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Abstract

Background and Objectives

The specificity of novel blood biomarkers for multiple sclerosis (MS)-related neuro-
degeneration is unclear because neurodegeneration also occurs during normal aging. To un-
derstand which aspects of neurodegeneration the serum biomarkers neurofilament light
(sNfL), serum glial fibrillary acidic protein (sGFAP), and serum contactin-1 (SCNTN1) reflect,
we here explore their cross-sectional association with disability outcome measures and MRI
volumes in a unique cohort of people with MS (PwMS) of the same age.

Methods

sNfL, sGFAP (both singe-molecule array technology) and sSCNTN1 (Luminex) were measured
in serum samples of 288 PwMS and 125 healthy controls (HCs) of the Project Y cohort, a
population-based cross-sectional study of PwMS born in the Netherlands in 1966 and age-
matched HC.

Results

sNfL (9.83 pg/mL [interquartile range {IQR}: 7.8-12.0]) and sGFAP (63.7 pg/mL [IQR:
48.5-84.5]) were higher in PwMS compared with HC (sNfL: 8.8 pg/mL [IQR: 7.0-10.5];
sGFAP: 51.7 pg/mL [IQR: 40.1-68.3]) (p < 0.001), whereas contactin-1 (7,461.3 pg/mL
[IQR: §5,951.8-9,488.6]) did not significantly differ between PwMS compared with HC
(7,891.2 pg/mL [IQR: 6,120.0-10,265.8]) (p = 0.068). sNfL and sGFAP levels were 1.2-fold
higher in secondary progressive patients (SPMS) compared with relapsing remitting patients
(p = 0.009 and p = 0.043). Stratified by MS subtype, no relations were seen for CNTNI,
whereas sNfL and sGFAP correlated with the Expanded Disability Status Scale (p = 0.43 and
p = 0.39), Nine-Hole Peg Test, Timed 25-Foot Walk Test, and Symbol Digit Modalities Test
(average p = 0.38) only in patients with SPMS. Parallel to these clinical findings, correlations
were only found for sNfL and sGFAP with MRI volumes. The strongest correlations were
observed between sNfL and thalamic volume (p = —0.52) and between sGFAP with deep gray
matter volume (p = — 0.56) in primary progressive patients.

Discussion

In our cohort of patients of the same age, we report consistent correlations of sNfL and sGFAP
with a range of metrics, especially in progressive MS, whereas contactin-1 was not related to
clinical or MRI measures. This demonstrates the potential of sNfL and sGFAP as comple-
mentary biomarkers of neurodegeneration, reflected by disability, in progressive MS.
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Glossary

3D = three-dimensional; 9HPT = Nine-Hole Peg Test; BMI = body mass index; DMT = disease-modifying therapy; EDSS =
Expanded Disability Status Scale; HC = healthy control; IQR = interquartile range; MUCCA = mean upper cervical cord area;
NBV = normalized total brain volume; NWMYV = normalized white matter volume; NDGMYV = total gray matter and deep gray
matter; PwMS = people with MS; RRMS = relapsing-remitting MS; sGFAP = serum glial fibrillary acidic protein; sNfL = serum
biomarkers neurofilament light; SCNTN1 = serum contactin-1; SDMT = Symbol Digit Modalities Test; SPMS = secondary

progressive patients; T2SFWT = Timed 25-Foot Walk test.

Multiple sclerosis (MS) is an inflammatory demyelinating and
neurodegenerative disease of the CNS, accompanied by an
unpredictable risk of disability." Although inflammatory de-
myelinating white matter lesions are associated with relapses
in people with MS (PwMS), neurodegeneration has been
considered as the driving force of disability progression.”
Although neurodegeneration progresses more rapidly in
PwMS compared with healthy controls (HCs), neuro-
degeneration also occurs during physiologic aging with a
mean rate of brain atrophy of —0.3% per year in HC.>®

Body fluid biomarkers have been subject of research in an
attempt to quantify, monitor, and predict neurodegeneration.6
Therapeutic options targeting neurodegeneration and herewith
disease progression especially for progressive PwMS are still
scarce, and therefore, particularly for progressive MS, there is
an urgent need to develop novel treatments.”® The identifi-
cation of reliable body fluid biomarkers for neurodegeneration
could therefore facilitate trial design by providing new outcome
measures.

Three candidate CSF and blood biomarkers for neuro-
degeneration in MS are neurofilament light (NfL) and
the less well characterized but promising biomarkers
glial fibrillary acidic protein (GFAP) and contactin-1
(CNTN1). NfL, GFAP, and CNTNI1 are biomarkers of
interest because they reflect different aspects of CNS-
related pathophysiologic processes and can be reliably
measured in CSF and blood.” NfL, a cytoskeletal protein
exclusively found in neurons, has consistently been shown
to be a biomarker for active inflammation-induced axonal
damage and treatment response in MS.'® Although several
studies have reported that serum NfL levels obtained at
baseline are predictive of disability and brain volume
change later in the disease course,'' ™" its utility as a marker
of the different CNS-related pathophysiologic processes
resulting in neurodegeneration—reflected by disability—in
progressive MS has yet to be confirmed.”®

The second biomarker of interest, GFAP, is a primary com-
ponent of the intermediate filaments found in the astrocyte
cytoskeleton and is a marker of astrocyte activation.'* Pre-
vious studies reported higher GFAP concentrations in pro-
gressive PwMS compared with relapsing remitting (RR)
patients with MS and GFAP correlated with disease severity
defined by clinical and MRI metrics, especially in the
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progressive subtypes.">"'” CNTN1, a cell adhesion molecule
expressed in paranodal axonal domains, mediates neuron-
glia communication in central myelin and is therefore es-
sential for CN'S myelination.'® It is hypothesized to be re-
duced when myelin degenerates. We recently observed
reduced CSF and serum CNTNI1 concentrations in patients
with RRMS and secondary progressive (SP) MS compared
with HC.'>*°

One of the most important hurdles when studying NfL,
GFAP, and CNTNI1 as MS biomarkers is their correlation
with age, because concentrations and brain volumes change
because of physiologic aging.*'** Studies have demon-
strated several solutions to bypass the problem of age as
confounding factor, such as using age-dependent percentile
categories with HC as a reference group. Because disease
progression in MS is strongly related to disease duration,
which in turn is strongly related to patients’ age, controlling
for age has its drawbacks.”* To date, it remains unclear how
specific novel blood biomarkers are for MS-related neuro-
degeneration, independent of age.

Therefore, we investigate a well-characterized birth year co-
hort of 288 PwMS all born in 1966 in the Netherlands and
125 age matched HC.** The aim of this study was to explore
the cross-sectional association between serum NfL, GFAP,
and CNTNI1 and (1) disability outcome measures and (2)
brain and spinal cord volumes to investigate which aspects
of neurodegeneration these 3 candidate markers reflect, in-
dependent of age.

Methods

Study Population

Our study population consisted of PwMS and HC from the
cohort study Project Y (Netherlands Trial Register NL6362),
a population-based cross-sectional birth year cohort of PwMS
and HC, which aimed to include all PwMS (as defined by the
2017 McDonald Criteria)*® born in the Netherlands in 1966.
In addition, 125 age and sex-matched HC born in between
1965 and 1967 in the Netherlands were included. All partic-
ipants with available serum samples were selected for the
purpose of this study (total sampled population n = 414;
PwMS n = 289; HC n = 125). The study design has been
previously described in detail.*®
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Standard Protocol Approvals, Registrations,
and Patient Consents

The Project Y protocol was approved by the Medical Ethical
Committee of the Amsterdam UMC, location VUMC.
Written informed consent was obtained from all participants
at inclusion.

Serum NfL, GFAP, and CNTN-1 Analyses

All examinations were performed during a 1-day study visit.
Blood was collected via standard venipuncture, centrifuged
within 2 hours at 1200g, 10 minutes room temperature, and
serum aliquots were stored at —80°C until analysis. All analyses
were performed at the neurochemistry laboratory of the De-
partment of Clinical Chemistry (Amsterdam UMC, location
VUmc). A single-molecule array assay was used to measure
serum biomarkers neurofilament light (sNfL) and serum glial
fibrillary acidic protein (sGFAP) levels on a HD-X analyser
(Quanterix, Billerica, MA) according to the manufacturer’s in-
structions, as described previously.”” For CNTN1 measure-
ments an in-house validated Luminex assay was used, which is
described in detail elsewhere.’® Serum GFAP and CNTN1
concentrations were measured in duplicate and laboratory
personnel was blinded to the clinical data. The intra-assay co-
efficients of variation (CV) of sGFAP (average 5.0%) and serum
contactin-1 (sCNTN1) (average 2.7%) were well below the
accepted threshold of <20% and <15%, respectively. The inter-
assay CV was calculated using the average CV of low, medium,
and high concentrations; the inter-assay CV of NfL (7.0%)
sGFAP (average 8.6%) and CNTN1 (average 8.7%) were be-
low the accepted threshold of <20% and <15%, respectively.

MRI Scans

Patients were scanned on a 3T full body MRI scanner
(whereas; GE, Milwaukee, WI), including three-dimensional
(3D) T1-weighted fast-spoiled gradient echo for volumetric
measurements and 3D-fluid-attenuated inversion recovery for
lesion detection. Normalized brain volumes were measured
on lesion-filled T1 images using FAST (part of SIENAX) and
FIRST to segment total gray matter and deep gray matter
(NDGMV) including thalamic volume, respectively. Nor-
malized total brain volume (NBV) and normalized white
matter volume (NWMYV) were also measured with SIENAX.
Normalized cerebellar gray matter volumes were calculated
using a previously described method.”® All brain volumes
were normalized for head size using the V-scaling factor of
SIENAX. Mean upper cervical cord area (MUCCA) was
measured on lesion-filled 3DT1 images using SCT-DeepSeg.
Full information on the MRI protocol and scan parameters
have been described previously.**

Clinical Assessment

Clinical assessments were performed in all PwMS during
the 1-day study visit and included, among others, a compre-
hensive interview regarding (MS) disease history, Ex-
panded Disability Status Scale (EDSS), the Timed 25-Foot
Walk test (T2SFWT), the Nine-Hole Peg Test (9HPT) and
the Symbol Digit Modalities Test (SDMT).** Data on disease
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duration, total amount of relapses throughout the disease
course, disease-modifying therapy (DMT), and time to EDSS
>6 were collected from the interview and by reviewing the
patients’ medical record. The T2SFWT was performed twice,
and the 9HPT twice for each hand during the study visit; the
average time of the trials was used in the analyses. According to
international guidelines, inability to perform the T2SFWT or
9HPT was scored as 180 seconds and 300 seconds, respectively.
All patients unable to perform the T2SFWT (n = 21) or 9HPT
(n = 8) were excluded from correlation analyses. For group
comparisons, PwMS were classified into 4 different EDSS
groups: 0-2.5 (n = 77); 3.0-4.5 (n = 142); 5.0-6.5 (n = 51),
and 7.0 (n = 18).

Statistical Analyses

All statistical analyses were performed using the Statistical
Package for Social Science (SPSS) version 22 (SPSS, Chicago,
IL). Normality of distribution was assessed using histograms
and normality plots. SNfL, sCNTN1, and sGFAP were non-
normally distributed and therefore In-transformed.

Group Differences

First, group comparisons were performed between PwMS vs
HC and between MS subtypes using general linear models,
correcting for body mass index (BMI), sex, disease duration,
and DMT duration, unless stated otherwise. No significant
changes in sNfL, sGFAP, and sCNTNI1 levels were found
between smokers and nonsmokers, and the analyses were
therefore not corrected for smoking. A subanalysis was
performed to further investigate the ability of the blood
biomarkers to discriminate between MS subtypes, excluding
PwMS on the borderline of RRMS and PwMS on the bor-
derline of secondary progressive MS (SPMS) (EDSS = 4.0
and EDSS = 4.5). A p-value for group comparisons <0.05 was
considered as statistically significant after Bonferroni cor-
rection, where applicable.

Correlation Analysis

Furthermore, the relationship of sNfL, sGFAP, and sCNTN1
with other variables such as BMI, disease duration, disability
measures (EDSS, T25FWT, 9HPT), and volumetric MRI
measures was studied using Spearman correlations. Here, a p-
value <0.01 was considered as statistically significant because
multiple correlations were performed.

Logistic Regression

To investigate whether blood biomarkers have the same
predictive value as MRI measures for EDSS 6 and to assess
whether blood biomarkers and MRI measures are in-
dependently associated with the milestone of EDSS 6, logistic
regression analysis were performed using 4 steps. First, each
blood biomarker was separately fed into a logistic regression
including sex, BMI, DMT use, and disease duration as stan-
dard covariates. Second, to assess whether blood biomarkers
independently predicted EDSS 6, the logistic regression was
repeated including all blood biomarkers which significantly
predicted EDSS 6 in step 1.
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Third, a model was created with MRI measures only using
backward selection with a removal p-value of 0.10. Finally,
predictor variables were fed into separate blocks of variables,
consisting of a blood biomarker block (sNfL, sGFAP, and
sCNTN1), a brain volume block (white matter volume, cor-
tical gray matter volume, deep gray matter volume, lesion
volume, and cerebellar gray matter volume), and a spinal cord
block (mean upper cervical cord area), also including sex,
BMI, DMT use, and disease duration as standard covariates.
Using backward selection with a removal p-value of 0.10,
significant variables from each block were then entered in the
subsequent block until all variables remaining in the model
were statistically significant (p < 0.05).

Data Availability

Anonymized data supporting the findings of this study are
available from the corresponding author for the purpose of
research only, upon reasonable request.

Results

Patient Characteristics

The study population consisted of 289 PwMS of the same
age and 125 age-matched HC. One patient with MS, with a
medical history of seizures, had a seizure during the study
visit. Owing to extreme values of sNfL (273.9 pg/mL) and
sGFAP (299.5 pg/mL), most likely caused by the seizure,
this participant was left out of all analyses. Therefore, a total
of 288 PwMS and 125 HC were included; details of
the study population, including MRI data (n = 342; PwMS
n = 229; HC n = 113), are provided in table 1. Disease
duration since symptom onset significantly differed be-
tween all phenotypes (RRMS: 14.3; SPMS: 20.7; PPMS:
8.1, median years).

SNfL-sGFAP-sCNTN1 in People With MS and
Healthy Controls

Serum NfL, GFAP, and CNTN1 correlated weakly with BMI
in all PWMS (p = -0.208, p = —0.158 and p = -0.178, all p <
0.01, respectively); subsequent analyses were therefore cor-
rected for BMI. Because sex differences were only found in
CNTNI1 concentrations (lower in men vs women), compar-
isons of CNTNI levels between groups were therefore cor-
rected for sex and BMI. Median sNfL, sGFAP, and sCNTN1
concentrations did not significantly differ between PwMS
using DMT (either first line or second line) and adjusting
for DMT (yes/no) did not significantly change the results.
Both serum NfL (9.8 pg/mL [interquartile range {IQR}:
7.8-12.0]) and GFAP (63.7 pg/mL [IQR: 48.5-84.5]) were
higher in PwMS compared with age-matched HCs (sNfL: 8.8
pg/mL [IQR: 7.0-10.5]; sGFAP: 517 pg/mL [IQR:
40.1-68.3]) (all p < 0.001). SCNTNI levels were lower in
PwMS (7,461.3 pg/mL [IQR: 5,951.8-9,488.6]) compared with
HCs (7,891.2 pg/mL [IQR: 6,120.0-10265.8] (p = 0.048, sex
adjusted), but this was not significant anymore after correcting
for both sex and BMI (p = 0.068).
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Biomarker levels stratified by MS type are shown in Figure 1.
sNfL and sGFAP differed among the MS types and HCs,
whereas no difference was found in sSCNTNT1 levels. A post
hoc analysis indicated that both sNfLL and sGFAP concen-
trations were higher in SPMS (sNfL:10.90 pg/mL [IQR:
8.9-14.0]; sGFAP: 70.8 pg/mL [IQR: 48.8-103.6]) than in
RRMS (sNfL: 9.3 pg/mL [IQR: 7.4-11.5]; GFAP: 59.7 pg/
mL [IQR: 45.8-77.1]) (p = 0.009 and p = 0.043, re-
spectively). After separately analyzing MS types and adjusting
for the effect of BMI, disease duration, and DMT use, the
difference in sNfL levels between patients with RRMS and
SPMS remained significant (p = 0.046); sGFAP was higher in
patients with SPMS compared with patients with RRMS but
did not reach statistical significance (p = 0.061). By excluding
PwMS with EDSS = 4.0 and EDSS = 4.5, the median differ-
ence in sNfL levels between patients with RRMS and patients
with SPMS changed slightly from 1.6 pg/mL (including all
PwMS) to 1.9 pg/mL (excluding PwMS on the borderline of
RRMS and SPMS); however, IQRs were still overlapping
(RRMS: 9.3 pg/mL [IQR: 7.4-11.5]; SPMS: 112 pg/mL
[IQR: 9.1-14.5], p = 0.021). Regarding sGFAP, the median
difference between RRMS and SPMS changed from 11.1 pg/
mL (including all PwMS] to 15.3 pg/mL [excluding PwMS
on the borderline of RRMS and SPMS]) and reached statis-
tical significance (RRMS: 582 pg/mL [IQR: 46.1-77.9];
SPMS: 73.5 pg/mL [IQR: 49.0-110.1], p = 0.036).

Relation to Disease Duration and Clinical
Disease Activity

Only sNfL correlated weakly with disease duration (p = 0.124,
p = 0.040) in the whole MS group but did not reach the
statistical threshold of p < 0.01. No correlations between se-
rum NfL, GFAP, and CNTN], and time since last relapse was
observed in patients with RR onset. Moreover, patients with a
clinical relapse (n = 7) within 3 months before sampling had
no significantly different levels of all 3 biomarkers compared
with patients in remission (n = 164) (data not shown). Three
of the 7 PwMS with a clinical relapse received methylpred-
nisolone IV, of whom only one patient had a higher NfL level
(47.0 pg/mL) compared with the median of all PWMS (9.8
pg/mL).

Relation to EDSS

After correcting for sex, BMI, disease duration, and DMT
duration, concentrations of both sNfL and sGFAP signifi-
cantly differed between the EDSS subgroups (Figure 2),
which was driven by patients in the 2 highest EDSS groups.
No difference in sNfL or sGFAP concentrations were found
between patients with EDSS 0-2.5 and EDSS 3.0-4.5.

In addition, there was a significant correlation between sNfL
and EDSS (p = 0.27, p < 0.001) and between sGFAP and
EDSS (p = 0.21, p < 0.001) across the whole MS group
(Figure 3), whereas serum CNTNI levels did not correlate
with EDSS. When stratifying by MS type, sNfL and sGFAP
were only correlated to EDSS in the SPMS subtype (p = 0.43
and p = 0.39, p < 0.001, respectively). sSCNTN1 negatively
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Table 1 Demographics, Clinical, and MRI Characteristics of Patients With Multiple Sclerosis and Healthy Controls

Healthy controls  All patients® Patients with Patients with Patients with
(n =125) (n =288) RRMS (n=171)  SPMS (n =79) PPMS (n =37)
Demographic features
Age (mean, SD) 52.9+1.17 53.1+£1.0 52.88 + 0.9 529+0.9 53.1+£1.0
Sex (female), n (%) 92 (73.6%) 207 (71.9%) 140 (81.9%) 47 (59.5%) 19 (51.4%)
Clinical features
Serum NfL (pg/mL), median (IQR) 8.8 (7.0-10.5) 9.8 (7.8-12.0) 9.3(7.4-11.5) 10.9 (8.9-14.0) 9.9 (8.4-13.3)

Serum GFAP (pg/mL), median (IQR)

51.7 (40.1-68.3)

63.7 (48.5-84.5)

59.7 (45.8-77.1)

70.8 (48.8-103.6)

74.8 (53.6-86.5)

Serum CNTN1 (pg/mL), median (IQR)

7,891.2
(6,120.0-10,265.8)

7,461.3
(5,951.8-9,488.6)

7,485.3
(5,726.2-9,863.0)

7,486.1
(6,277.9-9,264.7)

7,094.1
(5,738.4-9,145.2)

Disease duration since date of diagnosis — 12.0 (5.5-18.6) 11.8(5.8-17.4) 16.6 (10.8-20.2) 3.6 (1.1-10.4)
(median, IQR)
Disease duration since onset, — 15.3 (8.6-24.5) 14.3 (8.2-23.3) 20.7 (16.3-28.0) (4.6-13.6)
y (median, IQR)
Total amount of relapses since onset®, n (%) —
0 relapses 37 (12.8%) 0 (0%) 0 (0%) 0 (0%)
1-5 relapses 166 (57.6%) 123 (71.9%) 43 (54.4%) —
6-10 relapses 61 (21.2%) 41 (24.0%) 20 (25.3%) —
>10 relapses 20 (6.9%) 7 (4.1%) 13 (16.5%) —
Unknown 3(1.0%) 0 (0%) 3(3.8%) —
Time since last relapse, y (median, IQR) — 5.1 (2.2-9.4) 4.9 (1.6-9.4) 5.9 (2.7-9.8) —
Unknown 20 (6.9%) 8 (4.7%) 12 (15.2%)
Ever used DMT (yes), n (%) — 205 (71.2%) 125 (73.1%) 65 (82.3%) 14 (37.8%)
Current use DMT, n (%)
Currently no DMT — 162 (56.3%) 83 (48.5%) 50 (63.3%) 29 (78.4%)
First-line DMT® 80 (27.8%) 62 (36.3%) 15 (19.0%) 2 (5.4%)
Second-line DMT* 41 (14.2%) 23 (13.5%) 12 (15.2%) 6 (16.2%)
Induction therapy® 5(1.7%) 3(1.8%) 2 (2.5%) 0 (0%)
Duration DMT (y), median (IQR) — 6.1(2.5-11.5) 6.1(2.7-11.8) 8.1(3.0-12.0) 1.5(0.5-3.1)
Unknown 8 (2.8%) 3(1.8%) 5(6.3%) 0 (0%)
BMI, (mean, SD) 25.7+3.7 26.1+49 26.6+5.2 25.6+4.4 254+38
EDSS (median, IQR) — 3.5(2.5-4.5) 3.0(2.0-4.0) 6.0 (4.0-6.0) 4.0 (3.5-6.0)
EDSS 26, n(%) 61 (21.2%) 3(1.8%) 45 (57.0%) 13(35.1%)
NHPT, s (left and right), (median, IQR) — 21.8(19.6-25.7) 20.7 (18.9-23.4) 27.2 (22.1-40.4) 23.2(21.7-28.8)
Unknown 6 (2.1%) 1(0.6%) 2 (2.5%) 3(8.1%)
T25FW, s, (median, IQR) — 5.0 (4.3-6.7) 4.5 (4.0-5.5) 7.6 (5.2-34.7) 6.2 (4.8-8.4)
Unknown 10 (3.5%) 5 (2.9%) 5 (6.3%) 0 (0%)
SDMT, total correct, (mean, SD) 58.5+8.4 503+11.3 53.0+10.0 456+ 11.4 47.5+13.0
Unknown 2(0.7%) 1 (0.6%) 1(1.3%) 0
MRI volumes (n=113) (n=229) (n=144) (n=53) (n=32)
Normalized brain volume, L (mean, SD) 1.5+0.1 1.5+0.1 1.5+0.1 1.5+0.1 1.5+0.1
Continued
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Table 1 Demographics, Clinical, and MRI Characteristics of Patients With Multiple Sclerosis and Healthy Controls (continued)

Healthy controls  All patients® Patients with Patients with Patients with
(n=125) (n =288) RRMS (n =171) SPMS (n =79) PPMS (n =37)
Normalized cortical gray matter volume, 0.8+0.1 0.8 £0.05 0.76 £ 0.1 0.7+ 0.1 0.8+0.1
L (mean, SD)
Normalized deep gray matter volume, 63.5+4.9 59.1+5.4 59.6 £+ 4.9 57.6 £6.6 59.0+5.2
mL (mean, SD)
Thalamic volume, mL (mean, SD) 21.4+1.7 19.6 £2.0 19.8+£1.9 19.1+£23 195+£1.9
Normalized white matter volume, 0.7 +0.04 0.7 £0.04 0.7 +0.04 0.7+0.4 0.7 +0.06
L (mean, SD)
Normalized cerebellar gray matter volume, 108.4 + 14.1 102.0 £ 13.6 102.8 +12.4 100.2£16.3 101.2+13.9
mL (mean, SD)
Mean upper cervical cord area, 72.9£8.0 67.8+8.5 69.6 £7.8 63.9+9.0 66.2 £ 8.4
mm?(mean, SD)
Lesion volume, mL (median, IQR) 2.8(2.0-4.4) 10.8 (6.0-20.1) 9.8 (5.7-16.2) 13.9 (7.5-22.1) 13.7 (7.5-24.8)

Abbreviations: DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; IQR = interquartile range; NHPT = Nine-Hole Peg Test; PPMS =
primary progressive MS; RRMS = relapsing-remitting MS; SDMT = Symbol Digit Modalities Test; SPMS = secondary progressive MS; T25FW = Timed 25-Foot

Walk.
2 Including one patient with tumefactive MS.
® Total amount of relapses throughout the entire disease course.

¢Including interferon-beta, glatiramer acetate, teriflunomide, dimethyl fumarate.

9Including ocrelizumab, natalizumab, and fingolimod.
¢ Including alemtuzumab, cladribin, and stem cell therapy.

correlated with EDSS in the subgroup (n = 44) of patients
with SPMS with EDSS >6.0 (p = -0.33, p = 0.004). Corre-
lations with all disability outcome measures are listed in
Table 2.

Relation to Other Disability

Outcome Measures

Significant correlations between sNfL and 9HPT, T25FW,
and SDMT were found in the whole MS group (Table 2).
Similar to EDSS correlations, the 9HPT, T2SFW and SDMT
only correlated with sNfL and sGFAP in patients with SPMS
after subtype stratification, with the strongest correlation
between sNfL and T2SFW (p = 0.46, p < 0.001) and sGFAP
and SDMT (p = —0.42, p < 0.001).

Relation to Brain Volumes

SNfL levels correlated weakly (range p = —0.20-0.19) with
NDGMYV, thalamic volume, and lesion volume in the whole
MS group (Table 2). SGFAP correlated weakly (range p =
-0.17-0.22) with NBV, NDGMV, cortical gray matter vol-
ume (NCGMYV), and lesion volume in all PwMS. For both
sNfL and sGFAP, strong correlations were observed with
thalamic volume (p = —0.52, p = 0.004; p = —0.50, p = 0.007,
respectively) in patients with PPMS (Figure 4).

Moreover, sGFAP correlated with NDGMYV in patients with
PPMS (p = -0.56, p = 0.002) (Figure 4). In patients with SPMS,
a significant correlation was found between serum GFAP levels
and NBV (p = —0.43, p < 0.003). Furthermore, SNFL correlated
with MUCCA (p = —0.294, p = 0.045), however the significance
level was above the threshold of p < 0.01. In patients with
RRMS, no correlation between all blood biomarkers and MRI
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measures were observed with p < 0.01. CNTN1 did not cor-
relate with MRI parameters in any group. Finally, blood bio-
markers did not correlate to brain volumes in HC.

Logistic Regression: EDSS >6

In addition, we identified which combinations of blood and
radiologic biomarkers best related to EDSS >6. First, 3 sep-
arate regression analyses showed that higher sNfL and sGFAP
concentrations were significantly associated with higher odds
of EDSS 6, but not CNTNI1 (Table 3). A 10-unit (pg/mL)
increase in sNfL corresponded to an odds ratio of 2.739 of
having EDSS >6, whereas a 10-unit (pg/mL) increase in
GFAP corresponded to an odds ratio of 1.184 of having EDSS
>6. Next, we found that sNfLL and sGFAP were both in-
dependently related to EDSS 6 (Nagelkerke R* = 0.230), with
an explained variance in the same range as the model in-
cluding MRI measures only (Nagelkerke R* = 0.287, only
including lesion volume and MUCCA). Finally, the logistic
regression analysis was repeated using brain volumes,
MUCCA, and blood biomarkers as separate blocks. The final
model indicated that increased sNfL levels and atrophy of the
upper cervical cord best related to EDSS 6 (Nagelkerke R* =
0.287, p < 0.001) (Table 3).

Discussion

This study investigated the value of serum NfL, GFAP, and
CNTN1 levels to determine neurodegeneration in MS, using
a population-based birth year cohort of PwMS and age-
matched HC. Increased sNfL and sGFAP levels were related
to worse disability measures and lower deep gray matter
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Figure 1 Levels of Serum Neurofilament Light (NfL) (A),

Serum Glial Fibrillary Acidic Protein (GFAP) (B), and Serum

Contactin-1 (CNTN1) (C) in Healthy Controls and Patients With Multiple Sclerosis
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Each dot in the scatter box-plot represents a sample. p-values were calculated with a general linear model (BMI and/or sex adjusted), followed by post hoc

analyses, Bonferroni corrected. BMI = body mass index

volumes in PwMS. However, CNTN1 was not related to
disability outcome measures and brain volumes. The corre-
lation of sNfL. and GFAP with the EDSS, T25FWT, 9HPT,
and SDMT was most consistently found in patients with
SPMS.

Furthermore, both sNfLL and sGFAP levels correlated with
deep gray matter volume and thalamic volume in patients with

PPMS. In patients with SPMS, sNfL and sGFAP correlated
with total brain volume. Overall, our findings illustrate the
potential of sSNfL and sGFAP as biomarkers of different CNS
related pathophysiologic processes resulting in neuro-
degeneration, reflected by disability, in progressive disease.

Patients of the Project Y cohort were all born in 1966 and thus
are nearly of the same age. This allowed us to both study the

Figure 2 Serum Neurofilament Light (NfL) (A), Serum Glial Fibrillary Acidic Protein (GFAP) (B), and Serum Contactin-1
(CNTN1) (C) in Patients With Multiple Sclerosis With Expanded Disability Status Scale (EDSS) 0-2.5 (n = 77); 3.0-4.5

(n=142); 5.0-6.5(n=51) and 27.0 (n = 18)
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The figure shows median and 95% confidence interval of all biomarker levels.
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Figure 3 Spearman Correlation (p) of Serum Neurofilament Light (NfL) and Serum Glial Fibrillary Acidic Protein (GFAP) With
the Expanded Disability Status Scale (EDSS) in People With MS, Patients With Secondary Progressive MS (SPMS),
and Patients With Primary Progressive MS (PPMS)
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Correlations between both biomarkers and EDSS were strongest in Patients with SPMS, whereas no significant correlations were found in patients with PPMS.
Values depict Spearman p, ***p-value <0.001. Dashed lines indicate the 95% confidence bands. SPMS = secondary progressive patients.

effect of disease duration and control for disease duration,
bypassing the problem of collinearity between age and disease
duration.”®! Because of this, we were able to assess bio-
marker concentrations as a result of MS-specific axonal
damage and astrocyte activation, which is crucial because age
has a well-known effect on NfL, GFAP, and CNTNI1 con-
centrations. Aging PwMS have a substantial loss of brain
volume and differ from their younger equivalents in the extent
of neurodegeneration.32 These seemingly accelerated aging
processes show a high degree of heterogeneity among PwMS,
which influences the interpretation of biomarkers.** There-
fore, our data add valuable new information to the question
whether sNfL, sGFAP, and sCNTN1 are specific for MS-
related neurodegeneration.

NfL is correlated with many clinical and radiologic measures in
RRMS and is considered as a well-established marker of disease
activity (i.e., axonal damage induced by acute inflammation)
and treatment response. However, the relationship between
NfL and neurodegeneration, reflected by disability, in pro-
gressive disease is less clear.”?¥%* Although NfL levels are as-
sociated with future brain atrophy in progressive PwMS, the
results from studies reporting correlations between NfL and
disability (progression) are inconsistent.”*>*>** In our cohort,
we report consistent correlations between NfL and disability in
patients with SPMS but not in patients with RRMS, providing
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support for the hypothesis that NfL is also relevant in patients
with less acute inflammatory activity. Furthermore, our re-
search showed significant higher sNfL levels in patients with
SPMS compared with patients with RRMS, which persisted
after adjustment for several confounders including disease
duration and DMT use.

Our finding that GFAP is increased in progressive patients
compared with HC and patients with RRMS is in accordance
with other studies.'>'3%3° Contrary to previous studies, we
also observed higher GFAP levels in patients with RRMS vs
HC, which might be explained by the higher median EDSS of
our RRMS group.'**® Of note, the IQR of the EDSS over-
lapped in both patients with RRMS and SPMS which may
have limited the possibility to distinguish between RRMS and
SPMS. The correlation we found between sGFAP and clinical
disability in progressive MS reflects the results of an earlier
study, which also reported correlations in progressive MS, but
not in patients with RRMS."® This suggests a prominent role
of astrocyte proliferation and activation in progressive MS,
which is further supported by our observation that serum
GFAP and NfL were independently associated with advanced
disability, indicative of seemingly partially independent pro-
cesses of both late neuroaxonal loss and astrogliosis. Although
more correlations were found between sGFAP and clinical
and radiologic measures compared with sNfL, we here suggest
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Table 2 Correlations Between Blood Biomarkers and Disability and MRI Measures Stratified by Multiple Sclerosis Subtype

MS all (n = 288) RRMS (n =171) SPMS (n =79) PPMS (n =37)
NfL GFAP CNTN1 NfL GFAP CNTN1 NfL GFAP CNTN1 NfL GFAP CNTN1
Clinical measures
EDSS 0.27%**  0.21*** (.02 0.08 007 -0.02 0.43%%%  (.39%** -0.10 029 -0.19 -0.12
T25FWT 0.23***  0.07 0.05 0.05 -0.01 0.00 0.46***  0.27* 0.04 033 -0.14 0.00
9HPT 0.21***  0.13* -0.05 0.08 -0.06 -0.07 0.30** 0.34** -0.03 0.22 0.01 -0.31
SDMT -0.16** -0.13*  0.02 -0.05 0.07 0.14 —0.31** —0.42%** -0.10 0.02 0.03 0.03
MS all (230) RRMS (n = 144) SPMS (n =53) PPMS (n =32)
NfL GFAP CNTN1 NfL GFAP CNTN1 NfL GFAP CNTN1 NfL GFAP CNTN1
MRI measures
Total brain volume -0.14* —0.22%** (.04 -0.15 -0.08 0.05 -0.14 —0.44** -0.02 -0.04 -0.41*  0.20
White matter volume -0.05 -0.15* 0.04 -0.043 -0.02 0.08 -0.06 -033* -0.03 0.02 -0.43*  -0.09
Deep gray matter volume —0.20%** —0.17** 0.08 -0.19* -0.03 0.07 -0.11  -0.19 0.06 -0.43*  —-0.56** 0.24
Cortical gray matter volume -0.15* —0.18** 0.04 -0.18* -0.18 0.03 -0.09 -0.29 -0.02 -0.01 -0.28 0.28
Thalamic volume —-0.20** -0.15*% 0.04 -0.13 -0.03 0.10 -0.15 -0.18 -0.07  -0.52** —0.50** 0.03
Cerebellar gray matter volume -0.16* -0.14* -0.00 -0.16 -0.06 -0.03 -0.04 -0.20 -0.06 -0.37 -0.29 0.26
Mean upper cervical cord area -0.13 -0.01 -0.05  0.06 0.04 -0.04 -0.30* -0.04 -0.26 -0.30 0.14 -0.07
Lesion volume 0.19%* 0.22***  -010 0.18* 0.16 -0.18 -0.02 0.13 0.02 0.36 0.40* -0.13

Abbreviations: EDSS = Expanded Disability Status Scale; 9HPT = Nine-Hole Peg Test; PPMS = primary progressive MS; RRMS = relapsing-remitting MS; SDMT =
Symbol Digit Modalities Test; SPMS = secondary progressive MS; T25FWT = Timed 25-Foot Walk Test.

Values depict Spearman p, *p-value <0.05; **p-value <0.01; ***p-value <0.001.

Bold values denote statistical significance at the p <0.01 level.

All values are corrected for sex, body mass index (BMI), disease-modifying therapy (DMT) duration, and disease duration.

All patients unable to perform the Timed 25-Foot Walk test (n = 21) or Nine-Hole Peg Test (n = 8) were excluded from correlation analyses.

a complementary role for sGFAP and sNfL, because sNfL  In our study, lower sCNTNT1 levels were related to patients
and sGFAP were independently associated with advanced  having EDSS >6.0. Because CNTN1 is mostly expressed in
disability. myelinated axons, we speculate that this could be because of a

Figure 4 Spearman Correlation (p) of Serum Neurofilament Light (NfL) (A) and Serum Glial Fibrillary Acidic Protein (GFAP)
(B) With Thalamic Volume (A) and Deep Gray Matter Volume (B) in Patients With Primary Progressive MS (PPMS),
Respectively
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Values depict Spearman p, **p-value <0.01. Dashed lines indicate the 95% confidence bands.
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Table 3 Logistic Regression for Prediction of Expanded Disability Status Scale =6

B SE POR (95% CI) p Value
Model 1a®—prediction model for EDSS 26: NfL
Nagelkerke R square = 0.171, p < 0.001
Serum NfL 0.100 0.029 1.106 (1.05-1.17) <0.001
Model 1b®—prediction model for EDSS > 6: GFAP
Nagelkerke R square = 0.184, p < 0.001
Serum GFAP 0.017 0.004 1.017(1.01-1.03) <0.001
Model 1c®—prediction model for EDSS > 6: CNTN1
Nagelkerke R square = 0.101, p = 0.002
Serum CNTN1 0.000 0.000 1.000 (1.00-1.00) 0.537
Model 2—prediction model for EDSS 2 6: NfL and GFAP
Nagelkerke R square = 0.230, p < 0.001
Serum NfL 0.084 0.028 1.088 (1.03-1.15) 0.003
Serum GFAP 0.015 0.004 1.015(1.01-1.02) <0.001
Model 3°—prediction model for EDSS 2 6: MRI only
Nagelkerke R square = 0.287, p < 0.001
Lesion volume 0.032 0.015 1.033(1.01-1.06) 0.027
Mean upper cervical cord area -0.139 0.028 0.870 (0.82-0.92) <0.001
Model 4°—prediction model for EDSS 2 6: Blood biomarkers and MRI measures
Nagelkerke R square = 0.287, p < 0.001
Serum NfL 0.062 0.029 1.064 (1.01-1.13) 0.037
Mean upper cervical cord area -0.132 0.028 0.877 (0.83-0.93) <0.001

Abbreviations: BMI = body mass index; CNTN1 = contactin-1; DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; GFAP = glial fibrillary

acidic protein; NfL = neurofilament light.
Patient having EDSS 26 (n = 61), patients having EDSS <6 (n = 227).

2Sex, BMI, disease duration, and DMT use were included as standard covariates in all multivariable models.

significant reduction in axonal density, which is most pro-
nounced in advanced disease."” Although we reported a trend
for lower CNTNI1 concentrations in PwWMS compared with
HC, no statistical difference was found when adjusting for
BMI and sex. Subsequently, we found no difference in
CNTNI levels across MS subtypes, which is in contrast to
other studies reporting decreased levels of CNTNI in either
CSF'* or serum® of patients with RRMS compared with
HC. Differences may be because of the higher but homoge-
neous median age of our cohort (53 years) and the associated
decrease in active inflammation compared with earlier work.
This would imply that CNTNI is mostly a marker in early
stages of MS.

To date, relatively few studies have correlated sNfL, sGFAP,
and sCNTN1 with various regional brain volume structures in
a well-defined and homogeneous MS cohort. We found the
strongest correlations between sGFAP, sNFL, and NDGMYV,
whereas no significant correlations were found between sNfL
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and NWMV. This is in line with a previous study, which
demonstrated that the associations of sNfL levels and future
atrophy were specifically driven by changes within (deep)
gray matter regions.41 Axonal loss within cortico-subcortical
connections and hence network disconnection are considered
the primary driving force behind deep gray matter atrophy,
which is especially severe in progressive patients and might
therefore be reflected by NfL.*> Astrocyte activation, reflected
by GFAP, might contribute to damage in gray matter struc-
tures via chronic activation of the CNS innate immune sys-
tem, which could result in an inhibition of remyelination and/
or axonal mitochondrial dysfunction.43 Nevertheless, earlier
studies have also showed the ability of NfL to predict WM
atrophy, a result which we cannot confirm in our cohort.*#*

Remarkably, the multivariable logistic regression model with
sNfL and sGFAP had an explained variance in the same range
as the model including MRI measures only. This suggests that
the easily accessed biomarkers NfL. and GFAP may have

| March 2023 Neurology.org/NN


http://neurology.org/nn

comparable accuracy with neuroimaging biomarkers when
assessing advanced disability. Moreover, we demonstrated
that sNfL and MUCCA independently predicted EDSS 6,
where sNfL replaced lesion volumes, possibly indicating that
sufficient information on neuroinflammation and axonal
damage can be gained from sNfL alone. Compared with such
(lesional) neuroimaging markers, NfL is a less costly bio-
marker, is well-standardized, and measures ongoing neuro-
axonal damage more directly.”® Future research will have to
elucidate whether NfLL and GFAP may complement neuro-
imaging biomarkers or whether these blood biomarkers could
be used as a standalone or triaging quantitative marker for
the extent of neurodegeneration. Based on our findings, sNfL
and sGFAP could be valuable biomarkers in clinical trials
addressing progressive disease at group level but may have less
additional value in clinical decisions at the individual level,
given the overlap between concentrations in PwMS vs HC
and across the MS subtypes.

The results of our study cannot be interpreted without con-
sidering the following limitations. Owing to the cross-sectional
nature of the study design, the temporal evolution of all bio-
markers could not be studied. Longitudinal studies with large
samples of progressive PwMS are necessary to test the tem-
poral relation with disability progression while filtering out the
effects of chronological age. Toward clinical implementation,
further studies are required to evaluate GFAP and CNTN1
concentrations in early and more active disease and their re-
sponse to treatment. In addition, our research design did not
allow us to differentiate the effects on biomarkers between
axonal loss because of (chronic) inflammation and because of
inactive processes, a distinction which will be important to
understand disease dynamics.

Because current therapeutic options for progressive PwMS
remain scarce, it is crucial to find reliable, easy-accessible and
low-cost biomarkers for quantifying MS-related neuronal loss.
Data of our cohort highlight that sNfL and sGFAP are related
to disability and deep gray matter volumes especially in pro-
gressive disease, implicating that NfL and GFAP are valuable
complementary biomarkers in clinical practice and clinical
trials for evaluating neurodegeneration in progressive disease.
By using a well-defined cohort of PwMS with the same age, we
have demonstrated that NfL and GFAP are complementary
and that both reflect neurodegenerative processes, in-
dependent of age.
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