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Abstract

Background: Serum neurofilament light (SNfL) chain is a promising biomarker reflecting neuro-axonal
injury in multiple sclerosis (MS). However, the ability of sNfL to predict outcomes in real-world MS
cohorts requires further validation.

Objective: The aim of the study is to investigate the associations of sNfLL concentration, magnetic reso-
nance imaging (MRI) and retinal optical coherence tomography (OCT) markers with disease worsening
in a longitudinal European multicentre MS cohort.

Methods: MS patients (n=309) were prospectively enrolled at four centres and re-examined after 2 years
(n=226). NfL concentration was measured by single molecule array assay in serum. The patients’ phe-
notypes were thoroughly characterized with clinical examination, retinal OCT and MRI brain scans. The
primary outcome was disease worsening at median 2-year follow-up.

Results: Patients with high sNfL concentrations (=8 pg/mL) at baseline had increased risk of disease
worsening at median 2-year follow-up (odds ratio (95% confidence interval)=2.8 (1.5-5.3), p=0.001).
We found no significant associations of MRI or OCT measures at baseline with risk of disease worsening.
Conclusion: Serum NfL concentration was the only factor associated with disease worsening, indicating

that sNfL is a useful biomarker in MS that might be relevant in a clinical setting.
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Introduction

Over the last two decades, neurofilament light (NfL)
chain has gained increased attention as a promising
biomarker in multiple sclerosis (MS). NfL is exclu-
sively expressed in neurons and is released into the
extracellular space upon axonal damage.! In MS,
serum NfL (sNfL) concentrations are associated with
increased risk of relapses, higher neurological dis-
ability scores, increased magnetic resonance imaging
(MRI) disease activity and with more severe brain
and spinal cord volume loss.>® Serum NfL concen-
tration is associated with short-term clinical out-
comes,’ but the association with long-term clinical
outcomes is less clear.!0

Optical coherence tomography (OCT) and magnetic
resonance imaging (MRI) are other markers of disease

activity in MS. Reduced thickness of the ganglion cell
and inner plexiform layer (GCIPL) in the retina has
been reported to be associated with future disease
activity in MS.!! Together with MRI scans of the brain
and spinal cord, OCT measures can provide useful
information for the prediction of long-term disability.

Each of these parameters may individually provide
valuable information for elucidating subsequent dis-
ease activity. However, the combination of these
markers as a predictor for future disease activity in a
real-world MS population has not been extensively
explored. The aim of this study was to investigate the
individual and the potential combined additive value
of clinical, sSNfL, OCT and MRI measures as markers
for subsequent disease activity in a heterogeneous MS
patient cohort.
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Materials and methods

Study population

A total of 328 MS patients were included at
four European MS centres (Hospital Clinic of
Barcelona, Spain; Oslo University Hospital, Norway;
Charité-Universitactsmedizin Berlin, Germany; and
Ospedale Policlinico San Martino, Genoa, Italy)
between July 2016 and December 2017 through the
ERACOSYSMED ERA-Net programme (Sys4MS
project, id:43). All MS patients were invited for a
2-year follow-up visit and 280 of 328 patients were
enrolled. The variability of the follow-up duration is
illustrated in Supplementary eFigure 1. Complete
data sets with sNfL, clinical and imaging measures
were obtained from 309 and 226 MS patients at base-
line and follow-up, respectively.!? In addition, serum
samples from age- and sex-matched healthy controls
(HCs) were collected at the four MS centres (59 at
baseline and 30 at follow-up). For all inclusion crite-
ria, please refer to the Supplemental Materials and
Methods.

The primary study outcome was disease worsening at
median 2-year follow-up, characterized by (1) =3
new cerebral MRI lesions, (2) confirmed Expanded
Disability Status Score (EDSS) progression, or (3)
evidence of a new clinical relapse,'* where each com-
ponent was analysed as a separate outcome parame-
ter. EDSS progression was defined as an increase of
(1) 1.5 or more if the EDSS baseline score was zero,
(2) 1.0 if the baseline EDSS score was less than 5.5
and (3) 0.5 if the baseline EDSS score was =5.5.13

The Sys4MS project followed the Declaration of
Helsinki and was approved by the IRCCS Ospedale
Policlinico San Martino, University of Oslo (REC
ID: 2011/1846 A), Charité-Universitactsmedizin and
Hospital Clinic of Barcelona. All participants pro-
vided written informed consent prior to their inclu-
sion in the study.

Serum NfL chain measurements

Serum NfL concentrations were analysed using the sin-
gle molecule array immunoassay (Simoa Technology;
QUANTERIX, Billerica, MA, USA). See the
Supplemental Materials and Methods for further
details.2 Serum NfL percentile values were calculated
from HC data (n=59) and patients were grouped based
on their sNfL concentrations into high (=8pg/mL;
=75th percentile) or normal (<8 pg/mL; <75th percen-
tile). The use of the 75th percentile cut-off was based
on the distribution of MS samples in each percentile
category (Supplementary eTable 1). Age-normative

percentile cut-offs were calculated from a second
group of HC (n=309) (Blennow and Zetterberg,
unpublished), dichotomizing patients based on their
sNfL concentrations into high (=75th age-corrected
percentile) or normal (<75th age-corrected percentile)
(Supplementary eTable 2).

Optical coherence tomography

Retinal OCT scans were obtained by Heidelberg
Spectralis (Heidelberg Engineering, GmbH, Germany)
or RS-3000 (Nidek CO., LTD., Japan), fulfilled the
OSCAR-IB criteria,'® and were all analysed at the
Berlin reading centre. See the Supplemental Materials
and Methods for further details.

Magnetic resonance imaging

MRI acquisition was harmonized across all four cen-
tres with minimum requirements for MRI scanners
and sequences. Analyses of MRI data were per-
formed at the Berlin reading centre according to a
unified pipeline by experienced MRI technicians.
Seethe Supplementary eTable 3 and the Supplemental
Materials and Methods for further details.

Statistical analysis

Statistical analyses were performed using IBM SPSS
version 27 for Mac (IBM Corp., Armonk, NY, USA).
Descriptive statistics are presented as either mean
with standard deviation (SD), or median with range,
or proportions. For comparison between groups, the ¢
test or Mann—Whitney U test was used for continuous
variables and y? or Fisher’s exact test for categorical
variables. Linear regression models and partial corre-
lation (r,) analyses were applied to test for associa-
tions between sNfL concentrations and clinical, OCT
and MRI measurements at both baseline and follow-
up, with sNfL and log-transformed sNfL concentra-
tions as the outcome, adjusting for age, sex and
treatment level (no treatment, active or highly active
treatment). To test whether sNfL, clinical, OCT and
MRI measurements could predict disease worsening,
or its components, at median 2-year follow-up, uni-
variable and multivariable logistic regression analy-
ses were applied including sNfL concentration = 8 pg/
mL or above the age-corrected 75th percentile, GCIPL
thickness, pRNFL thickness, T2 lesion volume, nor-
malized brain volumes, average time used at Nine-
Hole Peg Test (9-HPT), age, and treatment level as
covariates in the logistic regression analyses. For the
sensitivity analyses, different SNfL percentile cut-offs
were used to examine whether the probability of dis-
ease worsening increased with each category of
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higher sNfL-level percentile. Before performing the
multivariable regression analysis, possible multicol-
linearity of the covariates was explored using a cor-
relation coefficient =0.7 as alimit formulticollinearity.
All tests were two-sided and a 5% significance level
was used. The p values were not adjusted for multiple
testing. OCT measures were missing in 27% of the
patients, and to investigate the possible uncertainty
due to missing data in the multivariable logistic
regression models with OCT measures, sensitivity
analysis of imputation was performed as described in
the Supplemental Materials and Methods.

Results

Baseline characteristics

Demographic and clinical characteristics of the
study population are shown in Tables 1-3 and in
Supplementary eTable 4. The sNfL concentrations by
age are separately presented as scatter plots for HCs
and MS patients in Supplementary eFigure 2. Serum
NfL concentrations at baseline were significantly
higher in patients with progressive MS (PMS) com-
pared with HCs, adjusted for age and sex (Table 2).
When subgrouping the patients based on treatment
level, our analyses showed that untreated PMS patients
had significantly higher sNfL concentrations than the
HC group (Supplementary eTable 5 and Supplementary
eFigure 3).

Association between sNfL and clinical, MRI and
OCT measures at baseline and follow-up

Correlation analyses of log-transformed sNfL con-
centrations with clinical, MRI and OCT measures at
baseline and follow-up are presented in Figure 1 and
in Supplementary eTable 6. In the PMS group, higher
sNfL concentrations at baseline were significantly
associated with slower performance on 9-HPT
(r,=0.38, p=0.01), lower scores on the symbol digit
modalities test (SDMT) (r,,=-0.32, p=0.03), higher
T2 lesion count (r,=0.41, p=0.004), and increased
T2 lesion volume (r,=0.39, p=0.01) at baseline.
Furthermore, higher sNfL concentrations at follow-up
were significantly associated with higher T2 lesion
count (r,=0.36, p=0.04) and reduced thickness of
GCIPL (r,=-0.52, p=0.02) at follow-up among the
PMS patients.

In the relapsing-remitting MS (RRMS) group, higher
baseline sNfL concentrations were significantly asso-
ciated with higher T2 lesion count at baseline
(r,=0.15, p=0.02). In addition, in this patient group
higher sNfL concentrations at follow-up were

significantly associated with slower performance on
both 9-HPT (r,=0.24, p=0.003) and 25-foot walk test
(T25FWT) (r,=0.31, p<0.001) at follow-up. The
presence of new lesions (r,=0.28, p<<0.001) and
increasing lesion volumes (r,=0.21, p=0.01) at fol-
low-up significantly correlated with higher concen-
trations of sNfL at baseline in the RRMS group.

Association of sNfL, clinical, MRI and OCT
measures with disease worsening

We then investigated whether high sNfL concentra-
tions at baseline, thinner pRNFL, thinner GCIPL,
higher T2 lesion volume, lower normalized total brain
volume, slower performance on 9-HPT or DMT cat-
egory separately were associated with disease wors-
ening at median 2-year follow-up. Patients with high
sNfL concentrations (=8pg/mL) at baseline had
higher risk of disease worsening at follow-up (odds
ratio (OR) (95% confidence interval (CI))=2.8 (1.5—
5.3), p=0.001) (Figure 2 and in Supplementary eTa-
ble 7). The risk of disease worsening was also
significantly increased in the univariable model using
the 80th percentile (OR (95% CI)=1.98 (1.02-3.8),
p=0.043) (Supplementary eTable 8). When analysing
the association of sNfL concentrations with single
components of disease worsening, patients with high
sNfL (=8pg/mL) at baseline had increased risk of
developing new T2 lesions (OR (95% CI1)=3.97 (1.7—
9.3), p=0.002) and of experiencing a new clinical
relapse (OR (95% CI)=3.3 (1.38-7.8), p=0.007) in
the follow-up period, but not of EDSS progression
(Table 4). The risk of disease worsening (OR (95%
CI)=1.07 (1.01-1.14), p=0.027) and of experiencing
a new clinical relapse in the follow-up period (OR
(95% CI)=1.07 (1.01-1.13), p=0.033) was also sig-
nificantly increased in the univariable models using
sNfL as a continuous variable (Table 4). In addition,
slower performance on 9-HPT was significantly asso-
ciated with disease worsening at follow-up (OR (95%
CI)=1.09 (1.02-1.17), p=0.009). Neither thinner
GCIPL nor pRNFL, increased T2 lesion volume nor
lower normalized total brain volume showed associa-
tions with disease worsening at follow-up. The data
indicated that patients with active or highly active
treatment had less disease worsening compared with
untreated patients.

Since age is the single most important factor impact-
ing sNfL concentrations in HCs,” we extended our
analyses using age-normative cut-offs. Patients with
high sNfL concentrations (=75th age-corrected per-
centile) at baseline had higher risk of disease worsen-
ing at follow-up (OR (95% CI)=1.8 (1.0-3.12),
p=0.050) (Supplementary eTable 9). The risk of
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Table 1. Demographic and clinical features of the study population.

Baseline 2-year follow-up
RRMS (n=257) PMS (n=52) RRMS (n=188) PMS (n=38)
Age, years, mean (SD) 40.9 (£8.6) 54.1(x174) 42.6 (£8.7) 56.4 (x7.4)
Sex, n (%)
Female 186 (72.4) 31 (59.6) 137 (73.0) 23 (60.5)
MS classification, n (%)
CIS 4(1.6) 3(1.6)
RRMS 253 (98.4) 185 (98.4)
SPMS 24 (46.2) 19 (50.0)
PPMS 28 (53.8) 19 (50.0)
Age at MS onset, mean, years (SD) 30.7 (£8.4) 353 (£11.1)
Disease duration, median, years 8.4 (0.5-34.3) 17.4 (1.4-43.5)
(range)
Follow-up time, median, years (range) 1.9 (0.7-3.4) 2.1(1.0-2.4)
Follow-up time, mean, years (SD) 1.9(*0.4) 1.9 (£0.3)
Disease-modifying treatment
None, 1 (%) 56 (22.0) 34 (65.0) 32 (18.0) 19 (51.5)
Active treatment, n (%) 130 (50) 7 (14) 81 (45) 3(8)
Interferon 37 (14.4) 3(5.8) 13(7.2) 1(2.7)
Glatiramer acetate 33 (12.8) 3(5.8) 19 (10.5) 1(2.7)
Teriflunomid 27 (10.5) 0(0) 19 (10.5) 0(0)
Fumarate 33 (12.8) 1(1.9) 30 (16.6) 1(2.7)
Highly active treatment, n (%) 71 (28.0) 11(21.0) 68 (37.0) 15 (40.5)
Fingolimod 35(13.6) 2 (3.8) 27 (14.9) 2(5.4)
Natalizumab 25(9.7) 1(1.9) 19 (10.5) 1(2.7)
Alemtuzumab 8(3.1) 1(1.9) 12 (6.6) 0(0)
Rituximab 1(0.4) 6(11.5) 4(2.2) 4(10.8)
Ocrelizumab 0(0) 1(1.9) 4(2.2) 8(21.6)
Daclizumab 2(0.8) 0(0) 0(0) 0(0)
Cladribine 0 (0) 0 (0) 2 (1.1) 0(0)

RRMS: relapsing-remitting MS; PMS: progressive MS; MS: multiple sclerosis; SD: standard deviation; CIS: clinically isolated
syndrome; SPMS: secondary progressive MS; PPMS: primary progressive MS.
Descriptive statistics are presented as either mean with standard deviation (SD), or median with range or proportions.

disease worsening was also significantly increased in
the univariable models using sNfL concentrations
=80th age-corrected percentile (OR (95% CI)=2.1
(1.2-3.8), p=0.009), =85th age-corrected percentile
(OR (95% CI)=2.3 (1.3-4.1), p=0.005) and =90th
age-corrected percentile (OR (95% CI)=2.4 (1.3—
4.3), p=0.005) as cut-offs (Supplementary cTable
10). Patients with high sNfL (=75th age-corrected
percentile) at baseline had increased risk of develop-
ing new T2 lesions (OR (95% CI)=2.3 (1.1-4.9),
p=0.034), but not of experiencing a new clinical
relapse or of EDSS progression in the follow-up
period. In addition, patients with sNfL =80th, 85th
and 90th age-corrected percentiles at baseline had
increased risk of developing new T2 lesions, and

patients with sNfL =80th and the 85th age-corrected
percentiles had increased risk of experiencing a new
clinical relapse in the follow-up period.

To analyse whether sNfL, MRI and OCT parameters
combined showed stronger associations with disease
worsening than each parameter alone, we combined
SNfL, MRI and OCT measures in multivariable mod-
els. See the Supplemental Results and Supplementary
eTables 7 and 9 for further details.

Discussion
This multicentre, real-life study revealed increased
risk of disease worsening after median 2years in
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Table 3. Demographic and clinical features of patients with disease worsening.

Patients with disease
worsening (n=_87)

Patients without disease
worsening (n=109)

Age, years, mean (SD) 429 (%£9.8) 41.9 (£9.7)
Sex, n (%)
Female 55(63.2) 86 (78.9)
MS classification, n (%)
CIS 2(2.3) 2 (1.8)
RRMS 64 (73.6) 97 (89.0)
SPMS 10 (11.5) 8(7.3)
PPMS 11 (12.6) 2(1.8)
Age MS onset, years, mean (SD) 31.4 (£9.1) 30.5 (%8.5)
Disease duration, years, median (range) 8.9 (0.543.5) 8.6 (0.5-34.7)
Follow-up time, years, median (range) 2.0 (0.95-3.38) 1.9 (0.7-2.72)
Disease-modifying treatment
None, 1 (%) 29 (33.3) 22 (20.2)
Active treatment, n (%) 36 (41.4) 50 (45.9)
Interferon 12 (33.3) 11 (22.0)
Glatiramer acetate 10 (27.8) 8 (16.0)
Teriflunomid 6 (16.7) 14 (28.0)
Fumarate 8(22.2) 17 (34.0)
Highly active treatment, 7 (%) 22 (25.3) 37(33.9)
Fingolimod 10 (45.5) 16 (43.2)
Natalizumab 7 (31.8) 13 (35.1)
Alemtuzumab 2(9.1) 5(13.5)
Rituximab 2(9.1) 2(5.4)
Ocrelizumab 1(4.5) 0(0)
Daclizumab 0(0) 1(2.7)
sNfL (pg/mL) median (range) 8.4 (2.8-93.2) 6.7 (2.7-33.3)
sNfL = 75th percentile?, n (%) 49 (56.3) 46 (42.2)
SNfL = 8pg/mL, n (%) 49 (56.3) 36 (33.0)
=3 new cerebral MRI lesions, n (%) 34 (39.1) 0(0)
EDSS progression, n (%) 39 (44.8) 0(0)
Relapse, n (%) 33 (37.9) 0(0)

SD: standard deviation; CIS: clinically isolated syndrome; RRMS: relapsing-remitting MS; SPMS: secondary progressive MS;
PPMS: primary progressive MS; MRI: magnetic resonance imaging; EDSS: Expanded Disability Status Score; MS: multiple

sclerosis.

Disease worsening==3 new cerebral MRI lesions and/or confirmed EDSS progression and/or evidence of a new clinical relapse.
Descriptive statistics are presented as either mean with standard deviation (SD), or median with range or proportions.

aCut-off 75th percentile: 20-29 years =4.325 pg/mL, 30-34 years = 6.60 pg/mL, 35-39 years = 7.05 pg/mL, 40-44 years = 6.825 pg/mL,
45-49 years = 7.075 pg/mL, 5054 years = 8.225 pg/mL, 55-59 years = 11.15 pg/mL, 60—69 years = 12.95 pg/mL.

patients with elevated sNfL concentrations at baseline.
The association between sNfL concentration and dis-
ease worsening was first explored using a pre-specified
cut-off (=8pg/mL). These analyses revealed a 2.8-
fold increased risk of disease worsening, a 4.0-fold
increased risk of new T2 lesions and a 3.3-fold
increased risk of relapse activity after 2 years. There
was a trend, although not statistically significant, for
a positive association between high sNfL at baseline
and the risk of EDSS progression at follow-up.

Defining age-normative cut-offs in this analysis was
not possible due to limited number of HCs (7=59) that
were analysed at the same time as the patient samples.
We then explored the association between sNfL con-
centration and disease worsening using age-normative
cut-offs (=75th percentile) based on a second group
of HCs (n=309). This analysis revealed a 1.8-fold
increased risk of disease worsening, gradually increas-
ing using a higher percentile as cut-off. The risk of
new MRI lesions and a new relapse in the
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Figure 2. A forest plot depicting the multivariable logistic
regression model 2 for disease progression at 2-year
follow-up. No treatment (odds ratio=1.0) is used as a
reference category for treatment.

sNfL: serum neurofilament light chain; 9-HPT: 9HolePegTest.

follow-up period was also evident in these analyses
using age-normative cut-offs. Finally, the risk of dis-
ease worsening, and of experiencing a new clinical
relapse in the follow-up period, was also significantly
increased in the analysis using sNfL as a continuous
variable. Our study showed no independent association
between MRI or OCT measures and disease worsen-
ing. Overall, sNfL was the only factor associated with
disease worsening in this patient population.

Disanto et al.> have previously reported that patients
with sNfL concentrations above the 80th HCs-based
percentiles at baseline had higher risk of relapses
and EDSS worsening after 3 years, supporting our
findings. This was confirmed in another cohort,®
where the probability of EDSS worsening gradually
increased with higher sNfL percentile categories. A
recent study by Kuhle et al.!” demonstrated that the
combination of sNfL concentration and brain atrophy
provided a more robust prediction for long-term dis-
ease progression than sNfL concentrations alone,
whereas Zimmermann et al. reported that the presence
of both high sNfL and thin GCIPL was a stronger risk
factor for future disease activity than each parameter
individually.'®* We found no additive effect of sNfL,
MRI and OCT measures as risk factors for disease
worsening. Of note, the patients followed by Kuhle
et al. were not using highly active treatment and their
outcome measure was long-term disease progression
measured after 8 or 15years. In contrast, our patient
population was mainly treated with active or highly
active DMTs and had low disability scores, and dis-
ease worsening was measured only after 2 years. The
observed association between disease worsening
and high sNfL concentration, but not with MRI

measures in our patient population, is possibly due to
high sensitivity for sNfL as a biomarker of ongoing
neuro-axonal degeneration even in early stages of the
disease,' as opposed to cerebral atrophy, which
advances more slowly over time and is more pro-
nounced in later stages of the disease course.!?20-2!

Our cross-sectional analyses confirm previous reports
stating that sNfL concentrations are associated with
clinical disability and cognitive performance, the
number of T2 lesions, T2 lesion volume and the pres-
ence of new T2 lesions.252223 However, we found no
significant associations between sNfL and normalized
brain volume measures, in contrast to what was
observed by Barro et al.® One explanation for this
could be that our patient population had lower disabil-
ity scores at baseline and were treated with more
highly effective DMTs. In addition, the follow-up
time was relatively short.

Previous studies have demonstrated higher sNfL con-
centrations in MS patients in general compared with
HCs, but we found no significant differences in sNfL
concentrations between RRMS patients and HCs in
our cohort. This could also be because we have
included well-treated patients where DMT reduces
neuro-axonal damage and thereby lowers sNfL
release. In contrast, we found that untreated PMS
patients had significantly higher sNfL concentrations
compared with HCs. Interestingly, PMS patients on
active or highly active treatment had comparable
sNfL concentrations with HCs, suggesting that DMT
might also influence the pathological processes in
PMS patients. These results need to be interpreted
with caution because of the low number of PMS
patients on active or highly active treatment. However,
this hypothesis is supported by other studies showing
that NfL concentrations both in serum and in cerebro-
spinal fluid (CSF) are reduced after initiating DMT in
PMS 2425

Our study did not identify significant associations
between sNfL and GCIPL or pRNFL at baseline, but
we found a significant correlation between sNfL and
GCIPL at follow-up among the PMS patients. OCT
studies in MS show that GCIPL parameters are often
affected early in the disease course even in patients
without previous optic neuritis.2® This is interpreted
as a sign of the ongoing neurodegenerative process.
When the disease activity develops further, the
pRNFL may also be affected. Increased sNfL levels
reflecting neuro-axonal retinal damage might be more
pronounced in later and more progressive stages of
the disease and may not be evident among RRMS
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patients using efficient DMT.?” This could explain
why there was only an association between sNfL and
GCIPL in PMS patients in our cohort and not among
stable RRMS patients.

A strength of this study is the large MS patient popu-
lation recruited through a prospective longitudinal
European MS-specialized multicentre study. To our
knowledge, this is the first study to investigate the
associations of sNfL, clinical, MRI and OCT meas-
ures with disease worsening in a real-world MS
patient population. One limitation of the study is the
short follow-up of our cohort. Our results are indica-
tive of the short-term prognosis, but may not be
informative for the long-term prognosis of MS.

Conclusion

This study showed that high sNfL concentration was
associated with disease worsening in a real-world MS
population. We conclude that sNfL is a promising bio-
marker in MS that might be relevant in a clinical
setting.
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