference database (refer to
http://shiny.dkfbasel.ch/baselnflreference to calculate sNfL Z-scores based on BMI and age as continuous
units).

Z-score (Percentile)
-2 -1 0 1 15 2 25 3
Age BMI
(2:28) (15-87) -50 (84:13) (93-32) (97-72) (99-40) (99-87)
20 26 36 48 66 8:0 103 145 24-1
20 25 21 29 39 54 66 85 12:0 199
30 1-7 24 31 43 53 68 95 159
20 30 4-2 55 76 93 12:0 169 280
25 25 26 35 47 65 79 10-2 143 238
30 2:1 29 39 54 66 84 119 19-8
20 34 46 62 85 10-4 13-4 18-8 313
30 25 29 40 53 7-4 9:0 11-5 163 270
30 25 34 45 63 76 9-8 138 230
20 37 51 67 93 113 146 205 341
35 25 32 44 59 81 99 127 180 29-8
30 28 38 51 70 86 110 155 258
20 40 56 74 102 125 16:0 22:6 375
40 25 36 49 66 91 111 142 200 333
30 32 43 58 80 9:7 12:5 176 293
20 45 62 82 11-3 13-8 17-8 251 417
45 25 40 56 74 10-2 12:4 160 225 374
30 36 50 66 91 111 14-3 201 334
20 50 69 92 127 155 199 280 466
50 25 46 63 84 115 14:1 18:1 255 423
30 41 57 76 104 127 164 231 383
20 57 7-8 104 143 175 225 317 526
55 25 52 72 9:6 132 16°1 207 291 484
30 48 66 88 12:1 147 190 267 444
20 65 89 11-8 163 199 256 360 59-9
60 25 6-0 83 11-0 151 185 238 335 55-7
30 56 77 10-2 14:1 172 22:1 311 51-7
20 73 10-1 13-4 18:5 226 29:1 40-9 680
65 25 69 95 12:6 174 21-2 273 384 63-8
30 64 89 11-8 163 199 255 36:0 598
20 83 114 151 20-8 254 327 46°1 76:6
70 25 7-8 107 14-3 197 240 309 435 72-3
30 7-4 10-1 13-5 186 227 292 41°1 683
20 9-2 127 169 232 283 364 51-3 853
7 25 87 12:0 16:0 220 269 346 488 81-0
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| 30 I 83 l 11-4 | 15:2 I 210 I 256 I 329 I 463 | 77:0 |

Abbreviations: BMI: Body mass index; sNfL: serum neurofilament light chain.

A Z-score of 0 (50" percentile) represents the mean=median sNfL in a normal population (after adjustment for
BMI and age).

Example: a 40-year-old patient with a BMI of 25 and sNfL level of 9-1 pg/ml reflects an adjusted sNfL value
above the 84" percentile or a Z-score of 1. Please note, the resource https://shiny.dkfbasel.ch/baselsnfreference
will allow to enter the exact age, height and weight of the patient and will calculate the exact sNfLL percentile
and Z-score, i.e. not in age and BMI steps of 5 years/kg/m? or 0-5/1-0 Z-score increments.

Suppl Table 4. Number of samples above certain thresholds in the reference database and in the Swiss MS
Cohort Study.

Swiss MS Cohort

SNfL Z-Score Reference Database (RDB) (SMSC) Quotient: SMSC
(percentile) n m %% theor* N % (%)/RDB (%)
>1 (84-13th) 712 15-7 15-9 1994 257 1-6

>1-5 (93-32nd) 291 64 67 1124 14-5 22

>2 (97-72nd) 102 23 23 528 68 30

>2-5 (99-40th) 30 0-7 0-6 266 34 55

>3 (99-87th) 11 0-2 0-1 97 1-2

Abbreviations: sNfL: serum neurofilament light chain.

*Theoretically (according to a standard normal distribution), e.g., 2:28% of samples are expected to have a Z-
score above 2 (see also Suppl Figure 4). The observed number of samples in the reference database above the
cut-off estimated by the model (2:3%) is very close to the theoretical proportion. Overall, in the Swiss MS
Cobhort this proportion is 3 times higher than in the reference database (see column 7).

Suppl Table 5. Sensitivity and specificity of a fixed sNfL cut-off in detecting disease activity as shown in
Figure 3.

Proportion of samples above/below cut-off
> 10pg/ml <10pg/ml
85::)"3’ sNfL Z-score N n % n %
>2 164 157 957 7 43
2030 1-5-2 103 33 320 70 68-0
0-1-5 409 0 0-0 409 100-0
<0 386 0 0-0 386 100-0
>2 317 317 100-0 0 00
30-60 1-5-2 419 381 90-9 38 91
0-1-5 2517 983 391 1534 609
<0 2731 28 1-0 2703 99-0
>2 47 47 100-0 0 0-0
60 1-5-2 74 74 100-0 0 00
0-1-5 292 292 100-0 0 00
<0 310 156 50-3 154 497
Total 7769 2468 318 5301 682

Abbreviations: sNfL: serum neurofilament light chain.

10

40



Suppl Table 6. Demographic and clinical disease characteristics at time of first sampling from 2348 treatment

epochs in 1313 patients.

Tr tr hs)
Untreated Platform —T Or:Is HEmAb
(n=535) (n=262) (n=891) (n=660)
Demographic data of patients
Sex (female, n, %) 365 (68-2) 186 (71) 570 (66:7) 431 (68-4)
Age (Y) 40-0 (31-3-51-5) 411 (32-4-48-6) 41-1 (32-6-49-4) 39-8 (31:1-48:6)
Clinical data
Disease duration (Y) 61(1:3-142) 51(2:0-11-3) 76 (2:8-14'5) 97 (4-8-17-1)
EDSS 2:0(1-5-3-5) 2.0 (1-0-2-5) 240 (1-5-3-0) 2-5 (2:0-4-0)
SPMS (n, %) 67 (12:5) 14 (5-4) 9(1-1) 52(8:3)
Treatment initiation or switch
Time to treatment initiation or switch 02 (0:0-0-7) 07 (0-1-1-7) 20(0:9-3-7) 17 (0-8-2:6)
Untreated 190 (35-5) 93 (35°5) 543 (60-9) 421 (63-8)
Platform 71(13-3) 27(10°3) 20(22) 4(06)
Orals 198 (37-0) 119 (45-4) 129 (14-5) 83 (12-6)
HEmAb 76 (14-2) 23(8-8) 199 (22-3) 152 (23-0)
Samples
'_s::;r'f;:'(v‘m)““‘dmm start to first 0:6(0-2-1:8) 0:9(0-4-33) 05 (0-2-1-0) 0:5(0:3-15)
Nr. of samples 1150 720 3779 2120
DMT
::elf’li'l;wn beta 1a (Avonex, Plegridy, 118 (45-0)
gxt;riei;()m beta 1b (Betaferon, 51(19'5)
Glatiramer acetate 93 (35-5)
Dimethyl fumarate 233(26-2)
Fingolimod 588 (66-0)
Siponimod 5(06)
Teriflunomide 65(7-3)
Alemtuzumab 19 (2:9)
Natalizumab 302 (45-8)
Ocrelizumab 206 (31-2)
Rituximab 133 (202)

Abbreviations: DMT: disease modifying treatment; EDSS: Expanded Disability Status Scale; HEmADb: high
efficacy monoclonal antibody therapies; Nr.: number; SPMS: secondary progressive multiple sclerosis; Y:

years.

Numbers are reported as median and interquartile range and as counts and percentages if not mentioned

otherwise.

Suppl Table 7. Composition of the 2348 treatment epochs.

Treatment Category DMT Name Active compound S‘:SI“ Epochs (n) Pa::)nls
Platform Avonex Interferon beta-la 187 56 54
Platform Plegridy Peginterferon beta-la 25 12 11
Platform Rebif Interferon beta-la 111 50 47
Platform Betaferon Interferon beta-lb 164 49 49
Platform Extavia Interferon beta-1b 16 2 2
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Platform Copaxone Glatiramer acetate 217 93 82
Oral Tecfidera Dimethyl fumarate 747 233 224
Oral Gilenya Fingolimod 2812 588 554
Oral Mayzent Siponimod 21 5 5

Oral Aubagio Teriflunomide 199 65 62
HEmAb Lemtrada Alemtuzumab 46 19 19
HEmAb Tysabri Natalizumab 1132 302 288
HEmAb Ocrevus Ocrelizumab 542 206 206
HEmADb Mabthera Rituximab 400 133 119
Untreated 1150 535 459
Total 7769 2348

Abbreviation: DMT: disease modifying treatment; HEmADb: high efficacy monoclonal antibody therapies.

Suppl Table 8. Multivariable mixed-effects model with sNfL Z-score as dependent variable as shown in Figure
2.

Covariate

(n=3868) Estimate 95% C1 P-value
Sex (fvs. m) 0-08 -0-04;0-21 0-20
Disease duration e )
(per 10 years) -0-19 -0-26;-0-12 <0-0001
SPMS vs. RMS 020 -0-02;0-42 0076
Relapse in last 4 months (yes ) am.0. )

v, 10) 0-48 0:37,0-59 <0-0001
Number of CEL 0-14 0-11;0-17 <0-0001
EDSS (per unit increase) 011 007,014 <0-0001
Total T2w volume 019 013;0-24 <0-0001
(per log10 unit)

Platform vs untreated -0-13 -0:28;0-03 0-10
Orals vs untreated -0-35 -0-46;-0-24 <0-0001
HEmADb vs. untreated -0-49 -0-62;-0-37 <0-0001

Abbreviations: CEL: contrast enhancing T1 weighted lesions; CI: confidence interval; EDSS: Expanded

Disability Status Scale score; F: female; HEmAb: high efficacy monoclonal antibody therapies; M: male; RMS:

relapsing remitting multiple sclerosis; SPMS: secondary progressive multiple sclerosis; T2w: T2 weighted.
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Suppl Figure 2. Associations between age, BMI and renal function and sNfL concentrations in 8379 serum
samples from 3950 persons with complete information on relevant comorbidities.

A. . - - e - J
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Legend: In a mixed effects linear model with log(NfL) as dependent variable (coefficient of determination of
the overall model: R*: 0-417), the following factors were independently associated with sNfL: A.) age (per year;
estimate: 1-025; 95% CI: 1-025-1-026; p<0-0001; i.e. 2-5% increase in sNfL concentration per year of age; R?
remaining: 0-031, when excluding this variable; B.) BMI (per 1 kg/m?; 0-980; 0-978-0-982; p<0-0001;
remaining R 0-374; C.), eGFR < 60 mL/min/1-73 m? (1-215; 1-139-1-295; p<0-0001; remaining R 0-415; D.
and E.), diagnosis of diabetes mellitus (1-119; 1-064-1-177; p<0-0001; remaining R?: 0-413); and eGFR < 60
ml/min/1-73m? (1-215; 1-139-1-295; p<0-0001; remaining R%: 0-415).
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Generation of the reference database includes the effects of BMI (relevant amount of variance explained in the
model), while renal function had an overall minor impact on the model due to the low prevalence, however
¢GFR < 60 ml/min/1-73m?can lead to high sNfL Z-scores (see E.). Control persons with eGFR < 60
ml/min/1-73m? (n: 28) were therefore excluded from the generation of the RDB and interpretation of sNfL
levels in patients with an eGFR <60 ml/min/1-73m? are limited. Blue lines: Non-parametric smoothing lines
with 95% confidence bands.
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Suppl Figure 3. Number of samples per age group in participants of the reference database and of patients in
the Swiss Multiple Sclerosis Cohort Study (SMSC)
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Legend: Age distribution at the time of sampling in samples from the reference database (n: 4,532) and in
patients with relapsing or secondary progressive multiple sclerosis (MS) from the Swiss MS Cohort (n: 7,769
samples) covering six decades of life.
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Suppl Figure 4. Density plot of absolute sNfL (top) and sNfL Z-scores (below) in 4,532 serum samples from
the reference database stratified by age groups.
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Legend: Top: Density plot of absolute sSNfL and sNfL Z-scores in 4,532 serum samples from the reference
database stratified by age groups.

Below: Standard normal distribution (in grey) for comparative reasons to visualize that sNfL Z-scores are
transformed sNfL values independent of age and BMI which are normally distributed. The expected proportion
of samples above a given sNfL Z-score cut-off is denoted (grey writing). The x-axis in the top figure was
capped at 40 pg/ml.
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Suppl Figure 5. Comparison between the final reference database (using single sample per control person)
versus randomly selected sample. Percentiles (A.) and Z-scores (B.).

A. sNfLpercentile — 50 = 80 = 95 == 99 == fnalsamples B. SNfL Z-score = 0 = 1 = 1.5 == 2 == final samples
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Legend: The black lines indicate (A.) percentiles and (B.) Z-score reference curves of the final RDB based on
a single sample per control subject.

Coloured bands for respective percentiles (A.) and Z-sores (B.) using all samples were created by randomly
selecting one sample from each person and by building the model 100 times on the resulting dataset (number
of patients = number of samples). The reference curves of the final dataset/model (black lines) as compared
with those of the 100 random selections from all control person samples (coloured bands) show minimal
differences.

The curves are calculated assuming a body mass index (BMI) of 25.
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Suppl Figure 6. Impact of alterations of the RDB on the location of the reference curves (bootstrapping):
percentiles (A.) and Z-scores (B.)

A.  sNfL percentile = 50 == 80 = 95 == 99 == original B. SNfL Z-score = 0 == 1 == 15 == 2 == original
304 30
20 20
=) =)
k=Y 8
= =
4 z
“ o
10 10
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E) 40 50 60 70 30 40 50 60 70
Age [years] Age [years]

Legend: We investigated whether changes to the constitution of the RDB have impact on the location of
reference curves (A: percentiles, B: Z-scores). We used a bootstrapping approach in which we selected 100
times a random sample of the original RDB based on which we built alternative, bootstrapped models.

The individual lines represent the references curves derived from the bootstrapped GAMLSS models. The
reference curves of the final dataset/model (black lines) as compared with those of the 100 bootstrap samples
(coloured bands) show minimal differences.

The curves are calculated assuming a body mass index (BMI) of 25.
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Suppl Figure 7. Modelling of the evolution of sNfL Z-scores in four treatment categories using mixed-effects
models: adjusted model as sensitivity analysis.

Treatment [ Untreated [ Platform [ Orals [ High efficacy therapy

0.59

0.0

sNfL Z-score (ajusted model, marginal effects)

375 163 101 76 66
170 115 92 57 48
804 785 611 490 358
561 422 202 161 153
0 1 2 3 4 5

Time on drug / Time untreated [years]

Legend: Temporal evolution of sNfLL Z-scores (marginal effects) over time in four treatment categories using a
mixed-effects model adjusted for all clinical covariates (sex, disease duration, SPMS vs. RMS, presence of
relapse in the last 4 months, EDSS) as well as age was built. Estimated marginal effects (disease activity
captured by sNfL Z-scores beside disease activity expressed by the other covariates) show the same hierarchy of
DMT efficacy as compared with the model presented in Figure 5 and the multivariable model in Figure 2.

The number of samples in the respective yearly interval is shown in the different treatment groups.
Abbreviations: DMT: Disease modifying treatment; EDSS: Expanded Disability Status scale; sSNfL: serum
neurofilament light chain; RMS: Relapsing MS; SPMS: secondary progressive MS.
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Suppl. Figure 8. sNfL values increase exponentially in function of age in control persons on the group level in
all 10133 samples (A.) and on the individual level in samples of the same control persons (B.) at an increased
rate over 50 years of age.
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Legend: A. Scatter plot of sNfL on a log-scale and age in 10,133 control samples. A smoothing line (blue) and
in red the log-linear model (log(NfL) explained by age) is depicted which was fitted on a subset of the data
below age 50 and extrapolated on the entire age range to visualize the increase in slope after around age of 50.
This representation shows that the association between sNfL and age is not constant on the log-scale (i.e., non
log-linear), indicating that the percent change in sNfL per age increases after an age of approximately 50.

B. Annualised percent change within the same individual in 623 control persons from BiDirect (Suppl Table 2)
with 4 available samples. The distribution of annualised percent changes (individual regression slopes over the
4 samples per patient) is shown along the mean age at follow-up. The figure indicates that the percent increase
in sNfL is not constant but is higher in older subjects from a median increase of 2-1% in individuals 30-50
years up to 3:3% in individuals >60 years (i.e., is not linear and not log-linear).

Abbreviations: NfL: serum neurofilament light chain.
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Suppl Figure 9. Factors influencing plasma NfL values converted into sNfL Z-scores in MS in the validation
cohort.

-0.0
Sex (fvs. m) 1 e
Disease duration (per 10 | -0.24 ***
years) *
-0.08
SPMS vs. RMS 1 —
Relapse in last 4 months | 0.49 ***
(y vs.n)
0.13 ***
Number of CEL 1 *
: .09 ***
EDSS (per step increase) 1 —e-
Total T2w lesion count | -0.02
(1-9 vs. 0)
Total T2w lesion count | 0.34*
(10-20 vs. 0)
Total T2w lesion count | 048 **
(>20 vs. 0)
-0.01
Platform vs. untreated 1 ——
-0.37 ***
Orals vs. untreated 1 —
-0.73 ***
HEmAD vs. untreated{ = ———o—
-05 0.0 05

Estimated additive
effects on sNfL Z-score

Legend:
Model estimates including 95% confidence intervals. Estimates for HEmADb vs oral therapy was -0-36, 95% CI:

-0-51--0-20, p<0-0001; for oral vs. platform therapy the estimate was -0-36, 95% CI: -0-49--0-23, p<0-0001.
**%: p<0-001; **: p<0-01; *: p<0-05.

Abbreviations: CEL: contrast enhancing T-weighted lesions; EDSS: Expanded Disability Status Scale score; f:
female; HEmAD: high efficacy monoclonal antibody therapies; sSNfL: serum neurofilament light chain; m: male;
n: no; PPMS: primary progressive multiple sclerosis; RMS: relapsing multiple sclerosis; SPMS: secondary
progressive multiple sclerosis; T2w: T2-weighted; y: yes.
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Suppl Figure 10. Proportion of 20-30 years old patients with sNfL below fixed cut-off of 10pg/ml but increased
sNfL Z-scores and with clinical signs or EDA-3 in the last year (A.) or in the following year after sampling (B.).
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Legend: Patients under 30 years with increased sNfL Z-scores (>1.5; color code according Figure 3) but below
a fixed cut-off of 10 pg/ml showed more recent clinical and MRI disease activity (clinical signs or EDA-3)
compared with patients with SNfL Z-scores of < 1.5 both the year before (A.) and after (B.) sampling.
Abbreviations: SNfL: serum neurofilament light chain; EDA-3: evidence of disease activity-3.
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Suppl Figure 11. Comparison of sNfL (pg/ml) versus sNfL. Z-scores predicting disease activity (EDA-3) in the
following year.

Predictor (dichotomized) -+ sNiL [pg/ml] - sNfL Zscore

Top 25%
> 11.2 pg/ml
Zscore 2 1.1 e

Top 10%
=16 pg/ml4
Zscore 2 1.8

Top 5%
= 21.4 pg/mi+
Zscore 2 2.4

Cut point between "high" and "low" sNfL

2 4 6
EDA-3 (OR)

Legend:

Comparison of magnitude of association with future disease activity (EDA-3) between absolute sNfL
concentration and sNfL Z-scores. sNfL concentrations and sNfL Z-scores were dichotomized in “high” (i.e.,
potentially pathological) and “low” values (e.g., top 25% of sNfL concentration (>11-2pg/ml)/sNfL Z-score
(=1-1) vs 75% remaining of sNfL concentrations/sNfL Z-scores etc). Z-scores led to consistently higher odds
ratios (OR) using 3 different cut-offs (“high” defined as top 25, 10 or 5% of the samples): absolute sNfL levels
vs SNfL Z-scores: OR (op 25%: 2:09 vs 3:09; OR 105 10%: 2°83 vs 3-84; OR yop 592 253 vs 4:43 p<0-0001,
respectively. Estimated odds ratios and 95% confidence intervals are shown.

Abbreviations: EDA-3: evidence of disease activity-3; OR: odds ratio; sNfL: serum neurofilament light chain.
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Suppl Figure 12. Comparison of plasma NfL values converted into sNfL (pg/ml) versus sNfL Z-scores
predicting disease activity (EDA-3) in the following year in the validation cohort.

Predictor (dichotomized) SNfL [pg/ml] -+ sNfL Z-score
Top 45%

2 11.2 pg/ml 1
Z-score 2 1.3

Top 25%
216 pg/ml
Z-score 22

Top 16%
= 21.4 pg/mi 4
Z-score 22.3

—

Cut point between "high" and "low" sNfL

15 20 25 3.0
EDA-3 (OR)

Legend:
Comparison of magnitude of association with future disease activity (EDA-3) between absolute sNfL
concentration and sNfL Z-scores. sNfL concentrations and sNfL Z-scores were dichotomized in “high” (i.e.,
potentially pathological) and “low” values (e.g., top 45% of sNfL concentration (=>11-2pg/ml)/sNfL Z-score
(>1-3) vs 55% remaining of sNfL concentrations/sNfL Z-scores etc). Z-scores led to consistently higher odds
ratios (OR) using 3 different cut-offs (“high” defined as top 45, 25 or 16% of the samples): absolute sNfL levels
vs SNfL Z-scores: OR (opas: 1-85 vs 2:04; OR 1op 25%: 1-82 vs 2-28; OR 1op 16%: 2-07 vs 2-36, p<0-0001,
respectively. Estimated odds ratios and 95% confidence intervals are shown.
Abbreviations: EDA-3: evidence of disease activity-3; OR: odds ratio; sNfL: serum neurofilament light chain.
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Suppl Figure 13. Comparison of magnitude of association with recent relapse (<4 months) between sNfL
concentration and sNfL Z-scores.

Predictor (dichotomized) -+ sNiL [pg/ml) - sNfL Z-score

Top 25% —e
2 11.2 pg/ml4
Z-score > 1 ——

Top 10% o
216 pg/mi+
Zscore > 1.8 —

Top 5%
> 21.3 pg/mi+
Z-score 2 2.2

Cut pointbetween "high" and "low" sNfL

5 10 15 20

Relapse in last 4 months (OR)
Legend: The association between having experienced a relapse within the past 4 months before sampling and
sNfL Z-scores was stronger vs absolute sNfL levels (odds ratios, OR . z-scores: 5-72-15-82, p<0-001 vs
OR absolute sNiL levels: 4°13-8-24, p<0-0001). sNfL concentrations and sNfL Z-scores were dichotomized in ‘high’
and ‘low’ values (e.g., top 25% of sNfL concentration (>11-2pg/ml)/sNfL Z-score (>1-1) vs 75% remaining of
sNfL concentrations/sNfL Z-scores etc). Z-scores led to consistently higher odds ratios using 3 different cut-offs
(‘high’ defined as top 25, 10 or 5% of the samples).
Abbreviations: sNfL: serum neurofilament light chain; OR: odds ratio.
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Suppl Figure 14. Comparison of magnitude of association with recent relapse (<4 months) between plasma NfL
concentration, converted into sNfL. absolute values and sNfLL Z-scores, in the validation cohort.

Predictor (dichotomized) SNIfL [pg/ml] -=- sNfL Z-score

Top 44%
2 11.2 pg/ml 1
Z-score21.2 ' ‘

Top 23%
216 pg/ml 1
Z-score 2 1.9

Top 14%
2 21.3 pg/ml
Z-score 2 2.3 ! !

Cut point between "high" and "low" sNfL

3 4 5 6
Relapse in last 4 months (OR)

Legend: The association between having experienced a relapse within the past 4 months before sampling and
sNfL Z-scores was stronger vs absolute sNfL levels (odds ratios, ORsNa z-scores: 3-38-4-88, p<0-001 vs ORuabsonute
NIL levels: 2°61-4-09, p<0-0001). sNfL concentrations and sNfL Z-scores were dichotomized in ‘high” and ‘low’
values (e.g., top 44% of sNfL concentration (>11-2pg/ml)/sNfL Z-score (>1-2) vs 56% remaining of sNfL
concentrations/sNfL Z-scores etc). Z-scores led to consistently higher odds ratios using 3 different cut-offs
(‘high’ defined as top 44, 23 or 14% of the samples).
Abbreviations: sNfL: serum neurofilament light chain; OR: odds ratio.
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Suppl Figure 15. sNfL Z-scores predicting disease activity in the following year in the validation cohort, based

on converted plasma values: A. Probability of occurrence of relapses or EDSS worsening or EDA-3 in the
following year based on (continuous) sNfL Z-score; B. using sNfL Z-score cut-offs; C. in combination with

other currently used measured of disease activity in clinical practice in a multivariable model; D. and in NEDA-

3 patients.

A.

1.24*
NfL Z-score, cont.
05 1
Relapse (OR)
1.12*
NfL Z-score, cont. ——
05 1
EDSS worsening (OR)
133 LR
NfL Z-score, cont. 1 —_—
05 1
EDA-3 (OR)
B.
1.81 LRl
NfL Z-score > 1
05 2
{ 2.05 ***
NfL Z-score > 1.5
05 2
2.14 =+
NfL Z-score > 2 {
05 2
EDA-3 (OR)
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1.20*
NfL Z-score, cont. 1 ——
0.61
EDSS worsening
Relapse rate in the last | o 1'5.0
year
Nr. of new/enlarged T2 | 1_29
lesions (annualized)
0.93
Nr. of contrast enhanced | <
lesions
0.2 0.5 1 2 5
EDA-3 (OR)
D.
1.78
NfL Z-score > 1.25
05 1 2 5 10
2.64 g
NfL Z-score > 1.5
05 1 2 5 10
2.28*
NfL Z-score > 1.75 -
05 1 2 5 10
EDA-3 (OR)
Legend:
A.
Patients with higher sNfL. Z-scores showed a higher probability of relapses, EDSS worsening, and EDA-3 in the
following year.
B

An incremental increase of risk of EDA-3 in the following year was observed with increasing sNfL Z-score cut-
offs with an up to 2-1-fold risk in patients with sNfL above the 97-7 percentile (Z-score >2) as compared to
below.

C.

When combined in a multivariable model with disease activity measures, the risk of EDA-3 in the following
year was increased independently by 20% per 1 step higher sNfL. Z-score.

D.
NEDA-3 patients with sNfL levels above the 93-3™ percentile (Z-score >1-50) displayed a 2-64-fold (95% CI
1-30-5-37; p=0-0074) higher risk of experiencing EDA-3 in the following year.

¥k p<0-001; **: p<0-01; *: p<0-05. Estimates and 95% confidence intervals are shown.

A., B. and D. show 3 univariable and C. a multivariable model.

Grey arrows display number of serum samples above or below the respective sNfL Z-score cut-off.
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Abbreviations: CI: confidence interval; EDA-3: evidence of disease activity-3; EDSS: Expanded Disability
Status Scale score; NEDA-3: no evidence of disease activity-3; OR: odds ratio; sNfL: serum neurofilament light
chain.
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Suppl Figure 16. Use cases 1-6 ill ing the application of sNfL Z- P

Use case 1A: Normalisation of sNfL with highly effective treatment 1

omT
MRl A i I )| 3 : )| Patient with relapses under Fingolimod (red
' circles 1 and 2) and increased sNfL levels on August
Relapses ®© 00 15, 2013 (99.4® percentile, Z-score: 2.5; red circle 3).
ol 1 | Fingolimod was stopped due to persisting disease
eoss il activity on March 24, 2014 and Natalizamab initiated
4 1,_ : on May 9, 2014 with additional relapse May 25, 2014
(red circle 4) and persistingly high sNfL levels on
i S s o o tr July2,2014 (99.3% percentile, Z-score: 2.5; red circle
sMLZscore (| T OO o= = ©© %), which normalised after Natalizumab  initiation:
SNfLpercentile 3 e e == {° SNIL percentiles between 8.5-55.0/Z-scores -1.4-0.1
T ! between July 1, 2015and July 24,2018,

DMT - . . . . . l\ p:bb(h«;
CMRI . . . . . ..

Persistently i d sNiL p iles (94.5%.99.6%)
Relapses | ®, and Z-Scores (1.6-2.7, respectively: red circles 1 and
# 2) under Glatiramer acetate and Fingolimod between
EDSS | | November 20, 2014 and November 10, 2016 with a
e e e e A o e s S S S S S relapse on November 16, 2016 (red circle 3). Switch
| S I S— S T— - .~ to Rituximab with gradual decrease in sNfL to levels
sNfLZ-score | ———+O— T — T I\ = 5 between 40.0% - 64.0% percentile/-0.4 - -0.3 Z-score,
sNfLpercentile 3 S : ly b ber 26, 2019 (red circle

L i 2
4) and January 5, 2021.



Use case 2: NEDA-3: Prediction of progression under B-cell depleting therapy

omT - e L .
~ Mabthera
<MRI . . . . . . .
€e0ss | 4 o, o, . T 3 T
. — - | —— -
sNfLZ-score . . o, + + { . .
sNfl percentile
Use case 3: NEDA-3: Prediction of under Fingolimod
oMT
<MRI .
€0SS t = 1 o, o—9,
sNfLZ-score t O, | E——
sNfLpercentile
Use case4: NEDA-3: P of prog under Glati acetate
DMT 0 DN T e e
CcMRI . . . . . . . .
.
Relopees | » , ®'
1
|
EDSS | " .
| =
— N 4
sNfLZ-score 4 . \\ /é:‘ .
sNfL percentile \{ v

Patient fulfills NEDA-3 on August 12, 2014 with an
EDSS score of 4.5 (red circle 1), treated with
Rituximab and sNfL Z-score elevated at 1.6 (red
circle 2) (95% percentile). EDSS score progression to
6.0 (red circle 3) on October 13, 2015 and 5.5
confinned on August 25, 2016 (thereafter 6.0 at all

bsequent visits). sNfL persistently high until end of
follow up (SNfL Z-score: 1.0-1.9, 84.0 to 968%
percentile) (not enough data points to illustrate
median (IQR) EDSS range of similar patients with 31
years of disease duration).

Patient fulfills NEDA-3 on November 5, 2013 with an
EDSS score of 6.5 (red circle 1), treated with
Fingolimod and sNfL Z-score elevated at 1.9 (red
circle 2) (97 percentile). EDSS score progression to
7.0 (red circle 3) on May 9, 2014 and 7.5 on
November 6, 2014 (red circle 4).

Patient fulfills NEDA-3 on December 7, 2017 with
an EDSS score of 0 (red circle 1), treated with
Glatiramer acetate and sNfL Z-score elevated at 2.7
(red circle 2) (99.6® percentile). Patient experiences
4 relapses between March 1, 2018 and June 15, 2018
(red circle 3) and EDSS increase to 3.5 on November
20, 2018 (red circle 4). Glatiramer acetate stopped
June 1, 2018and Ocrelizumab started July 11,2018,
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Use case5: Disease activity during and after pregnancy

omT - ° . .
Ocrevus Increase in sNfL Z-score to 96.8% percentile (red
MRI T ° o I B ¥ circle 1) (Z-score: 1.9) and 78.0th percentile (red
Pregnancy .ol ® o, circle 2) (Z-score: 0. 8) on January 31, "0l7 and July
Relapses | . 11, 2017, respectively under Fingoli
F d i ipted  due lo preg y  wish
oss | = | November 20, 2017 and birth June 26, 2018 (red
— R —— e e pe— circle 3) with relapse during pregnancy February 26,
{ /3 . \= 2018 (red circle 4). With restart of Fingolimod and
sNfLZ-score 7'}\ lly Ocreli b (due to reduction in walking

sNfLpercentile . { 7 S e S 2 distance) normalisation of sNfL levels between 6.6-
e T }* 21.0*percentile (1.5 - -0.8 Z-score).

oM “ocewss ||| Patient with one small new T2w periventricular

MR ? i 9 ® - * N tr lesion with faint contrast enhancement on June 2,

. 2017 (see red circle 1). sNfL Z-score increased to 2.2

0, (red circle 2) (98.6® percentile) on June 15, 2017.

i | Dimethylfumarate (DMF) was continued. On January

EDSS ———1 - 4 i o 1 . PP, o o gty 12, 2018 patient experienced relapse (red circle 3)

[ under DMF with slight atactic left sided hemiparesis

(not EDSS score relevant). On January 18, DMF was

sNfLZ-score stopped and Ocrelizumab started on February 7.

sNfLpercentile | e s —— A1 I3 2018: sNIL Z-scores decreased to levels between -0.4
i e 7 (36" percentile) and -1.9 (2.7® percentile).

Legend: Case studies from the Swiss MS Cohort Study (SMSC) to illustrate the clinical meaning and use of sNfL Z-scores/percentiles.

Symbols in the cmoons are used as per legend on tbe leﬁ of image. Brown band: median (IQR) EDSS range of panam wﬂh same dxseue dunnon based on all EDSS scores (>12
000 scores in 1516 individuals) and disease durati i mlbeSMSC as of 20 Apr 2021). For Ocreli b and M infusions (600 mg vor Ocrevus, except
2x300mg for initial two doses and mg for Mabthera) are di

Abbreviations: DMT: disease modifying EDSS: E: ided Disability Status Scale: NEDA-3: no evidence of disease activity 3: sNfL: serum neurofilament light chain




Suppl Figure 17. Screenshot of the sNfL Shiny App for calculation of sNfL percentile and Z-score values.

Serum neurofilament light chain (sNfL) Reference App
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Legend: Web application (http://shiny.dkfbasel.ch/baselnflreference) providing access to the GAMLSS model
built from the RDB of 4532 serum sample from a general population. Given BMI, age and sNfL concentration
of a specific patient, the App calculates the SNfL percentile and Z-score, and provides a graphical representation
of the patients’ sNfL level vis-a-vis values in the RDB.
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Serum Glial Fibrillary Acidic Protein Compared With Neurofilament
Light Chain as a Biomarker for Disease Progression in Multiple Sclerosis
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IMPORTANCE There s a lack of validated biomarkers for disability progression independent of
relapse activity (PIRA) in multiple sclerosis (MS).

OBJECTIVE To determine how serum glial fibrillary acidic protein (sGFAP) and serum
neurofilament light chain (SNfL) correlate with features of disease progression vs acute focal
inflammation in MS and how they can prognosticate disease progression.

DESIGN, SETTING, AND PARTICIPANTS Data were acquired in the longitudinal Swiss MS cohort
(SMSC; a consortium of tertiary referral hospitals) from January 1, 2012, to October 20, 2022.
The SMSC is a prospective, multicenter study performed in 8 centers in Switzerland. For this
nested study, participants had to meet the following inclusion criteria: cohort 1, patients with
MS and either stable or worsening disability and similar baseline Expanded Disability Status
Scale scores with no relapses during the entire follow-up; and cohort 2, all SMSC study
patients who had initiated and continued B-cell-depleting treatment (ie, ocrelizumab or
rituximab).

EXPOSURES Patients received standard immunotherapies or were untreated.

MAIN OUTCOMES AND MEASURES In cohort 1, sSGFAP and sNfL levels were measured
longitudinally using Simoa assays. Healthy control samples served as the reference. In cohort
2, sGFAP and sNfL levels were determined cross-sectionally.

RESULTS This study included a total of 355 patients (103 [29.0%] in cohort 1: median [IQR]
age, 42.1[33.2-47.6] years; 73 female patients [70.9%]; and 252 [71.0%] in cohort 2: median
[IQR] age, 44.3 [33.3-54.7] years; 156 female patients [61.9%]) and 259 healthy controls with
amedian [IQR] age of 44.3 [36.3-52.3] years and 177 female individuals (68.3%). SGFAP levels
in controls increased as a function of age (1.5% per year; P < .001), were inversely correlated
with BMI (-1.1% per BMI unit; P = .01), and were 14.9% higher in women than in men

(P =.004). In cohort 1, patients with worsening progressive MS showed 50.9% higher sGFAP
levels compared with those with stable MS after additional sNfL adjustment, whereas the
25% increase of sNfL disappeared after additional sGFAP adjustment. Higher SGFAP at
baseline was associated with accelerated gray matter brain volume loss (per doubling: 0.24%
per year; P <.001) but not white matter loss. SGFAP levels remained unchanged during
disease exacerbations vs remission phases. In cohort 2, median (IQR) SGFAP z scores were
higher in patients developing future confirmed disability worsening compared with those
with stable disability (1.94 [0.36-2.23] vs 0.71[-0.13 to 1.73]; P = .002); this was not
significant for SNfL. However, the combined elevation of z scores of both biomarkers resulted
in a 4- to 5-fold increased risk of confirmed disability worsening (hazard ratio [HR], 4.09; 95%
Cl, 2.04-8.18; P < .001) and PIRA (HR, 4.71; 95% Cl, 2.05-9.77; P < .001).

CONCLUSIONS AND RELEVANCE Results of this cohort study suggest that sGFAP is a prognostic
biomarker for future PIRA and revealed its complementary potential next to sNfL. sSGFAP may
serve as a useful biomarker for disease progression in MS in individual patient management
and drug development.

JAMA Neurol. doi:10.1001/jamaneurol.2022.5250
Published online February 6, 2023.
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adaptive and innate immune disease mechanisms. The

former is associated with recurring episodes of acute neu-
rologic symptoms, relapses, and formation of localized lesions
in the brain and spinal cord caused by invasion of blood-
derived immune cells. In contrast, the latter has been sug-
gested to drive more diffuse inflammation and neurodegenera-
tion, also called smoldering MS,! that clinically presents as
disease progression. Although high-efficacy therapies, such as
B-cell-depleting treatment (BCDT), result in almost complete
suppression of focal lesion formation, their effectiveness for pre-
venting development of long-term disability is modest.?* This
therapeutic gap is mirrored by a diagnostic unmet need to as-
sess progression. Serum neurofilament light chain (sNfL) is now
well established as therapy response marker in active disease*;
however, its capacity to reflect concurrent, or to predict pro-
gression, especially when acute inflammatory disease activity
issuppressed by high efficacy therapies, is stillunder debate.*7"

Glial fibrillary acidic protein (GFAP) is an intermediate fila-
ment of astrocytes, equivalent to NfL in neurons, and has been
proposed as a biomarker to identify present disease progres-
sion and to prognosticate future progression in MS.!*"'8 Early
studies measuring GFAP levels in the cerebrospinal fluid (CSF)
of patients with MS found a correlation with neurologic dis-
ability in subsequent years; however, this was not the case for
NfLlevels.'* Furthermore, high CSF GFAP levels were associ-
ated with faster progression to an Expanded Disability Status
Scale (EDSS) score of 3 and 6,'° and levels were higher in
primary progressive MS than in relapsing-remitting MS
(RRMS).'*:2%:2 Moreover, there is also evidence of increased
GFAP levels in the CSF of patients with progressive MS who
had no recent relapses, showing the potential of GFAP levels
for measuring pure progression.'*In contrast, although NfL was
a sensitive indicator of neuroaxonal injury during acute dis-
ease activity, ie, lesion formation and relapses, CSF levels of
GFAP remained unaffected in this state.?*-??

Based on different methodological approaches in 2 inde-
pendent patient cohorts followed in the Swiss MS Cohort
(SMSC), this study attempted a direct comparison of sGFAP and
sNfLlevels: how they reflect acute disease activity vs the iden-
tification and prognostication of future disease progression and
whether their combination provides added value. In cohort 1,
we (1) measured their 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 in-
flammation in a cohort of patients with relapsing forms of MS
(RMS). Cohort 2 comprised patients with MS receiving BCDT
as amodel of optimal suppression of acute disease activity to
evaluate how sNfL and sGFAP levels, alone and in combina-
tion, are prognostic for future disability worsening and pro-
gression independent of relapse activity (PIRA).

T he pathogenesis of multiple sclerosis (MS) involves both

Methods

Study Design and Patients With MS
This cohort study, conducted from January 1, 2012, to Octo-
ber 22, 2022, was approved by the ethics committees of all

JAMA Neurology Published online February 6,2023
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Key Points
Question Are serum glial fibrillary acidic protein (sSGFAP) and/or
neurofilament light chain (sNfL) concentrations associated with

and prognostic for disease progression in patients with multiple
sclerosis?

Findings In this cohort study of 355 patients and 259 healthy
controls (contributing 737 and 485 serum samples, respectively),
elevated sGFAP z scores (corrected for confounding factors age,
sex, and body mass index) identified current disease progression
and were associated with future disease progression but not with
acute inflammation. In addition, the association of sNfL levels with
progression was less pronounced, whereas sNfL levels were
strongly increased during relapse activity.

Meaning Results suggest that SGFAP is more strongly associated
than sNfL with disease progression in MS, a finding that has clinical
implications for patient 1t and devell 1t of novel
drugs.

participating centers. Patients in both cohorts provided writ-
ten informed consent. A description of the SMSC and stan-
dard definitions are available in the eMethods in Supple-
ment 1. This study followed the Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE) reporting
guidelines.

Cohort1

Three groups of patients with MS with extreme phenotypes
were compared: patients with either stable MS (stMS) or wors-
ening disability?* had similar baseline EDSS scores and no re-
lapses during the entire follow-up; the focal inflammation
group consisted of patients with relapsing MS from whom se-
rum samples were acquired both during active disease phase
(relapse and/or contrast-enhancing brain lesions) and remis-
sion. Patients with worsening progressive MS or stMS were
matched for age, disease duration, EDSS scores, and T2-
weighted lesion volume at baseline. Patients with worsening
progressive MS presented with at least 1 PIRA event during
follow-up. Further details are available in the eMethods in
Supplement 1. Cohort 1 included patients of only White race
and ethnicity. Other race and ethnic subgroups were too small
for meaningful analysis.

Cohort2

We included all SMSC patients who had initiated and contin-
ued BCDT (ocrelizumab or rituximab). sNfL and sGFAP levels
were measured in the first sample available 8 months or more
after treatment start (median [IQR], 12.2 [10.7-16.8] months).
We included patients with RRMS and progressive MS. PIRA was
defined by the occurrence of confirmed disability worsening
(CDW) events in the absence of relapses between the visit de-
fining baseline of the EDSS worsening event until its confir-
mation visit at least 6 months later. All other CDW events were
defined to berelapse-associated worsening (RAW) events. Co-
hort 2 included patients of only White race and Hispanic eth-
nicity. Other race and ethnic subgroups were too small for
meaningful analysis.
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Healthy Controls

Blood samples from healthy controls (HCs) in the Genome-
Wide Association Study of Multiple Sclerosis (GeneMSA2%2°)
were collected at the University Hospital Basel between July
7, 2004, and May 29, 2007. A family history or current diag-
nosis of MS, as well as other reported ongoing relevant ill-
nesses (eg, diabetes, arterial hypertension), were considered
exclusionary for this group.

SGFAP and sNfL Measurements

Blood samples were collected within 8 days from the clinical
visit and stored at -80 °C following standardized procedures.?®
sGFAP and sNfL concentrations were measured in duplicate
with the ultrasensitive single molecule array (Simoa) technol-
ogy (Quanterix). In cohort 1, samples were measured using the
singleplex Simoa GFAP Discovery Kit on the HD-X analyzer ac-
cording to the manufacturer’s instructions. sNfL levels had
been measured in a previous study* using the Simoa Nf-Light
kit. In cohort 2, samples were measured using the Neurology
2-plex Bassay according to manufacturer’s instructions (eFig-
ure lin Supplement 1). Further details, including information
on magnetic resonance imaging (MRI) assessment methods,
are in the eMethods in Supplement 1.

Statistical Analysis

In HCs, the association between log-transformed biomarker
concentrations as a dependent variable and age, sex, and body
mass index (BMI; calculated as weight in kilograms divided by
height in meters squared) as independent variables were ana-
lyzed using mixed models with a random intercept for per-
son. In analogy with age- and BMI-adjusted sNfL reference
values,* we calculated sGFAP zscores additionally adjusted for
sex. A more detailed description of the statistical analysis is
available in the eMethods in Supplement 1.

Cohort 1

Comparison of sGFAP and sNfL levels in stMS/worsening pro-
gressive MS and RMS cohorts vs HCs was performed using a
linear mixed model with log-transformed sGFAP or sNfL lev-
els as the dependent variable and age, BMI, sex, and pheno-
type group (stMS, worsening progressive MS; RMS in either re-
mission or active disease state) asindependent variables as well
as a random intercept for the person to account for the re-
peated nature of the data. To assess the association of disease
progression with sGFAP or sNfL levels (individual biomark-
ers as dependent variables), univariable and multivariable
models with stMS vs worsening progressive MS status as well
as age, sex, BMI, follow-up time, disease duration, disease-
modifying treatment, and EDSS scores as independent vari-
ables were used. To evaluate the independent association be-
tween disease progression or active disease status and sGFAP
or sNfL levels that is not explained by the other biomarker, the
respective log,-transformed marker was additionally added to
these models. The within-person variation of sGFAP or sNfL
levels was assessed by the intraclass correlation coefficient
(ICC) with 95% CI obtained by bootstrapping. Atrophy rates
per year in the combined stMS and worsening progressive MS
cohort were assessed with a linear mixed model. The associa-
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tions between biomarker levels and gray matter volume and
white matter volume loss were modeled using interaction terms
between log,-transformed baseline sGFAP and sNfL levels, and
follow-up time and estimates express the change in annual-
ized atrophy rates per doubling in biomarker concentration.
To compare the prognostic power of baseline sGFAP and sNfL
levels for PIRA, univariable and multivariable Cox regression
models were performed in the combined stMS and worsen-
ing progressive MS cohort.

Cohort 2
Biomarker levels in patients with and without later CDW were
visualized using box plots and were considered increased com-
pared with HC when being significantly above z = O in the uni-
variate Wilcoxon signed rank tests (az score of O, correspond-
ing to the 50th percentile, indicates the physiologic mean level
of HC*). A cross-sectional analysis was performed using lin-
ear models with individual biomarker z score as the depen-
dent variable and demographic and clinical variables as pre-
dictors. The association between biomarker levels and time to
CDW was investigated using Kaplan-Meier curves and Cox re-
gression models. Receiver operating characteristics (ROC)
analyses were performed to identify optimal cut points for
sGFAP and sNfL z score values to dichotomize the respective
biomarker levels in high and low groups to prognosticate CDW.
The performance of a composite of both biomarkers in prog-
nosticating CDW was investigated by categorizing patientsinto
4 groups according to high and low levels for each biomarker,
using the constellation of low sGFAP/low sNfL as a reference.
Sensitivity analyses were performed using only CDW due to
PIRA (ie, excluding CDW due to RAW). A 2-sided Pvalue < .05 was
considered statistically significant. Analyses were performed in
R, version 4.2.0 (R Project for Statistical Computing).

Results

Serum GFAP and sNfL Concentrations in HCs

This study included a total of 355 patients (103 [29.0%] in co-
hort 1: median [IQR] age, 42.1[33.2-47.6] years; 30 male indi-
viduals [29.1%]; 73 female individuals [70.9%] and 252 [71.0%]
in cohort 2: median [IQR] age, 44.3 [33.3-54.7] years; 96 male
individuals [38.1%]; 156 female individuals [61.9%]). The co-
hort of 259 HCs (485 samples) included 177 female individu-
als (68.3%) and had a median (IQR) age at baseline 0f 44.3 (36.3-
52.3) years. sGFAP levels increased with age (1.5% per year;
P <.001) (eFigures 2 and 3 in Supplement 1) and were in-
versely correlated with BMI (1.1% decrease per BMI unit, esti-
mate 0.989; 95% CI, 0.979-0.998; P = .01). Across all ages, lev-
els were 14.9% higher in women than in men (P = .004). sNfL
levelsincreased by 2.5% per year of age and decreased by 2.2%
per unit BMI (estimate 0.978; 95% CI, 0.969-0.986; P < .001)
in both sexes. sGFAP and sNfL levels were moderately corre-
lated at baseline (Spearman p = 0.47; P < .001).

Cohort1
Atbaseline, patients with stMS and worsening progressive MS

showed little difference in demographic, clinical, or MRIdata,
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Table 1. Patient Characteristics of Stable, Worsening Progressive Multiple Sclerosis (MS) and Relapsing MS Sampled

During Remission and Active Disease

MS, No. (%) No. (%)
Variable Stable progressive P value i Active P value
No. of patients 19 18 66
Samples, No. 169 184 L2 66 66 L2
No. of samples per patient 9 (8-10) 10(9-12.5) .10 NA NA NA
Follow-up time, median (IQR) 7.1(5.7-8.0) 6.5(5.2-7.7) .40 NA NA NA
[range], y [4.1-9.0] [2.7-8.5]
Sex

Female 12(63.2) 11(61.1) 50(75.8)

Male 7(36.8) 7(38.9) = 16 (24.2) e
Age, median (IQR), y 44.2(39.5-49.2) 43.8(40.9-53.8) .78 40.6 (30.2-46.4) 39.9(29.2-45.4) .62
Disease category at study entry

RRMS 18(94.7) 10 (55.6) 62(93.9) 62(93.9)

Progressive MS 1(5.3) 8(44.4) & 4(6.1) 4(6.1) &9

EDSS score, median (IQR) 3.0(2.5-3.8) 4.0(3.1-4.4) .07 2.0(1.5-3.0) 2.0(2.0-3.0) .25
Disease duration, median (IQR), y 9.4(6.3-20.1) 13.70(7.8-18.7) .43 7.8(3.8-14.7) 7.5(3.4-14.1) .50
DMT .09 .001

Untreated 3(15.8) 7(38.9) 8(12.1) 23(34.8)

Platform 5(26.3) 0(0) 4(7.6) 9(13.6)

Oral 6(31.6) 6(33.3) 40 (60.6) 31(47.0)

Monoclonal antibody therapies 5(26.3) 5(27.8) 13(19.7) 3(4.5)

Relapse” NA NA NA 0(0) 36 (54.5) NA
Time since last relapse, NA NA NA NA 16.0(4.8-22.5) NA
median (IQR), d

T2w lesion volume, median (IQR), mL  10.9(2.7-19.7) 16.3(12.8-44.7) 21 5.2(2.0-14.6) 5.9(2.6-17.9) 0.48
EDSS score at last sampling, 2.5(2.0-3.8) 6.0(5.6-6.9) <.001 NA NA NA
median (IQR)

No. of PIRA events

0 19 (100) 0(0)

1 0(0) 6(33.3)

5 0©) s <001 NA NA NA

3 0(0) 4(22.2)

DMT at last visit

Untreated 1(5.3) 4(22.2)

Platform 4(21.1) 0(0)

orals 11(57.9) 0(0) RN e R

mAB 3(15.8) 14(77.8)

CEL at sample 1(0.8) 2(1.9) .83 NA NA NA
New/enlarging T2w lesion at sample 13 (7.7) 20(10.9) 41
Presence of CEL 0(0) 30 (45.5) NA
Relapse and CEL NA NA NA 0(0) 9(13.6) NA
T2w lesion volume, median (IQR), mL 5.2(2.0-14.6) 5.9(2.6-17.9) .48
Abbreviations: CEL, contrast-enhancing lesion; DMT, di difying EDSS, ded Disability Status Scale; mAB, monoclonal antibody therapies;
MS, multiple sclerosis; NA, not applicable; PIRA, progression i of relapse activity; RRMS, relapsing-remitting MS; w, weighted.
2 Within 30 days.

except that treatment with monoclonal antibodies at last
follow-up was more frequent in worsening progressive MS; the
EDSS score remained stable in stMS (decreased from 3.0t0 2.5
at 7.1 years median follow-up), whereas in worsening progres-
sive MS, it increased from a score of 4.0 to 6.0 with a median
follow-up of 6.5 years (Table 1; eFigure 4 in Supplement 1).
Worsening progressive MS showed more total brain volume loss
(0.28% per year) vs stMS (estimate 0.997; 95% CI, 0.996-
0.998; P < .001) (eFigure 5in Supplement 1). Patients with RMS
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were more frequently untreated in active vs remission state
(Table 1).

Comparison of sSGFAP and sNfL Concentrations

Between Patients and HCs

sGFAP levels were highest in worsening progressive MS
(103.0 pg/mL with a 77% increase vs 51.8 pg/mL in HCs;
P <.001), followed by RMS in active disease (59.1 pg/mL;
P <.001), RMS during remission (52.9 pg/mL; P = .01), and
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patients with stMS (63.2 pg/mL; P = .12) (eTable 1, eFigure 6
in Supplement 1). Conversely, sNfL levels were highest in ac-
tive RMS (10.2 pg/mL, namely 98.6% as per adjusted esti-
mate higher than in HCs, 6.3 pg/mL; P < .001), followed by
worsening progressive MS (10.9 pg/mL; P < .001), stMS (7.2 pg/
mL; P = .03), and RMS in remission (6.7 pg/mL; P < .001).

Serum GFAP and sNfL Levels in Worsening Progressive MS vs stMS
sGFAP and sNfL concentrations were increased by 64.2% and
42.2%, respectively, in worsening progressive MS vs stMS
(Table 2, model 1, Figure 1A). After multivariable adjustment,
these differences were 57.5% and 24.8%, respectively
(Table 2, model 2, Figure 1B), also after additional correction
for sNfL (50.9% increase in worsening progressive MS vs
stMS), whereas the 25% increase of sNfL levels disappeared
after additional sGFAP-level adjustment (Table 2, model 3,
Figure 1C). Additional sensitivity analyses adjusting for
T2-weighted lesion volume, and number of new and enlarged
and contrast-enhancing brain lesions confirmed these results
and showed comparably increased sGFAP levels in worsening
progressive MS vs stMS (eTable 2 in Supplement 1). sGFAP
levels in the worsening progressive MS cohort showed less
within-person variability over time (ICC: estimate, 0.91; 95%
CI, 0.83-0.94, ie, 91% of the variation in sGFAP levels is
explained by variation between patients), whereas for sNfL
ICC was 0.80 (95% CI, 0.72-0.85; difference, 11%; 95% CI,
2%-19%; P = .02).

sSGFAP and sNfL Levels in RMS During Active Disease and Remission
sNfL concentrations were 58.4% increased in active disease vs
remission, whereas this difference was 7.3% for sGFAP levels
(eTable 3 in Supplement 1, model 1). After adjustment for po-
tential confounders, these differences were 53.2% and 4.8%, re-
spectively (eTable 3 in Supplement 1, model 2). Additional cor-
rection for sGFAP levels did not influence the association of focal
inflammation status with sNfL levels (50.6% increase in active
vs remission state), whereas association with sGFAP levels re-
mained insignificant (eTable 3 in Supplement 1, model 3).

Association of Baseline sGFAP and sNfL Levels

With Brain Volume Loss and PIRA

Each doubling of baseline sGFAP levels was associated withan
additional loss of gray matter volume (-0.24% per year; 95%
CI, -0.35% to —0.12%; P < .001) but not white matter volume
(0.05%; 95% CI, -0.09% to 0.18%; P = .48), whereas dou-
bling of baseline sNfL levels was associated with an addi-
tional loss of white matter volume (-0.26%; 95% CI, -0.38%
t0 -0.15%; P < .001) but not gray matter volume (-0.01%; 95%
CI, -0.11 to 0.09; P = .78) (eTable 4, eFigure 7 in Supple-
ment 1). Baseline values of sGFAP levels had a better prognos-
tic capacity for future PIRA (HR per doubling, 3.88; 95% CI,
1.69-8.86; P = .001; ie, an almost 4-fold risk of PIRA by dou-
bling of baseline sGFAP concentration) than sNfL levels (HR,
1.77;95%CI, 1.11-2.83; P = .02). In a combined model, with ad-
ditional adjustment for age, sex, BMI, and disease duration,
these findings were confirmed: sGFAP levels (HR, 3.63; 95%
CI,1.46-9.04; P = .006) and sNfL levels (HR, 1.90; 95% CI, 0.86-
4.19; P = .11).
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Cohort 2

Cohort Characteristics

We included 252 patients receiving BCDT who were relapse-
free in the 6 months prior to sampling (ie, baseline). The ma-
jority of patients presented with RRMS (181 of 252 [71.8%]),
whereas the remaining had progressive MS (34 [13.5%] sec-
ondary progressive MS; 37 [14.7%)] primary progressive MS).
A total of 43 of 252 (17.1%) experienced CDW during follow-
up, of which 39 (90.7%) were due to PIRA and 4 (9.3%) due to
RAW (eTable 5 in Supplement 1).

sGFAP and sNfL Levels and Development of Future CDW

In patients with MS overall, sGFAP levels were strongly
increased compared with those of HCs (z score = 0) with a
median (IQR) of 0.82 (-0.05 to 1.95) z score units above nor-
mal (P < .001), whereas the increase of sNfL levels was less
pronounced (0.50; IQR, -0.25 to 1.32; P < .001). Develop-
ment of CDW was associated with a higher sGFAP z score 12.2
(IQR, 10.7-16.8) months after BCDT start than in patients
without future CDW (1.94; IQR, 0.36-2.23 vs 0.71; IQR, -0.13
to 1.73) (Figure 2A). Although sNfL z score were less but still
significantly increased vs that in HCs, the difference between
patients with vs those without CDW development was not
significant (Figure 2B). This pattern was similar when RAW
events were excluded (sGFAP levels: PIRA, 1.98; IQR, 0.33-
2.27 vsno PIRA, 0.71; IQR, -0.11 to 1.73; P = .003; sNfL levels:
PIRA, 1.09; IQR, 0.14-1.49 vs no PIRA, 0.44; IQR, -0.25 to
1.23; P=.04).

Next, we explored which demographic and disease-
related variables were associated with increased biomarker lev-
els in patients receiving BCDT compared with HCs using mul-
tivariable models (ie, using biomarker z scores as dependent
variable (eTable 6 in Supplement 1). Models on the absolute
sGFAP and sNfL concentrations are included in eTable 7 in
Supplement 1. The model for sGFAP z score explained 13.3%
of the variance and was driven by female sex, younger age,
higher EDSS, and whether the patient developed CDW while
receiving BCDT (CDW statusin eTable 6 in Supplement 1). The
same model with sNfL z score as the outcome explained 1.8%
of its variance. Specifically, only sGFAP z scores, but not those
of sNfL, were linked to the EDSS score and future CDW. Again,
findings were similar in the PIRA only set (not shown).

Prognostic Value of sGFAP and sNfL Levels for Future CDW
Time-to-event analyses showed that 1 sGFAP z-score unit
increase led to a 1.36-fold (HR, 1.36; 95% CI, 1.09-1.69;
P =.006) increased risk of CDW (after correction for covari-
ates: HR, 1.32; 95% CI, 1.06-1.66; P = .01). For sNfL z score, a
numerically higher risk was found (HR, 1.25; 95% CI, 0.95-
1.65; P = .11; after correction: HR, 1.27; 95% CI, 0.95-1.71;
P = .11). When combining both sGFAP and sNfL z scores in 1
model, SGFAP was associated with disease worsening: HR,
1.34 (95% CI, 1.03-1.73; P = .03), but not sNfL (HR, 1.04; 95%
CI, 0.75-1.43; P = .82).

Next, we used different z score cut points to see whether
their increase was associated quantitatively to the risk of CDW.
sGFAP z score cut points of 1, 1.5, and 2 led to gradually
increasing CDW hazard ratios ranging from 2.1 to 3.4
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Table 2. Multivariable Mixed Linear Models Investigating the Association of Worsening Status (Stable Multiple Sclerosis [MS] vs Worsening
Progressive MS) With Log-Transformed Serum Glial Fibrillary Acidic Protein (sSGFAP) and Serum Neurofilament Light Chain (sNfL) Levels

SGFAP, SNfL,
Sample, median (IQR), median (IQR),
Model No. pg/mL i (95% C1)* Pvalue pg/mL i (95% C1) P value
Model 1: simple
Follow-up time NA NA 1.019(1.011-1.026) <001 NA 1.017 (1.008-1.027) <.001
Progression

Stable MS 169 63.2(43.4-90.7) NA NA 7.1(5.4-9.4) NA NA

Worsening 184 103.0(81.3-132.5) 1.642(1.226-2.199) .002 10.9(8.2-13.9) 1.422(1.104-1.831) .01

progressive MS
Model 2: multivariable
Age at baseline NA NA 1.008 (0.993-1.023) .35 NA 1.019 (1.009-1.029) .002
Follow-up time NA NA 1.016 (1.007-1.025) <.001 NA 1.019(1.008-1.030) .001
Sex

Female 224 87.7(57.3-109.7) 1.026 (0.764-1.378) 8.4 (6.3-10.9) 0.875(0.725-1.058)

Male 129 84.3(57.7-121.1) NA 87 11.8(5.8-16.7) NA 2
BMIP NA NA 0.991 (0.973-1.008) .32 NA 0.969 (0.953-0.985) <.001
Disease duration NA NA 1.002 (0.985-1.018) .86 NA 1.005 (0.994-1.016) 40
at baseline
DMT

Untreated 48 97.4(63.8-112.9) NA NA 11.7 (8.7-16.4) NA NA

Platform 40 68.6 (57.7-90.4) 1.191 (1.048-1.356) .009 9.7(6.3-17.4) 0.956 (0.821-1.142) .59

Orals 118 74.7 (39.4-97.4) 1.032(0.933-1.139) .54 7.7 (5.3-9.5) 0.921(0.811-1.039) .20

mAB 147 103.6 (68.4-136.5) 1.080(0.997-1.171) .06 9.4(6.8-12.8) 0.938 (0.842-1.035) 22
EDSS score NA NA 1.011(0.982-1.041) .46 NA 1.002 (0.969-1.039) .92
Progression

Stable MS 169 63.2(43.4-90.7) NA NA 7.1(5.4-9.4) NA NA

Worsening 184 103.0(81.3-132.5) 1.575(1.178-2.106 .006 10.9 (8.2-13.9) 1.248 (1.024-1.521) .05

progressive MS
Model 3: plus sNfL/sGFAP
Age at baseline NA NA 1.004 (0.990-1.0.19) .59 NA 1.016 (1.007-1.026) .004
Follow-up time NA NA 1.012 (1.004-1.021) .005 NA 1.014 (1.003-1.025) .01
Sex

Female 224 87.7 (57.3-109.7) 1.053 (0.792-1.400) .74 8.4(6.3-10.9) 0.868 (0.725-1.040) 17

Male 129 84.3(57.7-121.1) NA NA 11.8(5.8-16.7) NA NA
BMI® NA NA 0.996 (0.979-1.013) .66 NA 0.973 (0.958-0.989) .002
Disease duration NA NA 1.001 (0.985-1.017) .94 NA 1.005 (0.994-1.1015) 42
at baseline
DMT

Untreated 48 97.4(63.8-112.9) NA NA 11.7 (8.7-16.4) NA NA

Platform 40 68.6 (57.7-90.4) 1.214(1.072-1.377) .003 9.7(6.3-17.4) 0.907 (0.782-1.082) 24

Oral 118 74.7 (39.4-97.4) 1.045 (0.948-1.151) .37 7.7(5.3-9.5) 0.917 (0.812-1.032) 17

mAB 147 103.6 (68.4-136.5) 1.090 (1.008-1.179) .03 9.4 (6.8-12.8) 0.918(0.827-1.010) .10
EDSS score NA NA 1.012(0.984-1.041) .41 NA 0.999 (0.968-1.036) .98
SNfL per doubling, NA NA 1.141(1.079-1.207) <.001 NA NA NA
pg/mL
SGFAP per doubling, NA NA NA NA NA 1.217 (1.120-1.315) <.001
pg/mL
Progression

Stable MS 169 63.2(43.4-90.7) NA NA 7.1(5.4-9.4) NA NA

Worsening 184 103.0(81.3-132.5) 1.509 (1.139-1.998) .01 10.9(8.2-13.9) 1.099 (0.905-1.339) .38

progressive MS

Abbreviations: BMI, body mass index; DMT, disease modifying treatment; EDSS, Expanded Disability Status Scale; mAB, monoclonal antibody therapies; NA, not
applicable; sGFAP, serum glial fibrillary acidic protein; sNfL, serum neurofilament light chain.

2 Estimates are back transformed and represent multiplicative effects.
b Calculated as weight in kilograms divided by height in meters squared.
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Figure 1. Serum Glial Fibrillary Acidic Protein (GFAP) and Serum Neurofilament Light Chain (sNfL)
in Progressi Itiple Sclerosis (MS) and Stable MS
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(eFigure 8A in Supplement 1). The associations were all sig-
nificant for sGFAP, whereas for sNfL (eFigure 8B in Supple-
ment 1), findings were less strong.

sGFAP and Prognostication of Worsening in a Combined Analysis

of sNfL and sGFAP Levels

The risk of CDW in patients with high sGFAP levels (ie, z score
>1.8, cutoff optimized in ROC analysis) compared with low
SGFAP levels was 3-fold increased (HR, 3.25; 95% CI, 1.78-
5.93; P < .001) in a time-to-event analysis. Patients with high
sNfL levels (ie, z score >1.3) showed a 2-fold increased risk of
future CDW (HR, 2.26; 95% CI, 1.24-4.14; P = .008) vs pa-
tients with low sNfL levels.

jamaneurology.com

(Table 2, model 3).

The combination of high sGFAP/high sNfL levels was as-
sociated with a 4-fold increased risk of worsening compared
with low sGFAP/low sNfL levels (HR, 4.09; 95% CI, 2.04-8.18;
P < .001and PIRA only: HR, 4.71; 95% CI, 2.05-9.77; P < .001),
that of high sGFAP/low sNfL levels showed slightly reduced as-
sociation (Figure 3) (PIRA only: HR, 2.28; 95% CI, 0.92-5.64;
P =.08). In contrast, the combination of low sGFAP/high sNfL
levels did not show an increased risk for future COW (PIRA only:
HR, 1.17; 95% CI, 0.34-4.10; P = .80). The Kaplan-Meier analy-
sisindicated that 4 years after initiation of treatment, 38% (95%
ClI, 20%-53%) of patients in the high sGFAP/high sNfL group
will have CDW, compared with 23% (95% CI, 3%-39%) in the
high sGFAP/low sNfL group, whereas this will be the case only
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Figure 2. Serum Glial Fibrillary Acidic Protein (sGFAP) and Serum
Neurofilament Light Chain (sNfL) z Scores in Patients With and Without
Confirmed Disease Worsening During Follow-up While Receiving B-Cell-
Depleting Therapy in Comparison to Healthy Controls
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Box plot representation of sGFAP z scores (A) and sNfL z scores (B). Dashed
lines indicate mean values in healthy controls (ie, z score = 0) and P values
below indicate whether observed values differ from z scores O (Wilcoxon signed
rank test). In patients with MS (without and with future confirmed disease
worsening [CDW] development), sGFAP levels were increased compared with
healthy controls (z scores healthy controls = O; P < .001 for both), whereas the
increase of sNfL was less pronounced (P < .001 for both). Development of CDW
was associated with higher sGFAP z scores, which was not the case for sNfL.

Figure 3. Kaplan-Meier Curves Using Combined Biomarker Data
to Predict Time to Confirmed Disease Worsening (CDW)
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Optimized cutoffs of serum glial fibrillary acidic protein (sGFAP) and serum
neurofilament light chain (sNfL) z scores from receiver operating characteristic
curve analysis, based on the Youden index, were used to dichotomize patient
groups. High sGFAP/high sNfL levels were associated with a 4-fold (hazard ratio
[HR], 4.09; 95% Cl, 2.04-8.18; P < .001) increased risk of COW compared with
low sGFAP/low sNfL levels. The combination of high sGFAP/low sNfL levels
showed a slightly reduced risk (HR, 2.32; 95% Cl, 0.99-5.42; P = .05). The
combination of low sGFAP/high sNfL levels, however, did not show an increased
risk on CDW (HR, 1.03; 95% Cl, 0.30-3.53; P = .97).
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in11% (95% CI, 6%-16%) if they fall into the low sGFAP/low sNfL
group.

Discussion

The long-term course of disability in MS is driven by 2 partly
independent pathomechanisms: focal lesional activity and
brain-diffuse neurodegeneration.?? sNfL has been estab-
lished in recent years as a biomarker of ongoing neuronal
damage in the course of the former process, whereas its
association with progression as the clinical manifestation of
the latter is relatively weaker.'? The need for a biomarker
that specifically reflects current and prognosticates future
disability due to pure progression/PIRA has become urgent
on the background that disability worsening often continues
despite almost complete suppression of acute disease activ-
ity under high-efficacy therapies.?* Increased CSF levels of
GFAP have been proposed first by Axelsson et al'* as a spe-
cific biomarker for progression. However, this finding was
based on repetitive CSF analysis, which has precluded its
entry into routine practice to close this diagnostic gap.
Second, the relative contribution of lesional activity and
RAW vs PIRA to the overall progression could not be deter-
mined in the mixed RRMS and progressive MS population
studied. In this cohort study, we attempted to resolve the
question about the mechanistic source of GFAP increase in
MS by 2 orthogonal methodological approaches where
relapse activity was absent in worsening progressive MS and
stMS (cohort 1) or lesional activity and relapses were sup-
pressed by BCDT in a mixed MS population (cohort 2). Cur-
rent results suggest that increased levels of sGFAP were
associated with pure progression/PIRA, although this bio-
marker is largely inert to acute disease activity. Higher base-
line sNfL levels were prognostic for white matter volume
loss, and baseline sGFAP specifically prognosticated gray
matter loss, a previously proposed proxy for disease
progression.?”-28 These findings from serum analysis are
fully congruent with those of Axelsson et al in CSF.'*

The increase of GFAP levels in the course of MS progres-
sion appears to result from astrocyte proliferation/activation
and possibly injury.?® This seems to be a brain-diffuse pro-
cess, affecting mainly the normal-appearing white matter
resulting in decreased diffusion tensor imaging derived
measures.'®>° In return, the minor increase of sNfL seen, eg,
in patients with worsening progressive MS may result from con-
tinuous neuronal loss outside of acute lesion formation as part
of the pathogenesis of progression due to subclinical neuro-
inflammation in chronic active lesions and in normal-
appearing white matter.?!

The association of sGFAP levels with future CDW and
imaging features of progression is further supported by stud-
ies using serum samples.'%17:32.33 However, these were incom-
pletely controlled for confounding factors such as sex, age, and
BMI, whichresulted in significant overlap in GFAP levels across
different MS groups and also controls, thus limiting clinical use-
fulness. Moreover, the comparison of raw biomarker concen-
trations vs zscores as an outcome highlights the advantage of
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the latter in terms of pathogenetic relevance and ease of in-
terpretability; covariates explained 29% of variation in raw sNfL
concentration but only 1.8% of the variation in sNfL z score.
For sGFAP levels, covariates similarly explained 25% of the
variation in SGFAP concentrations but additionally also 13% in
the variation of sGFAP z scores. Using corrected z scores, in-
stead of absolute concentrations, to assess change of these
biomarkers compared with normal values, thus substantially
increase the sensitivity for detecting pathologic values, a
prerequisite for its use in individual patients.

Important from a clinical perspective is that prognostica-
tion of future disability can be made based on a single GFAP
measurement and from a biofluid (serum) that is easily acces-
sible in clinical practice. A further aspect in our data set for the
clinical use of sGFAP levels is the establishment of normative
values of sGFAP that allow to define aberrations from physi-
ological values corrected for confounding factors. Although age
and BMI were known confounders, also based on the experi-
ence from the establishment of normative values for sNfL,* the
15% increase of sGFAP values in women vs men was an unex-
pected finding. Third, the combined evaluation of sNfL and
sGFAP levels provides the highest predictive power for dis-
ability worsening, specifically in years 2 to 4, as a reflection
of a comprehensive coverage of biological processes leading

Original Investigation Research

Limitations

Thisstudy has some limitations. One limitation is that we stud-
ied almost exclusively the effect of anti-CD20 antibodies as
high-efficacy therapy but less so other types of disease-
modifying treatments of this efficacy level (eg, natalizumab).
Such evaluations will be necessary to expand on the limited
data available whether disease-modifying treatment can lead
to decrease of sGFAP levels®* as a potential sign of attenua-
tion of astrogliosis or pathological astrocyte activation. Second,
the current normative database is derived from a relatively
small cohort of HCs, where the impact of subclinical comor-
bidities could not be explored. A much larger cohort of per-
sons, including those with other neurologic disease, may be
needed to establish robust normal values for sGFAP levels.

Conclusions

In summary, the findings of this cohort study suggest that
sGFAP levels may serve as a biomarker that reflects specifi-
cally chronic disease processes conveyed by astrocytes that
manifest as pure progression/PIRA in MS. With this property,
SGFAP levels are complementary to sNfL, whose levels are
strongly associated with neuronal damage due to lesional

to disability worsening.
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eMethods

Study design and MS patients

The Swiss Multiple Sclerosis Cohort (SMSC; NCT02433028) is a prospective multicentre cohort study
performed across eight Swiss academic medical centres.!> Demographic, neuroimaging, and clinical data as well
as blood samples are collected every 6 or 12 months. Standardized clinical assessments with EDSS score
calculations are performed by certified raters."*> Confirmed disease worsening (CDW) was defined as an
increase in EDSS of >1.5 points from an EDSS score of 0, >1.0 points from an EDSS score of 1.0-5.5 or >0.5
points from an EDSS score >6.0 confirmed at a subsequent visit >6 months later. Due to the observational
setting, a roving baseline (BL) definition was used.® Relapses were defined as new, worsening or recurrent
neurologic symptoms that lasted for at least 24 hours without fever, infection, or adverse reaction to a prescribed
medication and that were preceded by a stable or improving neurologic status of at least 30 days. Disease
modifying treatments (DMTs) were categorized into high-efficacy monoclonal antibody therapies (mAB;
natalizumab, rituximab and ocrelizumab), oral therapies (orals; dimethyl fumarate, fingolimod, siponimod,
ozanimod and teriflunomide), platform compounds (platform; interferon beta and glatiramer acetate), and
untreated.

Cohort 1

stMS was defined as having no relapses or CDW during the entire FU. RMS patients in active disease phase
experienced a relapse within the prior 30 days or/and had one or more CEL in an MRI scan <30 days before
serum sampling. For remission timepoints, samples within one year prior of, or six months after a relapse, or
CEL in MRI within 30 days from sampling were excluded. This selection underwent careful and independent
inspection by two neurologists (JO and JK) to confirm worsening as captured by EDSS (e.g. patients with
objectively worsening ataxia in the upper limbs but stable EDSS scores were excluded). Patients with relevant
comorbidities (diabetes mellitus, hypertension, surgical orthopedic interventions influencing walking distance)
were excluded. Based on these criteria, patients with most pronounced disease progression or signs of active
disease were selected from the SMSC patients followed at the University Hospital Basel (n=745).

sGFAP and sNfL measurements

All measurements were performed with reagents from one lot for cohort 1 and one lot for cohort 2. A total of 7
runs for cohort 1 and 10 runs for cohort 2 on two HD-X analyser were required to measure all samples. All
longitudinal samples from the same healthy control/patient were measured in the same run. The runs consisted of
evenly distributed numbers of patients and controls samples across all runs.

Cohort 1: Inter-assay coefficients of variation (CV) for six native serum samples (sSGFAP concentrations ranging
from 43 to 121 pg/mL) showed a mean CV of 10.5% (range: 9-12%). A duplicate CV <20% was accepted (few
samples were repeated) and the mean intra-assay CV of duplicate measurements in all samples was 4.3%.
Cohort 2: Inter-assay CVs for sGFAP in five human serum controls (one spiked with human cerebrospinal fluid;
concentrations ranging from 26.2 to 349.8pg/mL) showed a mean CV of 8.1% (range: 6.0-11.7%). A duplicate
CV of <20% was accepted (few samples were repeated) and the mean intra-assay CV of duplicate measurements
for sGFAP in all samples was 6.2%. The inter-assay CV for sNfL (concentrations ranging from 7.7 to
120.3pg/mL) was 8.1% (range: 6.1-9.9%). The mean intra-assay CV of duplicate measurements for sNfL in all
samples was 5.2%. Nine samples showed sGFAP levels below 16.6pg/ml (lower limit of quantification”) and
were excluded from the analysis. Parallel comparison of sNfL results measured with the Nf-Light kit and the
Neurology 2-plex B assay showed excellent congruency (Pearson's r = 0.964; eFigure 1). sNfL Z-scores from
the Neurology 2-plex B assay were therefore calculated using the sNfL reference data generated with the Nf-
Light kit.?

MRI assessment methods

Brain MRI scans were performed annually in the SMSC. A standardized imaging protocol was applied across
centers including a 3D Magnetization Prepared — Rapid Gradient Echo (MPRAGE), a 3D Fluid Attenuated
Inversion Recovery (FLAIR) sequence, and a post contrast T1w sequence acquired at a spatial resolution of 1
mm®. T2 lesion volume (T2LV) was calculated automatically on FLAIR images using the multidimensional
gated recurrent units algorithm,® and results were manually reviewed by experts. Longitudinal changes of white
matter lesions were automatically assessed with LeMan-PV,’ and the outputs, in terms of new and enlarged
lesions (NEL), were manually reviewed and corrected. The number of CEL was assessed manually. T1w images
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were lesion-filled using the FSL-lesion filling tool'® and segmented by applying the SPM12 unified
segmentation tool'! to compute gray matter (GMV), white matter (WMV) and CSF (CSFV) volumes. The total
intracranial volume (TIV) was calculated as TIV = GMV + WMV + CSFV and total brain volume (TBV) as the
sum of GMV and WMV.

Statistical analysis

a) Cohort 1

Demographic and clinical characteristics were described as counts and percentages as well as median and
interquartile range (IQR), as appropriate, and were compared using Fisher’s exact test for categorical variables
and Wilcoxon test for continuous variables (all non-normally distributed). Raw biomarker concentrations in
healthy controls (HC) were analyzed using mixed models with log-transformed sGFAP or sNfL as dependent
variable and age and sex as independent variables with a random intercept for person to account for the repeated
structure of the data. The correlation between sGFAP and sNfL in BL samples of HC was quantified with the
Spearman correlation coefficient. Comparison of sGFAP and sNfL levels in stMS/wPMS and RMS groups
versus (vs) HC was performed using a linear mixed model with log-transformed sGFAP or sNfL as dependent
variable and age, BMI, sex and phenotype group (stMS, wPMS, RMS in remission and RMS with active disease)
as independent variables as well as person as random intercept to correct for repeated measures. Estimates were
back-transformed and represent percentage change in the geometric mean of the biomarker level per unit change
in the independent variable.

To assess the association between disease progression and sGFAD or sNfL levels (dependent variable, log-
transformed), univariable and multivariable models with stMS vs wPMS status as well as age, sex, BMI, FU
time, disease duration, DMT and EDSS scores as independent variables and a random intercept for person were
used. Similar models were built to investigate the effect of active disease vs remission on sGFAP or sNfL levels
in the RMS cohort. In an attempt to evaluate the independent association between progression status or active
disease status and sGFAP or sNfL that is not explained by the other biomarker, the respective log; transformed
marker (estimates indicating effects per doubling) was additionally added to the above models, i.e. log»(sNfL)
was added as covariate to the model with log(sGFAP) as dependent variable and vice versa. Sensitivity analyses
for both biomarkers including T2LV, and number of NEL and CEL were additionally performed. For
visualization purposes, estimates (marginal effects) from the above-described models were plotted which show
the association of a given variable with the endpoint while accounting for repeated measures and correcting for
the other covariates.

The within person variation of SGFAP or sNfL was assessed by the intraclass correlation coefficient (ICC) with
95% confidence interval obtained by bootstrapping. The ICC is calculated by fitting a separate mixed model for
each biomarker containing solely an intercept term as well as a random intercept for patient. The ICC is
estimated by dividing the variation which was due to the subject-to-subject difference by the total variance
observed. The ICC can take values between 0 and 1 and can be interpreted as the proportion of the variation of
the data which can be attributed to subject-to-subject variability. An ICC of 1 indicates that all differences in
observed data are explainable by variability between subjects and lower values indicate higher within patient
variation.

Atrophy rates per year in the combined stMS and wPMS cohort were assessed with a linear mixed model with
log2-transformed TBV as dependent variable and TIV, age at BL, sex, disease duration at BL, and the interaction
between stMS/wPMS and FU time (quantifying the group difference in atrophy rates) as independent variables,
with a random intercept for person. Similarly, models using interaction terms between BL sGFAP and FU time as
well as BL sNfL and FU time to assess the association between biomarker levels and log-transformed GMV or
WMV as dependent variable were built. To compare the prognostic power of BL sGFAP and sNfL levels for
PIRA, uni- and multivariable Cox regression analyses were performed in the combined stMS and wPMS cohort
with log>-transformed sGFAP or sNfL at BL as predictors. Both unadjusted hazard ratios and estimates adjusted
for sex, age, BMI and disease duration at BL are presented. P-values below 0.05 were considered statistically
significant. Analyses were performed in R version 4.2.0.

b) Cohort 2

Demographic and clinical characteristics were described as counts and percentages as well as median and
interquartile range (IQR), as appropriate, and were compared using Fisher’s exact test for categorical variables
and Wilcoxon test for continuous variables (all non-normally distributed). In HC, the association between log-
transformed biomarker concentrations as dependent variable and age, sex and body mass index (BMI) as
independent variables were analysed using mixed models with a random intercept for person. In analogy with
age- and BMI-adjusted sNfL reference values®, we calculated sGFAP Z-scores as follows: the above
multivariable analysis confirmed age, sex and BMI as significant predictors of sGFAP. We used a generalized
additive model for location, scale and shape (GAMLSS) based on a Box-Cox t distribution with sGFAP as
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dependent variable and the three covariates. Based on investigating univariable associations graphically (eFigure
2) and by taking into account model fit of alternative models based on the Akaike information criterion, we
defined a final parsimonious model which included age modelled with splines using three degrees of freedom,
BMI (linear) and sex.

Biomarker levels in patients with and without later CDW were visualised using boxplots and compared using
Wilcoxon signed rank test. Levels were considered increased compared to HC (a Z-score of 0 (50 percentile)
indicates the physiologic mean level of HC*) when being significantly above Z=0 in the univariate Wilcoxon
signed rank tests.

A cross-sectional analysis was performed using linear models with individual biomarker Z-score as dependent
variable and following predictors: age, sex, BMI, EDSS, disease subtype, disease modifying treatment (DMT),
time since DMT therapy start and whether the patient developed CDW during follow-up (FU) ("CDW status").
Estimated additive effects on biomarker Z-scores are reported based on the full models including all covariates.
Analyses using log-transformed biomarker levels instead of Z-scores are provided as supplementary data.
Whereas the latter models capture variables explaining the variation in observed raw biomarker levels, the
former models identify factors explaining increased biomarker levels in B-cell depleted MS patients compared to
healthy controls while differences due to confounding effects of physiological aspects (age, BMI, and sex for
sGFAP) have already been eliminated when building the Z-scores. However, these 3 variables are still included
as covariates in the multivariable models with Z-scores as endpoints since they now quantify potential disease-
related effects.

The association between biomarker levels and time to CDW/PIRA was investigated using Kaplan-Meier curves
and Cox regression models, using Z-scores as continuous predictor as well as dichotomised in high versus (vs)
low levels based on increasing cut-offs. As a sensitivity analysis, multivariable models adjusted for the above-
mentioned covariates were performed.

Receiver operating characteristics (ROC) analyses were used to identify optimal cut-points for sGFAP and sNfL
Z-score values to dichotomize the respective biomarker levels in high and low groups in studying the association
with future CDW/PIRA. The performance of a composite of both biomarkers in prognosticating CDW/PIRA was
investigated by categorizing patients into four groups according to high and low levels for each biomarker, using
the constellation of "sGFAP,,/sNfLj." as reference. P-values below 0.05 were considered statistically
significant. Analyses were performed in R version 4.1.0.
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eTable 1. Multivariable Mixed Models Testing Associations Between sGFAP and sNfL and Age, Sex, BMI, and MS Extreme

Phenotypes vs Healthy Controls
'mrm(""?a""‘”' Est. | 95%Cl P :‘".%‘L';"gg Est. |  95%CI P
HC (485) 51.8 [41.2-69.7) - - - 6.3 [4.7-8.5) - - -
stMS (169) 63.2(43.4-90.7) | 1.141 | 0.970-1.343 0.12 7.2[54-94] |1.164 | 1.013-1.337 | 0.03
Group |wPMS (184) 103.0 (81.3-132.5) | 1.770 | 1.498-2.091 <0.001 10.9(8.2-13.9] | 1.502 | 1.304-1.730 | <0.001
RRMS Remission (66) 52.9 [40.2-70.9] | 1.143 | 1.030-1.270 0.01 6.7(5.5-89) |1.264 | 1.142-1.399 | <0.001
RRMS Active (66) 59.1[45.4-79.3] | 1.225 | 1.102-1.360 <0.001 10.2 [7.7-16.2) | 1.986 | 1.793-2.199 | <0.001
Age 1.016 | 1.013-1.019 <0.001 1.023 | 1.020-1.026 | <0.001
BMI 0.985 | 0.978-0.993 <0.001 0.973 | 0.966-0.981 | <0.001
Sex F (654) 61.7 [46.4-89.7] | 1.127 | 1.039-1.223 0.004 7.5(5.4-99] | 0.987 | 0.917-1.063 | 0.73
M (316) 58.9 [42.0-86.5] - - - 7.3[5.4-12.3] - - -

in the

i (Est.) are effects.
Abbreviations; BMI: body mass index; CI

. inp:
: confidence interval; F: female; HC: healthy control; IQR: interquartile range; M: male; RRMS: relapsing remitting MS; sGFAP: serum glial fibrillary acidic protein;

irst column state the number of samples.

SNfL: serum neurofilament light chain; stMS: stable MS; wPMS: worsening progressive MS.
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eTable 2. Sensitivity Analysis of Multivariable Mixed Linear Models Investigating the Association Between Worsening Status and
sGFAP Levels (Left) and sNfL Levels (Right) With Additional Correction for MRI Variables

'ﬁ.‘.ﬁf..‘.'f‘.'&".'z"‘ Est. |  95%CI p :."‘."‘jmm Est. 95%Cl p
Sensitivity analysis: MRI (n=184)
Age at BL 1.005] 0.9981.021 | 0.62 1.017 | 1.008-1.026 | 0.002
FU time 1.012| 1.000-1.025 | 0.06 1.026 | 1.011-1.041 | 0.001
Sex F (115) 871 (524-1081] |1.067| 0.7751.470 | 0.71 84(61-109) | 0946 | 0.8001.118 | 057
M (69) 815 (59.760-120.2] | - - - 12.2 [5.8-17.2) - - -
BMI 09821025 | 0.72 0.980 | 0.963-0.996 | 003
Di juration at BL 0.984-1.021 | 0.82 1.006 | 0.996-1.016 | 032
Untreated (21) 105.8 82.7-1230) | - - ; 140 (10917.7) | - - B
ouT Platform (22) 70.1 (56.757-91.592) |1.602| 1.154-2199 | 0006 | 10.8(64-185) | 1.342 | 1.024-1.810 | 0.06
Orals (71) 715 [36.637-97.998] |1.055 | 0.872-1.268 | 0.58 74(54-95 | 1030 | 08411231 | 0.77
mAB (70) 91.7 (62.663-134.3] |1.065| 0.920-1.233 | 0.41 95[7.0-127) | 0994 | 0.836-1.155 | 095
EDSS score 0.999-1.092 | 0.06 1.033 | 0.991-1.079 | 0.16
T2w lesion volume (log+1)" 09621148 | 0.28 1.099 | 1.018-1.178 | 0.02
NEL* 0.981-1.001 | 0.08 1.005 | 0.9961.015 | 035
CEL* 1.006-1.510 | 0.05 1291 | 1.017-1.637 | 004
- ~[stms (99) 622[404-934) | - - ; 6.8(5.5-9.5] - - -
Prog WPMS (85) 103.0[84.1-138.6] |1.692| 1.2182.347 | 0006 | 11.3[86-14.3] | 1.256 | 1.040-1.523 | 0.04
*Information on T2LV, NEL and CEL were available for 184/352 visits (Stable MS: n: 99 and worsening progressive MS (wPMS): n: 85). wPMS and stable MS had CEL or at least 2 NEL at some point

during FU: 9 wPMS (in 4 patients twice; in 2 patients 3 times; overall: 20% of visits) and 5 stable MS patients (in one patient twice; overall: 6% of visits). Numbers in parentheses in the first column state
the number of samples.

Abbreviations: BMI: body mass index; CEL: contrast enhancing lesion; Cl: confidence interval; DMT: disease modifying treatment; EDSS: Expanded Disability Status Scale; F: female; IQR: interquartile
range; M: male; mAB: antibody NEL: new T2 lesions; sGFAP: serum glial fibrillary acidic protein; sNfL: serum neurofilament light chain; stMS: stable MS; T2LV: T2w
lesion volume; wPMS: worsening progressive MS.




eTable 3. Multivariable Mixed Linear Models Investigating the Effect of Focal Inflammation (Remission vs Active State) on sGFAP
Levels (Left) and sNfL Levels (Right)

":":’:"';f“"”m":’- Est. 95%Cl p mlﬁl’l'g:‘)- Est. 95%CI p
Model 1: Univariate
Focal Remission (66) 52.9 [40.2-70.9] - - - 6.7 [5.5-8.9] - - -
inflammation | Active (66) 59.1 [45.4-79.3] 1.073 | 1.002-1.150 | 0.05 10.2[7.7-16.2) | 1.584 | 1.338-1.874 | <0.001
Model 2: multivariable
Age 1.008 | 0.998-1.018 | 0.12 1.009 | 0.997-1.021 0.15
Sex F (100) 59.6 [42.9-80.0] 1.032 | 0.861-1.238 | 0.75 8.7[6.1-13.9] 1.157 | 0.926-1.447 0.23
M (32) 53.4 [46.1-61.1] - - - 7.6 [5.6-9.0] - - -
BMI 0.969 | 0.951-0.987 | 0.002 0.967 | 0.945-0.991 0.01
Disease duration 1.006 | 0.994-1.017 | 0.34 0.996 | 0.982-1.010 0.58
Untreated (31) 71.9 [42.0-130.1] - - - 10.5 [6.4-16.9] - - -
DMT Platform (14) 56.7 [44.9-64.3] 0.904 | 0.766-1.066 | 0.25 7.7 [6.1-10.3] 0.885 | 0.645-1.215 0.46
Orals (71) 52.2 [42.7-64.7) 0.872 | 0.768-0.982 | 0.03 7.9[5.9-10.3] 0.881 | 0.707-1.111 0.28
mAB (16) 63.6 [50.9-86.1] 0.996 | 0.843-1.169 | 0.96 7.8 [5.7-16.9] 1.070 | 0.785-1.487 0.68
EDSS score 1.122 | 1.058-1.186 | <0.001 1.238 | 1.128-1.353 | <0.001
Focal Remission (66) 52.9 [40.2-70.9] - - - 6.7 [5.5-8.9] - - -
inflammation | Active (66) 59.1[45.4-79.3] | 1.048 | 0.977-1.122 | 0.20 10.2[7.7-16.2) | 1.532 | 1.308-1.814 | <0.001
Model 3: plus sNfL/sGFAP
Age 1.007 | 0.998-1.016 | 0.16 1.004 | 0.993-1.015 0.54
Sex F (100) 59.6 [42.9-80.0] 1.012 | 0.855-1.199 | 0.90 8.7[6.1-13.9] 1.146 | 0.939-1.403 0.21
M (32) 53.4 [46.1-61.1] - - - 7.6 [65.6-9.0] - - -
BMI 0.977 | 0.960-0.995 | 0.01 0.989 | 0.967-1.013 0.39
Di duration 1.007 | 0.997-1.018 | 0.20 0.991 | 0.979-1.004 0.21
Untreated (31) 71.9 [42.0-130.1] - - - 10.5 [6.4-16.9] - - -
DMT Platform (14) 56.7 [44.9-64.3] 0.930 | 0.797-1.083 | 0.37 7.7[6.1-10.3] 0.966 | 0.723-1.298 0.82
Orals (71) 52.2 [42.7-64.7] 0.913 | 0.809-1.022 | 0.12 7.9[5.9-10.3] 1.026 | 0.833-1.293 0.82
mAB (16) 63.6 [50.9-86.1] 1.009 | 0.863-1.172 | 0.91 7.8[5.7-16.9] 1.130 | 0.850-1.544 0.43
EDSS score 1.063 1.003-1.125 | 0.04 1.181 | 1.085-1.282 | <0.001
sNfL (pg/ml) per doubling 1.145 1.081-1.215 | <0.001 n.a na. n.a.
sGFAP (pg/ml) per doubling n.a n.a. n.a. 1.528 | 1.287-1.806 | <0.001
Focal Remission (66) | 52.9 [40.2-70.9] - - - 6.7 [5.5-8.9] - - -
inflammation | Active (66) 59.1[45.4-79.3) | 0973 | 0.903-1.044 | 047 | 10.2[7.7-16.2] | 1.506 | 1.300-1.770 | <0.001
(Est.) are i effects. in p in the second column state the number of samples.
Abbreviations: BMI: body mass index; Cl: confidence interval; DMT: disease ifyi EDSS: Disability Status Scale; F: female; IQR: interquartile range; M: male; mAB: monoclonal
ibody n.a.: not i sGFAP: serum glial fibrillary acidic protein; sNfL: serum neurofilament light chain.
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eTable 4. Multivariable Mixed Models to Assess the Association Between BL sGFAP
and BL sNfL and Longitudinal GMV or WMV

[ Est. | 95% Cl [ p

GMV

TIV 0.9999 0.9998-1.0000 0.03
Age at BL 0.9980 0.9943-1.0017 0.33
Sex F 0.8799 0.8171-0.9503 0.004

M - -

Disease duration at BL 0.9981 0.9943-1.0019 0.36
BL sGFAP (log2) 1.0479 0.9985-1.0993 0.09
BL sNfL (log2) 0.9400 0.8910-0.9926 0.05
FU time (years) 1.0111 1.0043-1.0178 0.002
Interaction BL sGFAP * FU time** | 0.9976 0.9965-0.9988 <0.001
Interaction BL sNfL * FU time 0.9999 0.9989-1.0009 0.78
WMV

TIV 1.0002 1.0001-1.0004 <0.001
Age at BL 1.0002 0.9962-1.0042 0.93
Sex F 0.8868 0.8178-0.9639 0.01

M - -

Disease duration at BL 0.9955 0.9914-0.9996 0.05
BL sGFAP (log2) 1.0269 0.9745-1.0817 0.36
BL sNfL (log2) 0.9516 0.8977-1.0093 0.13
FU time (years) 1.0038 0.9957-1.0117 0.35
Interaction BL sGFAP * FU time 1.0005 0.9991-1.0018 0.48
Interaction BL sNfL * FU time** 0.9974 0.9962-0.9985 <0.001

**Reading example: Doubling of BL sGFAP levels is associated with a 0.24% i increase in gray matter atrophy per year whereas
doubling of BL sNfL levels is associated with a 0.26% increase in white matter phy. n=198 timep

endpoints available. Est. are multiplicative effects.

Abbreviations: BL: baseline; Cl: confidence interval; Est: estimates; FU: follow-up; GMV: gray matter volume; MS: multiple
sclerosis; sGFAP: serum glial fibrillary acidic protein; sNfL: serum neurofilament light chain; TIV: total intracranial volume; WMV:
white matter volume.




eTable 5. Patient Characteristics at Time of Sample Collection (Baseline)

Total Without CDW With CDW P
N 252 209 43
Sex = female 156 (61.9) 131 (62.7) 25 (58.1) 0.70
BMI 24.1[21.8-27.4] | 24.1[21.8-27.2) | 24.1[21.2-28.2] | 0.85
Age 44.3 [33.3-54.7] | 42.9(33.1-53.7] | 49.9[38.0-59.5] | 0.03
Disease duration, years 9.9 [5.0-18.5] 10.4 [5.0-19.6] 9.3 [4.8-17.4] 0.65
Disease subtype (at entry into the SMSC) <0.001
RRMS 181 (71.8) 160 (76.6) 21 (48.8)
SPMS 34 (13.5) 25 (12.0) 9 (20.9)
PPMS 37 (14.7) 24 (11.5) 13(30.2)
EDSS 3.0 [2.0-4.5) 3.0 [2.0-4.5] 4.0[2.8-6.0) 0.002
DMT 0.001
OCR 169 (67.1) 147 (70.3) 22 (51.2)
RTX 83 (32.9) 62 (29.7) 21(48.8)
FU time, years 3.1[2.1-4.0] 3.1[2.1-3.9] 3.1[2.0-4.0] 0.95
Time from treatment start to
sampling, months 12.2 [10.7-16.8] | 12.4[10.7-17.5] | 11.4[10.7-14.8] 0.15
DMT during FU <0.001
Only OCR 164 (65.1) 143 (68.4) 21 (48.8)
Only RTX 51 (20.2) 43 (20.6) 8 (18.6)
RTX -> OCR 37 (14.7) 23 (11.0) 14 (32.6)
CDW during FU <0.001
PIRA 39 (15.5) 0(0.0) 39 (90.7)
RAW 4 (1.6) 0 (0.0) 4(9.3)
Relapses during FU 0.79
0 235 (93.3) 194 (92.8) 41 (95.3)
1 16 (6.3) 14 (6.7) 2 (4.7)
3 1(0.4) 1(0.5) 0(0)
T2w lesion volume (ml)* 7.0 [3.1417.3] 6.6 [3.1-13.5] 7.8[3.3-42.7] 0.14
T2w lesion number* 33.0 [23.0-50.5] | 32.5[22.0-50.2] | 35.0 [24.0-49.0] | 0.76
Data are rep d as ber (p ge) or as median [IQR]. *Available for 53.1% of the cohort.
Abbreviations: CDW: confirmed disease worsening; DMT: di modifying t t; EDSS: Expanded Disability Status
Scale score; FU: follow-up; IQR: interquartile range; n.a.: not app OCR: li b; PIRA: progression independent of
d 1g; RRMS: relapsing remitting MS; RTX:

relapse activity; PPMS: primary progressive MS; RAW: relap:
S ve M

b; SPMS: dary prog
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eTable 6. Multivariable Linear Models Investigating the Effect of Demographic and MS-Related Characteristics on sGFAP Z Scores
(Left) and sNfL Z Scores (Right)

sGFAP Z-
- Variance score, Variance |sNfL Z-score,
N= 252 patients explained Est. 95%ClI P explained | median, IQR Est. 95%ClI P
median, IQR
Age (per 10 years) - -0.27 |-0.44-0.11 0.001 - -0.10 | -0.25-0.05 | 0.18
Sex Men (96) 0.7 [0.4-1.8] - 04 [0.4-1.3] -
Women (156) 0.9[0.2-2.0] | 0.36 | 0.02-0.70 0.04 06[-0.0-1.3] | 0.18 | -0.13-0.49 | 0.25
BMI (per 5 units) - -0.05 |-0.21-0.11 | 0.54 - -0.09 | -0.24-0.05 | 0.21
EDSS - 0.23 | 0.11-0.35 | <0.001 - 0.09 | -0.03-0.20 | 0.13
Disease course | RRMS (181) 0.9[0.1-1.9] - 05[-0.2-1.2) -
SPMS (34) | pazg q3g+ | 06 (03211 [-050 [-1.11:0.42 [ 041 | pog o46ue | 08[0.3-1.5] | -0.14 [-0.70-0.42 | 0.62
PPMS (37) 0.6[-0.2-2.1] | -0.28 | -0.83-0.28 | 0.33 04[-0.3-1.4] | -0.04 | -0.54-0.46 @ 0.88
DMT RTX (83) 1.0 (0.2-2.1] - 0.7 [-0.1-1.5) -
OCR (169) 0.7[-0.21.7) | -0.36 |-0.72-0.00 | 0.05 04[-0.31.2) | -0.15 | -0.48-0.18 | 0.37
Months since DMT start - -0.05 |-0.09-0.01  0.03 - -0.03 | -0.07-0.00 | 0.08
No CDW
COW status | ong) 0.7 [-0.1-1.7] - 04[-0.3-1.2) -
CDW (43) 1.9[04-2.2] | 0.59 | 0.14-1.04 | 0.01 09[-0.0-1.5] | 0.24 I -0.16-0.65 I 0.24
Legend: Sig iations are indi in bold. i per unit change are shown. *13.3%, **1.8%. of patients. in in the first column
state the number of patients.
Estimates represent additive effects (e.g. 0.59 Z-score units higher sSGFAP Z-score in patients with vs without COW during FU).
Abbreviations: BMI: body mass index; CDW: confirmed disease worsening; DMT: disease ifyi EDSS: Disability Status Scale score; sGFAP: serum glial fibrillary acidic protein;
IQR: interquartile range; sNfL: serum neurofilament light chain; OCR: ocrelizumab; PPMS: primary progs MS; RRMS: i ing MS; RTX: ril SPMS: ive MS.

Y
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eTable 7. Multivariable Linear Models Investigating the Effect of Demographic and MS-Related Characteristics on sGFAP (Left) and

sNfL Concentrations (Right)

sGFAP conc. sNfL conc.
Variance Variance
N=252 patients (pg/mL), median, | Est. | 95%CI P (pg/mL), Est. | 95%Cl P
explained 1QR explained | o dian, IQR
Age (per 10 years) 1.10 |1.04-1.17 | 0.002 1.22 |1.15-1.30 | <0.001
Sex Men (96) 71.4 [43.3-99.0] - 8.1[6.5-11.7) -
Women (156) 84.3[58.8-120.8] | 1.28 |1.13-1.45 <°1‘°° 8.0(5.8-11.3) | 1.04 |0.92-1.18| 0.50
BMI (per 5 units) 0.91 | 0.86-0.97 | 0.003 0.92 |0.87-0.97 | 0.003
EDSS 1.08 |1.03-1.13 | 0.001 1.02 |0.98-1.07 | 0.31
Disease
RRMS (181) 72.3[51.9-105.8] - 7.4(5.8-10.1) -
course R%*=0.251"* R%=0.293 **
SPMS (34) 95.6 [63.7-146.5] | 0.89 |0.71-1.11 | 0.30 10.9[7.9-15.3]| 1.04 |0.84-1.29| 0.72
PPMS (37) 92.2[55.1-121.8] | 0.94 |0.77-1.15 | 0.56 11.0[9.1-17.2]| 1.08 |0.88-1.31| 0.46
DMT RTX (83) 91.2[63.4-122.5] - 9.3(6.8-12.2) -
OCR (169) 72.4[47.4-106.4] |0.88 |0.77-1.01 | 0.06 7.9(5.8-11.1] | 1.01 |0.89-1.14| 0.92
Months since DMT start 0.98 | 0.97-1.00 | 0.02 1.00 [0.98-1.01| 0.76
CDW status No CDW (209) 73.1 [52.4-102.0] - 7.9(6.1-11.3] -
CDW (43) 114.5 [70.4-144.1] | 1.25 | 1.06-1.48 | 0.008 10.0 [7.2-14.0] | 1.08 [0.92-1.27| 0.32
Legend: Sig i are in bold. i per unit change are shown. *25.1 %; ** 29.3%. of patients. in in the first
column state the number of patients.
levels were log: and back: effects (e.g. 22% higher sNfL levels per 10 years of age).
Abbreviations: BMI: body mass index; CDW: confirmed disease worsening; DMT: disease; EDSS: Expanded Disability Status Scale score; sGFAP: serum glial fibrillary acidic protein; sNfL: serum
light chain; modifyi IQR: i ile range; OCR: ocrel: PPMS: primary ive MS; RTX: rituximab; RRMS: i itting MS; SPMS: Y
progressive MS.
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eFigure 1. Comparison of sNfL Results From the Nf-Light Kit (Singleplex) and
Neurology 2-Plex B Assay (Duplex) (n: 480)

Passing Bablok RegressionFit (n=480)
30 -| — 0.15+ 1.07* Singleplex sNfL [pg/mL]
- -~ identity
25
= -
g 20
% 15 -
s
Q
10 -
5
Pearson's r=0.964

1 i T T T T
5 10 15 20 25 30

Singleplex sNfL [pa/mL]
Legend: Each dot indicates an individual data point. The solid line indicates the Passing-Bablok regression line. The dotted line
indicates the x=y identity line. Parallel comparison of sNfL results measured with the Nf-Light kit and the Neurology 2-plex B
assay showed excellent congruency (Pearson's r = 0.964).
Abbreviations: sNfL: serum neurofilament light chain.



eFigure 2. Associations Between Age (A), BMI (B), and Sex (C) and sGFAP
Concentrations in Healthy Controls
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Legend: Graphical representation of the associations between sGFAP and age (A.), BMI (B.) as well as sex (C.): sGFAP
increases with age in a non-linear manner (line represents a non-linear smoothing function with confidence band (A.) and a
linear regression line with confidence band (B.)), decreases with BMI (sGFAP values adjusted for age are shown in B.) and are

higher in women compared to men (see also eFigure 3).
Abbreviations: adj.: adjusted; BMI: body mass index; sGFAP: serum glial fibrillary acidic protein; sNfL: serum neurofilament light

chain.



eFigure 3. Serum GFAP (Left) and sNfL (Right) and Age in Healthy Controls
Stratified by Sex
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Legend: sGFAP (left) and sNfL (right) concentrations in samples from healthy controls (259 at baseline and 226 at follow-up) in
relation to age, stratified for sex (men represented by blue circles; women by green triangles). Samples from one individual are
connected through lines; thick lines show the group regression lines.

Serum GFAP levels increased with age (1.5% per year, estimate (est.) [95% CI] 1.015 [1.012-1.019), p<0.001; A.), and showed
14.9% higher levels in women compared to men (est. 1.149 [1.047-1.260], p=0.004). Serum NfL increased by 2.5% per year
(est. 1.025 [1.022-1.028], p<0.001; B.), and showed no diff b sexes (est. 0.98 [0.90-1.06), p=0.62).
Abbreviations: sGFAP: serum glial fibrillary acidic protein; sNfL: serum neurofilament light chain.
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eFigure 4. EDSS Score Over Time in Stable MS and Worsening Progressive MS
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Legend: Patients with worsening progressive MS (red) showed an i in EDSS score while stable patients (blue) maintain
stable EDSS scores. Thin lines connect individual data points; thick lines including 95% CI show marginal effects from a mixed
model with EDSS explained by an ir jon term b 1 follow up time and wPMS versus stMS plus a random intercept per

patient. Abbreviati EDSS: Expanded Disability Status Scale.



eFigure 5. Total Brain Volume Loss in Stable MS and Worsening Progressive MS

= Siable MS
1250
——  Worsening progressive MS
1200
— 0.14% [-0.31-0.01], p=0.08
E
K \
§
S 1150
§ -0.28% [-0.44-0.13),
o p<0.001
®
k<]
1100 0.42% [-0.62--0.24], p<0.001
1080
00 25 50 75 100
Follow-up time [years]
Legend: W ing prog ive MS patients sh an annual total brain volume (TBV) loss of -0.42% [95% CI. -0.62--0.24],

p<0.001, which was significantly increased compared to TBV loss in stable MS patients (stMS) (-0.14% [-0.31-0.01], p=0.08; p-
value of interaction wPMS/stMS * FU time: p<0.001).

Abbreviations: Cl: fid interval; FU: follow-up; MS: multiple sclerosis; stMS: stable MS; TBV: total brain volume; wPMS:
worsening progressive MS




eFigure 6. Serum GFAP (A) and sNfL (B) in Different MS Groups vs Healthy
Controls
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Legend: Comparisons of sGFAP (A) and sNfL concentrations (B) in stable MS (stMS), worsening progmssrve MS (wPMS),
of

patients in remission and active status vs healthy controls (HC). N: number of healthy P its; n:

Boxplots show median and interquartile range and whiskers show the total range without outliers (defined as <1.5 times |he
interquartile range). Percentages increase versus HC and adjusted p values (in brackets) according eTable 1 are shown.
Serum GFAP levels were highest in wPMS, followed by RMS in active state, RMS during remission, and stMS patients.
Conversely, sNfl. levels were highest in active RMS, followed by wPMS, stMS, and RMS in remission.
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Abbreviations: PMS: progressive MS; sGFAP: serum glial fibrillary acidic protein; sNfL: serum neurofilament light chain.

eFigure 7. Associations of sGFAP and sNfL With Gray (A) and White Matter (B)
Atrophy
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Legend: Dots show estimated annualized atrophy per biomarker doubling and vertical bars show their 95% confidence intervals
ding to the multivariable mixed model in eTable 4.

Each doubling of BL sGFAP led to an additional loss of GMV (-0.24%/y [-0.35--0.12], p<0.001) but not WMV (-0.05% [-0.09-

0.18], p=0.48), while doubling of BL sNfL resulted in additional loss of WMV (0.26% [-0.38--0.15], p<0.001) but not GMV (0.01%

[-0.11-0.09), p=0.78).

Abbreviations: GM: gray matter; sGFAP: serum glial fibrillary acidic protein; sNfL: serum neurofilament light chain; WM: white

matter.
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eFigure 8. Hazard Ratios for CDW Using Increasing Z Score Cut Points for sGFAP
(A) and sNfL (B)
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Legend: Dots show CDW hazard ratios and horizontal bars show their 95% confidence intervals from Cox regression models.
Numbers in gray indicate the number of patients above (arrow up) or below (arrow down) the cut-point. Z-score cut-points were
chosen with respect to keeping an p istribution bety ) pati above and below the cut-point. sGFAP Z-score cut-
points of 1, 1.5 and 2 led to increasing hazards for CDW (A.). The associations for sNfL (B.) were less strong (and were not
significant for cut-off above 1.25 (data not shown)). ***: p<0.001; **: p<0.01; *: p<0.05.

Abbreviations: CDW: confirmed disease worsening; sGFAP: serum glial fibrillary acidic protein; sNfL: serum neurofilament light
chain.
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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, progression*’’ 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 (¢GFR) of 60 mL/min/1.73 m?, sNfL
levels rapidly increased in control persons. Although in earlier studies age as a variable of SNfL
levels has been recognized,?*? 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 sSNfL 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,’® 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.”

During the past year, several other reference databases for SNfL values were published.?0-#3
Nevertheless, these studies included smaller numbers of participants and used different
measurement platforms and, in part, sample types (serum,®? plasma®! or both sample types®®-#?).
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.3* 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 sSNfL 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.’*>> Recent studies have used sNfL as an endpoint for their drug trials,>*> albeit only
few of them compared the effects of different types of DMT’s on blood-based biomarkers.?*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.’>-%7 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 sSGFAP and sNfL in detecting PIRA in MS.
Here, we examined whether sSGFAP 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, sSNfL was strongly associated with this disease state. Increased
sNfL levels were also related to continuous disease worsening, confirming earlier findings,®>"*
however this correlation was relatively weak and less prognostic for future PIRA than sGFAP.
The association of sSGFAP 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

4738890 j ¢, this

atrophy in different brain compartments have not reached a clear consensus,
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 sSGFAP 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

100



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 sSGFAP in healthy controls gave an important insight into confounding
factors of sSGFAP 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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