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decisions. We here examine the utility of serum neurofilament light chain (sNfL) for forecasting relapse-free
disability progression and conversion to secondary progressive MS (SPMS) in the prospective Neurofilament
and longterm outcome in MS (NaloMS) cohort.
Methods: The predictive ability of sNfL at Baseline and sNfL follow-up (FU)/ Baseline (BL) ratio with
Multiple sclerosis regard to disability progression was assessed within a development cohort (NaloMS, n=196 patients
Disease progression with relapsing-remitting MS (RRMS) or clinically isolated syndrome) and validated with an external
Neurofilament light chain independent cohort (Disseldorf, Essen, n=204). Both relapse-free EDSS-progression (RFP: inflamma-
SPMS transition tory-independent EDSS-increase 12 months prior to FU) and SPMS-transition (minimum EDSS-score of
3.0) were investigated.
Findings: During the study period, 17% (n=34) of NaloMS patients suffered from RFP and 14% (n=27) con-
verted to SPMS at FU (validation cohort RFP n=42, SPMS-conversion n=24). sNfL at BL was increased in
patients with RFP (10.8 pg/ml (interquartile range (IQR) 7.7-15.0) vs. 7.2 pg/ml (4.5-12.5), p<0.017). In a mul-
tivariable logistic regression model, increased sNfL levels at BL (Odds Ratio (OR) 1.02, 95% confidence interval
(CI) 1.01-1.04, p=0.012) remained an independent risk factor for RFP and predicted individual RFP risk with
an accuracy of 82% (NaloMS) and 83% (validation cohort) as revealed by support vector machine. In addition,
the sNfL FU/BL ratio was increased in SPMS-converters (1.16 (0.89-1.70) vs. 0.96 (0.75-1.23), p=0.011). This
was confirmed by a multivariable logistic regression model, as sNfL FU/BL ratio remained in the model (OR
1.476, 95%CI 1.078-2,019, p=0.015) and individual sNfL FU/BL ratios showed a predictive accuracy of 72% in
NaloMS (63% in the validation cohort) as revealed by machine learning.
Interpretation: sNfL levels at baseline predict relapse-free disability progression in a prospective longitudinal
cohort study 6 years later. While prediction was confirmed in an independent cohort, sNfL further discrimi-
nates patients with SPMS at follow-up and supports early identification of patients at risk for later SPMS
conversion.
Funding: This work was supported by the German Research Council (CRC-TR-128), Else Kroner Fresenius
Foundation and Hertie-Stiftung.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords:

1. Introduction

* Corresponding author at: University Medical Center of the Johannes Gutenberg Multiple sclerosis (MS) is an autoimmune disease of the CNS asso-
University Mainz, Langenbeckstr. 1, Mainz 55131, Germany. ciated with neurologic disability and progression over time [1]. Natu-
E-mail address: bittner@uni-mainz.de (S. Bittner). ral history cohorts demonstrate that disability progression and

! Equally contributing authors.

https://doi.org/10.1016/j.ebiom.2021.103590
2352-3964/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2021.103590&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:bittner@uni-mainz.de
https://doi.org/10.1016/j.ebiom.2021.103590
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ebiom.2021.103590
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ebiom

2 T. Uphaus et al. / EBioMedicine 72 (2021) 103590

Research in context

Evidence before this study

Serum neurofilament light chain is an emerging biomarker in
multiple sclerosis and other neurological disease. We used the
terms “Neurofilament light chain”, “NfL”, “multiple sclerosis”,
“MS”, “EDSS”, “progression”, “SPMS”, “relapse-free progression”
in PubMed to find publications from any date up to January 19,
2021. Whereas numerous publications support an association
of sNfL values with signs of current inflammatory activity such
as Gadolinium-enhancing lesions on MRI and recent relapse
activity, reports on the predictive value of sNfL for clinical
meaningful endpoints such as transition into secondary pro-
gressive MS (SPMS) and disability progression are sparser and
lack external validation.

Added value of this study

Within a prospective cohort study we examined the utility of
sNfL for forecasting disability progression and transition into
SPMS in patients with relapsing-remitting multiple sclerosis
(RRMS) and clinically isolated syndrome (CIS) with a median fol-
low-up of 6 years. We are able to show a predictive value of sNfL
for disability progression, as defined by relapse-free EDSS-pro-
gression (RFP), confirmed on the individual level with an accu-
racy of 82% (NaloMS) and validated in an independent cohort
(Dusseldorf, Essen; accuracy of 83%) by support vector machine,
suggesting that early inflammatory activity has a strong impact
on disability accumulation in the long run. Moreover, patients
with sNfL levels above 7.2 pg/ml at study entry exhibited a
higher risk of disability progression compared to patients with
lower values. In addition, patients with sNfL increase at follow-
up as shown by sNfL FU/BL ratio had a higher probability for
transition into SPMS, which was confirmed on the individual
level with an accuracy of 72% in NaloMS and externally validated
in an independent validation cohort (Diisseldorf, Essen; accuracy
63%), as revealed by support vector machine. Routine sNfL mea-
surement at follow-up might thereby facilitate early detection of
currently mainly retrospectively assessed SPMS-diagnosis.

Implications of all the available evidence

In a prospective cohort study of 196 patients with CIS and
RRMS, assessment of sNfL was able to predict relapse-free
EDSS-progression at median 6-year follow-up. Especially, when
it was measured longitudinally, increased sNfL values, were
able to identify patients with transition to SPMS. We here pro-
vide sNfL cut-off values for prediction of disability progression
and diagnosis of SPMS and were able to externally validate our
findings, in order to support routine sNfL measurement and
allowing independent comparable studies and thereby foster-
ing the way of sNfL into clinical practice.

prognosis varies among patients [2], therefore prognostic markers
are needed to guide treatment decisions. Neurofilaments, especially
neurofilament light chain (NfL), are an emerging marker for neuronal
injury in MS [3] and other neurodegenerative [4] and ischemic dis-
eases of the CNS [5]. However, studies focusing on clinically meaning-
ful endpoints for individual patients’ outcome, such as predicting
Expanded Disability Status Scale (EDSS)-progression over time [6,7]
or the transition into secondary progressive multiple sclerosis
(SPMS) [8-10] lack validation of their findings in external validation
cohorts. In light of increasing treatment options for patients with
SPMS [11], the current retrospective approach of SPMS diagnosis
delays treatment initiation; markers for early identification of

patients undergoing SPMS conversion are thus urgently needed to
enable timely diagnosis and treatment of SPMS.

Currently, disability progression and the transition to SPMS are
determined retrospectively, mainly based on disability accumulation
as measured by an increase in EDSS-scores during a period of months
or years [12]. This retrospective diagnostic approach has several limi-
tations as shown by a diagnostic delay of up to 3 years in more than
50% of patients[13]: 1) EDSS-assessment is prone to high interrater
variability [14,15]. 2) EDSS increase must be confirmed after 3-6
months in order to prevent assessment errors and differentiate
between true progression and relapse-related disability [16,17]. 3)
EDSS mainly focuses on disability in locomotor function and in case
of EDSS scores above 4, further detection of disability progression is
limited [18]. 4) MS disease activity such as clinical relapse and mag-
netic resonance imaging (MRI) activity might also occur in progres-
sive MS [19] and thereby impede the diagnosis of SPMS by the
treating physician. With these points in mind, NfL as a marker for
neuroaxonal damage might be able to identify patients at risk of
SPMS conversion and thereby widen the therapeutic window of
newly available SPMS therapies [11].

There is evidence that early initiation of immunomodulatory ther-
apies can delay SPMS conversion [20]. Therefore, prediction of dis-
ease progression is essential to guide treatment decisions and
support effective immunomodulatory therapy to best preserve the
functional independence of MS patients. With this regard, NfL has
been associated with inflammatory activity and neurodegeneration
in patients with early MS [3,21]. In contrast, data on long-term dis-
ability progression and conversion into SPMS is conflicting; data on
predictive capacity is lacking. NfL was reported to be associated with
EDSS progression [22], however another study was unable to confirm
these observations [23]. In line with this, a retrospective study dem-
onstrated an association between T2 lesion load and brain atrophy
measured by MRI, but no correlation between baseline NfL values
and EDSS after 10 years in a smaller cohort [24]. Similarly, a further
study showed an increased risk of reaching EDSS-milestones below
6.0, but no consistent association between NfL levels and sustained
disability of EDSS score of 6.0 and conversion to SPMS [7]. We aim to
shed light on these conflicting results by examining the value of
serum NfL (sNfL) in predicting EDSS progression at six-year follow-
up within the Neurofilament and longterm outcome in MS (NaloMS)
cohort.

2. Methods
2.1. NaloMS cohort

Patients with relapsing-remitting multiple sclerosis (RRMS) or
clinically isolated syndrome (CIS), according to 2010 McDonald crite-
ria who visited the Department of Neurology MS outpatient clinic at
the University Medicine Mainz (Germany) between September 2010
and July 2016 were prospectively included in the NaloMS cohort. For
classification into RRMS and CIS, we retrospectively applied the 2017
McDonald criteria. Patients with progressive disease forms such as
primary progressive MS or SPMS were ineligible. At study entry, data
on clinical examination, EDSS score, immunomodulatory therapy and
medical history were assessed. This was repeated at follow-up (FU) 1
and FU 2. The time interval between study entry and FU 1 was sched-
uled as deemed necessary by the treating physician. FU 2 was then
fixed for 12 months after FU 1. MR-imaging of the brain was evalu-
ated with regard to number of T2-hyperintense lesions, T1-hypoin-
tense lesions and gadolinium-enhancing lesions at Baseline and FU 2
and was assessed by an experienced, blinded reader. Moreover,
venous blood was collected at study entry and at FU 2. In order to
reliably assess clinical relapses between FU 1 and FU 2, patients
underwent clinical examination and EDSS-assessment by a video-
trained, blinded investigator. In addition, EDSS-worsening at FU 2
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was confirmed after 12 weeks. We followed TRIPOD-Guidelines for
prediction model development and reporting (for details see supple-
mental Table 1).

2.2. Validation cohort

An independent external validation cohort was provided by two
additional academic centers (Diisseldorf, Essen). Patients from these
centers with RRMS and CIS were prospectively included from January
2010 until September 2016.

2.3. Standard Protocol Approval, Patient consent

The study protocol was approved by the Ethics Committee of the
Arztekammer Rheinland Pfalz (AZ 2018-13133_1); all patients gave
written informed consent. The study is in line with the Declaration of
Helsinki.

2.4. sNfL measurements

Our sNfL measurement protocol was previously described in
detail [5,21]. Briefly, blood was collected in 10 ml Serum-
Vacutainer®-tubes (Becton Dickinson, USA); samples were spun at
1300 g at room temperature for 15 minutes within 2 h after sampling.
Directly after centrifugation, the serum was evenly transferred to
polypropylene tubes and locally stored at -80°C. sNfL levels were
then determined in duplicates by single molecule array with a SiMoA
HD-1 (Quanterix, USA) using the NF-Light Advantage Kits (Quanterix)
according to manufacturer’s instructions. Resorufin-S-D-galactopyra-
noside (RGP) was incubated at 33°C for 60 minutes prior to running
the assay. The coefficient of variation (CV, as a percentage) of the two
replicates was obtained by dividing the standard deviation of both
replicates by the mean of both replicates multiplied by 100. A few
samples with intra-assay CV above 20% (or missing replicate result)
were measured twice, taking the second measurement into account
for further analysis. Finally, the mean intra-assay CV of duplicate
determinations for concentration of 5.9% was obtained by averaging
all individual sample CVs. Two low and high controls, consisting of
recombinant human NfL antigen, were included in each sample run
to monitor plate-to-plate variation (low: mean 8.8 pg/ml, inter-assay
CV 13.7%; high: mean 190.9 pg/ml, inter-assay CV 13.9%). sNfL meas-
urements were performed in a blinded fashion without information
about clinical data and Baseline and FU samples were analyzed in the
same run to control for plate-to-plate variation. Nevertheless, to rule
out a potential influence of the plate-to-plate variation on our main
results, we performed two independent analyses (for details see sup-
plemental Methods).

2.5. (linical endpoints

In order to assess the predictive value of sNfL and its temporal
evolution in patients experiencing EDSS progression and conversion
to SPMS, we assessed two clinical outcomes. These endpoints were
assessed by two investigators independently from each other. One-
year relapse-free EDSS progression (RFP) was defined as EDSS-wors-
ening within 12 months prior to FU with an EDSS-increase of at least
1.5 for patients starting at EDSS 0, at least 1.0 EDSS-points for patients
with an initial EDSS between 1 and 4.5 and at least 0.5 points for
patients starting with an EDSS equal or greater than 5 [17,25]. In
addition, patients experiencing RFP needed to be free of clinical
relapse activity and inflammatory MRI-activity (gadolinium-enhanc-
ing lesions or new/enlarging T2-lesions, where available) 12 months
prior to FU. EDSS-worsening was confirmed 12 weeks after FU assess-
ment. Brain MRI was performed in all patients at study entry and
available in 177/196 patients at FU 2. Brain MRI-scans between study

entry and FU 2 were performed as deemed necessary by the treating
physician.

The transition to SPMS was defined as an increase in EDSS levels
at FU compared to study-entry levels (as described above) indicating
progression, which had to be confirmed 12 weeks after FU within the
same functional system score [17] and in addition, a minimum total
EDSS score of 3.0 had to be reached.

In order to assess the ability of sNfL to dissect inflammatory activ-
ity and progression at FU, patients were divided into four groups: i)
No inflammation or progression (stable), ii) inflammation only, iii)
progression only and iv) inflammation and progression. Inflamma-
tion was defined as clinical relapse activity or new/enlarging T2-
lesions/ gadolinium-enhancing lesions on MR-imaging within the
last 12 months prior to FU (where available); progression was
defined as EDSS-worsening within the last 12 months under consid-
eration of the EDSS-steps mentioned before or detection of new T1-
lesions on follow-up MRI (where available). The distinction of inflam-
mation and progression under consideration of the aforementioned
variables was proposed by Lublin et al [25]. for patients with progres-
sive MS; here, we apply the approach to RRMS.

2.6. Individual-level support vector machine analysis

sNfL values at Baseline and sNfL FU/BL ratio for each individual
patient were used as predictors of RFP (sNfL Baseline) and SPMS-con-
version (sNfL FU/BL ratio) using a machine learning algorithm,
namely support vector machine (SVM). The SVM algorithm is able to
classify two data sets based on an optimal separating threshold
between the data sets by maximizing the margin between classes’
closest points. Points located at the boundaries are called support
vectors, whereas points in the middle of the margin are optimal sepa-
rating thresholds. At the validation step, sNfL values were assessed
for the ability to automatically distinguish between patients with
progression or SPMS-transition. This procedure was performed inde-
pendently for the development (NaloMS) and validation cohort
(Dusseldorf, Essen)

2.7. Statistics

Statistical analysis was performed using R-Studio version 1.2.5033
(RStudio Inc., USA) with R version 3.6.3 (R Foundation for Statistical
Computing, Austria), SPSS version 24 (IBM Corporation, Armonk, NY,
USA), and MedCalc version 19.2.1 (MedCalc Software Ltd, Ostend,
Belgium). Normal distribution was evaluated by Kolmogorov-Smir-
nov and Shapiro-Wilk tests. Variables that did not pass normality
tests underwent Mann-Whitney or Kruskal-Wallis-tests with Bonfer-
roni-correction for multiple testing, where appropriate. Normally dis-
tributed data underwent t-test or one-way/two-way ANOVA. Chi-
square test of homogeneity was used to compare differences in pro-
portions. Diagnostic accuracy of sNfL for SPMS diagnosis was assessed
by sensitivity, specificity, positive predictive value (PPV) and negative
predictive value (NPV). Multivariable logistic regression analyses
were conducted including variables with p<0.05 between different
study groups (using Chi-square test, Mann-Whitney-U-test or t-test,
as appropriate) and additional clinically relevant variables.

Receiver operating characteristic (ROC) curves were drawn and
calculated for estimation of prognostic information on experiencing
RFP and diagnostic accuracy in discriminating patients with SPMS at
FU. Cumulative incidence curves for the competing risks of relapse-
free EDSS-worsening (RFP) and relapse-dependent EDSS-worsening
(RDP) were computed by using the R timereg package as proposed by
Scheike et al [26]. Area under the curves (AUC) derived from ROC-
analysis and Kaplan-Meier survival analysis were compared using
the MedCalc for Windows software. All statistical analysis was per-
formed using the original data without modifications. P-values <
0.05 were considered statistically significant.
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Fig. 1. Scheduled visits and study profile

a) Scheduled visits within NaloMS. b) Models were developed using the NaloMS cohort (Mainz) and validated with an independent cohort (Diisseldorf, Essen). Abbreviations:
RFP, Relapse-free EDSS-progression; SPMS, secondary progressive multiple sclerosis; mo, months; y, years; EDSS, Expanded disability status scale; sNfL, serum neurofilament light

chain; MRI, magnetic resonance imaging. Created using Biorender.com

2.8. Role of the funding source

The funding sources played no role in the study, in the writing of
the manuscript or in the decision to submit the paper for publication.

3. Results
3.1. Patient characteristics

196 patients with RRMS or CIS were prospectively included from
September 2010 until July 2016 in NaloMS. Included patients had a
median age at diagnosis of 31 years (interquartile range (IQR) 24.9-
40.7) and a median age at study entry of 35 years (IQR 27.1-43.1).
They were more frequently female (137/196, 69.9%), had a median
EDSS of 1 (IQR 0-2), and had a median number of 13 T2-lesions on
MR-imaging (IQR 6-21). The median time between baseline and FU
was 6 years (IQR 4.3-7.5). Patients in the independent validation
cohort (Disseldorf, Essen) were included from January 2010 until
September 2016, had a median age of 31 years at study entry (IQR
26-40), a median age of 31 years at diagnosis (IQR 26-40), were more
frequently female (136/204, 66.7%), had a median EDSS of 1.5 (IQR

1.0-2.0) and a median number of 10 T2-lesions on MR-imaging (IQR
6.0-12.0). The median time interval between BL and FU was 6.0 years
(IQR 5.9-6.1). The primary outcomes were RFP and transition to
SPMS. The study profile is depicted in Fig. 1a and an overview of the
outcomes in each independent cohort is displayed in Fig. 1b.

3.2. Serum NfL predicts relapse-free EDSS worsening at six-year follow-
up

At FU, 34/196 patients met the criteria for RFP in NaloMS. These
patients had a higher age at diagnosis (36.6 years (29.1-45.7) vs.
30.6 years (24.3-39.7), p=0.009), as well as a higher age at study entry
(45.7 years (34.2-48.9) vs. 329 years (26.3-42.2), p<0.001). In
patients with RFP, sNfL levels were elevated at both baseline
(10.8 pg/ml (7.7-15.0) vs. 7.2 pg/ml (4.5-12.5), p=0.017, Fig. 2a), and
FU (10.0 pg/ml (6.4-13.2) vs. 6.9 pg/ml (5.1-9.1), p=0.008). Moreover,
patients with RFP had a higher median EDSS at follow-up (4.3 (2.5-
5.6) vs. 1.0 (0-2.0), p<0.001) and a longer disease duration (9.7 years
(8.2-16.8) vs. 7.5 years (6.0-9.2), p<0.001). The disease course at
baseline was equally distributed between the groups, whereas
patients transitioning to SPMS were more frequent in the group with
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side: density of all data points, right side: median and IQR. b) Machine learning by support vector machine assessed the predictive accuracy of sNfL at Baseline for RFP under consid-
eration of covariates (EDSS Baseline, Number of Gadolinium-enhancing lesions at Baseline, T2-hyperintense lesions at Baseline, Age at Baseline, Disease Duration and Relapses
within the last 12 months prior to FU; grey bar). In addition, the predictive accuracy for RFP of a combination of Age + T2-hyperintense lesion number (green bar, without covariate
adjustment) and a combination of Age + T2-hyperintense lesion number + sNfL at Baseline (blue bar) was similarly analyzed. ¢,d) Area under the receiver operating characteristic
curve (ROC-AUC) for a combination of Age+T2-hyperintense lesions and additional inclusion of sNfL at Baseline in NaloMS (development cohort; c) and validation cohort
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Table 1
Patient cohorts experiencing or not experiencing RFP.

No RFP RFP P-value
N 162 34
Age at diagnosis 30 6(24.3-39.7) 36.6(29.1-45.7) 0.009
NfL (Baseline) pg/ml 2(4.5-12.5)  10.8(7.7-15.0) 0.017
Age at Baseline 32 9 (26.3-42.2) 45.7 (34.2-48.9) <0.001
NfL (follow-up) pg/ml 9(5.1-9.1) 10.0(6.4-13.2) 0.008
sNfL FU/Baseline ratio 0. 99 (0.76-1.23)  1.00(0.70-1.32) 0.995
Age at follow-up 38.9(32.4-47.9) 51 4 (42.9-55.6) <0.001
Female 110 (67.9) 27(79.4) 0.183
Disease course at Baseline 0.683
cIs 3(1.9) 1(1.9)
RRMS 159 (98.1) 33(97.1)
Smoking 40(34.8) 12 (42.9) 0.426
Pack Years 14.9(+10.2) 20.2 (£18.7) 0.386
0OCB 141(87) 27(79.4) 0.248
Relapses
- 3 months prior Baseline 73 (45.1) 8(23.5) 0.020
- 12 months prior Baseline 103 (63.6) 15(44.1) 0.035
- 3 months prior follow-up 8(4.9) 0(0) 0.186
EDSS
Baseline (0-2) 1.5(0-3.1) 0.148
follow-up 1(0-2) 4.3 (2.5-5.6) <0.001
Disease duration (years) 7.5(6.0-9.2) 9.7 (8.2-16.8) <0.001
MRI Baseline
Gd-enhancement (%) 47 (29.0) 9(26.5) 0.460
Gd lesion number (No.) 0.82 (£2.30) 0.70 (£1.65) 0.719
T2 lesion number (No) 154 (£12.0) 18.8 (£15.4) 0.237
MRI FU
Gd-enhancement (%) 7(4.3) 0(0) 0217
Gd lesion number (No.) 0.14(+0.83) 0(0) 0.392
DMT 0.125
No DMT 36(22.2) 9(27.3)
Basic 25(15.4) 9(26.5)
Moderate 61(37.7) 6(18.2)
High 40 (24.7) 10(30.3)
DMT at FU 126 (77.8) 24(72.7) 0.530
No. of DMTs initiated 2(1-3) 2(2-4) 0317
Disease course FU <0.001
CIS 2(1.2) 0(0)
RRMS 154 (95.1) 13(38.2)
SPMS 6(3.7) 21(61.8)
Relapse activity — FU
Mean number of Relapses last 5 0.93(£1.71) 0.72 (£0.96) 0.497

years
Mean number of Relapses last 0.18 (+0.5) 0(0) 0.004
year

Data is presented as number (percentages), median (interquartile range 25™-75"
percentile) or mean (+ standard deviation), as appropriate. sNfL: serum neurofila-
ment light chain; CIS, clinically isolated syndrome; RRMS: relapsing-remitting multi-
ple sclerosis; OCB: Oligoclonal Bands; EDSS: Expanded disability status scale; Gd:
Gadolinium; DMT, disease-modifying therapies; basic DMT: interferons and glatira-
meracetate; moderate DMT: teriflunomide and dimethylfumarate; high DMT: natali-
zumab, rituximab, fingolimod, ocrelizumab, daclizumab, alemtuzumab and
mitoxantrone; SPMS: Secondary progressive MS; FU: follow-up; No: Number; RFP:
relapse-free EDSS-progression.

RFP (21/34 (61.8%) vs. 6/162 (3.7%), p<0.001). Patients who were
classified as SPMS and did not reach the RFP-endpoint are patients
who were classified as SPMS prior to FU1 who did not reach the nec-
essary EDSS-steps mandatory to fulfil RFP-definition. Other baseline
characteristics were comparable between patients with and without
RFP (Table 1).

In a next step, we investigated different factors indicative for
patients experiencing RFP. In a multivariable logistic regression
model, we identified variables unbalanced at the univariate level
(p<0.05; sNfL Baseline, sNfL FU, Age at diagnosis, Age at sampling,
Disease Duration, Relapses 3 months prior to Baseline, Relapses 12

Table 2
Logistic Regression Model — Factors associated with relapse-free EDSS-
progression.

Variable Odds Ratio  95% CI P

sNfL BL (pg/ml) 1.021 1.005-1.038  0.012
Age at sampling (years) 1.087 1.034-1.143  0.001
Relapses 3 months prior BL (yes)  0.241 0.068-0.850  0.027
MRI T2 number (No.) 0.994 0.956-1.035  0.785
DMT initiations (No.) 1.178 0.839-1.654  0.345

sNfL: serum neurofilament light chain; EDSS: Expanded disability status
scale; BL: Baseline; DMT: disease-modifying therapy; No: Number.

months prior to Baseline, Relapses last 5 years) and additional factors
known to influence disease progression (MRI T2-hyperintense lesion
number at Baseline, Number of disease-modifying therapy (DMT)-
initiations). Due to association between Age at diagnosis, Age at sam-
pling and Disease duration, we only incorporated Age at sampling in
the regression model. We proceeded similarly with sNfL at Baseline
and FU and only included sNfL at Baseline. With regard to relapses 3
months and 12 months prior to Baseline, only relapses 3 months
prior to Baseline were incorporated in the model. As relapses within
the last 5 years prior to follow-up are not available at Baseline, this
variable was also not included in the logistic regression model;
instead, MRI T2-hyperintense lesion number at Baseline was included
as an additional factor known to influence disease progression.
Importantly, increased sNfL levels at baseline (Odds ratio (OR) 1.021,
95% confidence interval (CI) 1.005-1.038, p=0.012) and increased age
at sampling (OR 1.087, 95%CI 1.034-1.143, p=0.001) as well as
patients with relapses within the last 3 months prior to Baseline (OR
0.241, 95%CI 0.068-0.850, p=0.027) remained in the prediction model
for RFP at FU. Details of variables included in the logistic regression
model are displayed in Table 2. In order to model the time-depen-
dent incidence of RFP and correct for potential confounders, we addi-
tionally performed Cox regression analysis and thereby demonstrate
that age at diagnosis (Hazard Ratio (HR) 1.092, 95%CI 1.050-1.136,
p<0.001), sNfL > 7.3 pg/ml (HR 2.791, 95%CI 1.105-7.047, p=0.030),
EDSS at Baseline (HR 0.810, 95%CI 0.657-0.999, p=0.049) and Relapses
within 12 months prior to Baseline (HR 3.269, 95%CI 1.315-8.123,
p=0.011) are independent predictors of the RFP-outcome within
NaloMS (for details see supplemental Table 2).

Our results were further validated by an independent machine
learning supported analysis using support vector machine (SVM) in
order to determine the predictive accuracy of patients’ individual
sNfL levels at Baseline for prediction of RFP. In NaloMS, SVM revealed
an overall predictive accuracy of sNfL at Baseline for prediction of
RFP 12 months prior to FU of 82% under consideration of the follow-
ing covariates: EDSS Baseline, Number of Gadolinium-enhancing
lesions at Baseline, Number of T2-hyperintense lesions at Baseline,
Age at Baseline, Disease Duration and Relapses within the last 12
months prior to FU. This observation was confirmed within an inde-
pendent validation cohort (Diisseldorf Essen) with an accuracy of
83%. In addition, in NaloMS the combination of age and T2-hyperin-
tense lesion number as known risk factors for EDSS-progression
showed a predictive accuracy for RFP of 68% which could be
increased to 88% by adding sNfL to the aforementioned variable com-
bination. This was confirmed within the independent validation
cohort (Age + T2-hyperintense lesion number 66%, plus sNfL Baseline
88%, Fig. 2b, for further details see also supplemental Table 3).

Moreover, we performed receiver operating characteristic curve
(ROC) analysis in order to provide clinically meaningful sNfL cut-offs

0.776) after inclusion of sNfL. e) Receiver operating characteristic curve in the combined NaloMS and validation cohort (Diisseldorf, Essen) with regard to prediction of RFP by sNfL at
Baseline according to quartiles based on patient age at sampling (<26 years (grey line), 26-31 years (light green line), 32-42 years (dark green line), >42 years (black line)). f)
Kaplan-Meier survival analysis for occurrence of RFP in patients with sNfL at baseline >7.3 pg/ml (green line) or <7.3 pg/ml (blue line), logrank test p=0.0135. Patients with sNfL
>7.3 pg/ml at baseline suffer a 190% increased risk of experiencing RFP at follow-up (Hazard Ratio 2.90, 95%CI 1.19-7.03, p=0.009).



T. Uphaus et al. / EBioMedicine 72 (2021) 103590

Table 3

Test effectiveness of sNfL at Baseline and age-dependent sNfL cut-offs for prediction of RFP.

Item Sensitivity (95% CI)

Specificity (95%CI)

NPV (95%Cl)

PPV (95%Cl)

NfL Baseline

Risk Score (Age, Age at diagnosis, Disease
duration, EDSS BL, Gd. No., T2 lesion No.,
Relapses (last 5 years)

82.4%(65.5-93.2)
63.3%(43.9-80.1)

50.6 % (42.7-58.6)
86.6 % (80.3-91.5)

93.2% (86.7-96.6)
90.4% (86.5-93.2)

25.9%(21.9-23.4)
47.5% (35.5-59.8)

Risk Score + NfL 70.0 % (50.6-85.3) 86.6 % (80.3-91.5) 90.4% (86.4-93.3) 48.8% (37.2-60.6)
Age group AUC 95%CI p-value Criterion Sens/Spec.

<26 years 0.698 (0.598-0.786) 0.029 >11.7 pg/ml 72.7%/68.5%
26-31 years 0.713 (0.614-0.798) 0.001 >10.8 pg/ml 86.7%/66.3%
32-42 years 0.709 (0.610-0.795) 0.002 >9.1 pg/ml 71.4%67.1%

>42 years 0.657 (0.555-0.750) 0.012 >10.4 pg/ml 55.2%/72.9%

Test effectiveness of sNfL at Baseline, a risk score and a combination of the risk score and sNfL at Baseline for prediction of relapse-free EDSS-progression in
NaloMS. Age-dependent sNfL ROC-AUC with respective sNfL cut-off values and Sensitivity/Specificity derived from a combined cohort of development (NaloMS)

and validation cohort (Diisseldorf, Essen).

Abbreviations: NfL: Neurofilament light chain, EDSS: Expanded Disability Status Scale, Gd: Gadolinium-enhancing lesions, No.: Number; NPV: negative predictive

value; PPV: positive predictive value and; Sens: Sensitivity; Spec: Specificity.

for stratification of individual patient’s risk of RFP. Baseline sNfL
exhibited an AUC of 0.631 (95%CI 0.559-0.698, p=0.015) with a sensi-
tivity of 82.4% (95%Cl 65.5-93.2) and a negative predictive value
(NPV) of 93.2% (95%CI 86.7-96.6) for a sNfL cut-off value of equal or
greater than 7.3 pg/ml (derived from the Youden-index of the ROC-
AUC), suggesting sNfL as a marker able to identify patients with low
risk of long-term disability progression in case of initial values below
7.3 pg/ml. By adding sNfL to a risk score based on clinical and MRI
parameters, the ROC-AUC increased from 0.780 for the risk score
alone (95%CI 0.714-0.838, p<0.001) to 0.811 with the additional con-
sideration of baseline sNfL (95%CI 0.748-0.865, p<0.001). Details of
the diagnostic characteristics of sNfL alone, the risk score alone and a
combination of both are given in Table 3. In addition, we provide evi-
dence that the addition of sNfL to a combination of Age and number
of T2-hyperintense lesions at Baseline increases the ROC-AUC from
0.714 (95%CI 0.645-0.776) to 0.755 (95%CI 0.688-0.813) in NaloMS
(Fig. 2c¢). This observation was confirmed within the external inde-
pendent validation cohort (Diisseldorf, Essen: AUC-increase from
0.613, 95%CI 0.543-0.680 to 0.715, 95%Cl 0.648-0.776 after inclusion
of sNfL, Fig. 2d).

Due to the known influence of Age on initial sNfL values, we com-
bined the study cohort (NaloMS) and the validation cohort
(Diisseldorf, Essen), grouped the patients based on age at sampling
and performed ROC-curve analysis separately within these age quar-
tiles (< 26 years, 26-31 years, 32-42 years, >42 years). Notably, we
were unable to observe a significant difference in the AUC between
age-quartiles (Fig. 2e), but this analysis does enable us to specify age-
dependent sNfL cut-offs for prediction of RFP. Details on AUC and
specific sNfL cut-offs for RFP-prediction are given in Table 3. More-
over, age-corrected ROC-AUC for prediction of RFP by sNfL at Baseline
are given in supplemental Fig. 1.

In order to elucidate the prognostic value of absolute sNfL concen-
trations, we used the Youden-index of the ROC-AUC of sNFL for fur-
ther Kaplan-Meier analysis: patients with sNfL >7.3 pg/ml showed
an increased risk of RFP at FU in time to event analysis (logrank-test,
p=0.0135). Similarly, Cox regression analysis revealed a 190%
increased risk of experiencing RFP in these patients (Hazard ratio
(HR) 2.90, 95%CI 1.19-7.03, p=0.009, Fig. 2f). This finding was con-
firmed by competing risk analysis of relapse-dependent vs. relapse-
free EDSS-progression (For details see supplemental Fig. 2).

3.3. Serum NfL identifies patients with SPMS conversion

Patients experiencing transition to SPMS had higher sNfL values at
FU, compared to patients without transition (conversion 10.4 pg/ml

Table 4
Characteristics of patients with and without SPMS-conversion.

No conversion SPMS conversion  P-value
N 169 27
Age at diagnosis 30 8 (24.7-40.6) 36 1(26.4-45.1) 0.194
NfL (Baseline) pg/ml .9(4.7-12.9) .2 (4.5-13.7) 0.657
Age at Baseline 33 1(26.5-42.3) 42 6 (34.3-48.9) 0.001
NfL (FU) pg/ml 9(5.0-9.2) 10.4 (6.9-17.6) <0.001
sNfL FU/BL ratio 0. 96 (0.75-1.23) 1.16 (0.89-1.70) 0.011
Age at FU 39.1(32.6-48.5) 51 1(41.0-55.6)  <0.001
Female 116 (68.6) 21(77.8) 0.336
Disease course at Baseline 0.450
- CIS 3(1.8) 1(3.7)
- RRMS 166 (98.2) 26(96.3)
Smoking 43(35.8) 9(39.1) 0.763
- Pack Years 15.60 (£12.2) 18.25(£14.08) 0.582
OCB positive 148 (87.6) 20(74.1) 0.063
Relapses
- 3 months prior Baseline 74 (43.8) 7(8.6) 0.080
- 12 months prior Baseline 108 (64.9) 10(37.0) 0.008
- 3 months prior follow-up 8(4.7) 0(0) 0.248
EDSS
- Baseline 1(0-1.5) 2.5(1.0-3.5) <0.001
- Follow-Up 1(0-2.0) 5.0 (3.5-6.0) <0.001
Disease duration (years) 7.4 (6.0-9.2) 10.4 (8.2-20.2) <0.001
MRI Baseline
Gd-enhancement 48 (28.4) 8(29.6) 0319
Gd lesion number 0.67 (+1.80) 1.62 (£3.86) 0.231
T2 lesion number 15.40 (£12.15) 19.52 (£15.48) 0.129
MRI FU
- Gd-enhancement 6(3.6) 0(0) 1.000
- Gd lesion number 0.12(£0.78) 0(0) 0.877
- New T1 lesion 33(19.5) 6(22.2) 0.796
- New T1 lesion number 0.54 (+£1.42) 0.62 (£1.16) 0.813
DMT at FU 132(78.1) 18 (69.2) 0.317
No. of DMTs initiated 2(1-3) 3(2-4) 0.005
Disease course FU
- CIS 2(1.2) 0(0)
- RRMS 167 (98.8) 0(0)
- SPMS 0(0) 27(100.0)
Relapse-free progression <0.001
- No 156 (96.3) 6(3.7)
- Yes 13(38.2) 21(61.8)
Relapse activity - FU
- No of Relapses last 5 years 0.90 (+1.67) 0.88 (+1.07) 0.962
- No of Relapses last year 0.17 (£0.491) 0(+0) 0.017

Data is presented as number (percentages), median (interquartile range 25™-75" per-
centile) or mean (+ standard deviation), as appropriate. CIS: clinically isolated syn-
drome, DMT: disease-modifying treatment, EDSS: Expanded Disability Status Scale, Gd:
Gadolinium, FU: follow-up, NfL: Neurofilament light chain, No: Number, OCB: Oligoclo-
nal Bands, RRMS: relapsing-remitting multiple sclerosis, SPMS: secondary progressive
MS.
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Table 5

Risk factors for SPMS conversion.
Variable Odds Ratio  95% CI P
sNfL ratio (FU/BL) 1.476 1.078-2.019  0.015
Disease Duration (years) 1.097 1.030-1.168  0.004
DMT initiations (No.) 1.592 1.099-2.305 0.014
Relases last years (No.) 0.199 0.023-1.742  0.145

sNfL: serum neurofilament light chain; EDSS: Expanded disability
status scale; Gd: Gadolinium; FU: follow-up; BL: baseline; No.: Num-
ber; CI: confidence interval.

(IQR 6.9-17.6) vs. no conversion 6.9 pg/ml (IQR 5.0-9.2), p<0.001,
Fig. 3a), whereas baseline sNfL levels did not differ between later
SPMS converters and non-converters. Moreover, individual longitudi-
nal sNfL-increases (FU level higher than Baseline level) were more
frequent in patients transitioning to SPMS (19/27, 70.4%) than in
non-converters (80/169, 47.3%; Chi2, p=0.026, Fig. 3b), as also shown
by patients’ individual sNfL FU/BL ratio (SPMS-converters 1.16 (IQR
0.89-1.70) vs. non-converters 0.96 (IQR 0.75-1.23), p=0.011). Further
differences between patients with and without SPMS conversion, as
derived from Chi-square test, non-parametric and parametric tests,
as appropriate, are provided in Table 4. Multivariate analysis, consid-
ering covariates unbalanced at the univariate level as shown in
Table 4, revealed sNfL ratio (FU/BL) as independent predictor for
SPMS-conversion (OR 1.476, 95%CI 1.078-2.019, p=0.015) in addition
to disease duration (OR 1.097, 95%CI 1.030-1.168, p=0.004) and num-
ber of DMT-initiations (OR 1.592, 95%CI 1.099-2.305, p=0.014, for
details see Table 5). In order to model the time-dependent occur-
rence of SPMS-conversion, we additionally performed Cox regression
analysis, revealing sNfL FU/BL ratio (HR 1.541, 95%CI 1.181-2.010,
p=0.001) and EDSS at Baseline (HR 1.364, 1.065-1.746, p=0.014) as
independent predictors for transition into SPMS (for details see sup-
plemental Table 4). These findings were refined by SVM, demon-
strating that individual sNfL FU/BL ratios identify patients with
transition to SPMS with an accuracy of 72% in NaloMS, which was val-
idated within an independent cohort (Dusseldorf, Essen; accuracy
63%). The following covariates were considered for this analysis:
EDSS at BL, Number of Gadolinium-enhancing lesions at BL, Number
of T2-hyperintense lesions at Baseline, Age at sampling, Disease dura-
tion and relapses within the last 12 months prior to FU. Remarkably,
accuracy for identification of SPMS increased from 66% for the vari-
able combination of EDSS BL and number of T2-hyperintense lesions
at BL to 76% after additional consideration of sNfL FU/BL ratio in
NaloMS. These findings could be validated within the independent
cohort (increase from 55% to 70% after additional inclusion of sNfL
FU/BL ratio, Fig. 3c). For details see also supplemental Table 5.

We also used the sNfL FU/BL ratio to determine the cut-off value of
longitudinal sNfL increase in order to discriminate patients with
SPMS conversion at FU. ROC analysis of sNfL FU/BL ratio revealed an
AUC of 0.651 (95%CI 0.580-0.717, p=0.007, Fig. 3d) with a NPV of
88.2% (95%Cl 86.7%-89.5%) and sensitivity of 63.0% (95%Cl 42.4%-
80.6%) by taking advantage of a sNfL increase above 19% at FU com-
pared to baseline level, as derived from the Youden-index of the
ROC-curve. In addition, the 19% increase cut-off showed 65.9% (95%CI
58.2% - 73.0%) specificity and a PPV of 30.3% (17.4%-47.4%). Moreover,
age-corrected ROC-AUC for identification of SPMS-transition by sNfL
FU/BL ratio is provided in supplemental Fig. 3.

3.4. sNfL measurements reflect inflammation-dependent neuronal
damage associated with future disease progression

In order to determine the ability of sNfL to dissect and predict
inflammatory activity (New T2-lesions, gadolinium-enhancing
lesions, clinical relapse) and disease progression (EDSS-progression,
New T1-lesions), we divided patients into four categories based on
the presence of inflammation and/or progression (Fig. 3e(f). To

reduce the influence of gadolinium-enhancing lesions and age as
potential confounding factors on peripheral sNfL levels, we selected a
subgroup of the NaloMS cohort and matched for both parameters
(Age, Number of gadolinium-enhancing lesions at BL). Of note, we
observed no difference in baseline demographics such as age, EDSS
or MRI parameters (gadolinium-enhancing lesions, number of T2
hyperintense lesions; for details see supplemental Table 6). In detail,
patients with both i) progression only and ii) inflammation and pro-
gression at FU showed increased sNfL levels at baseline compared to
patients with stable disease (progression only 13.8 (5.1-29.0) pg/ml
vs. stable patients, p=0.004; inflammation and progression 12.3 (5.2-
18.5) pg/ml vs. stable patients, p=0.004; stable patients 5.3 (3.0-8.3)
pg/ml; Bonferroni correction for multiple comparisons Fig. 3e). In
addition, patients with inflammation and progression at FU exhibited
the highest sNfL values at FU (sNfL inflammation and progression
7.9 pg/ml (4.5-11.3)), representing a significant increase compared to
patients without signs of inflammation or progression (sSNfL no
inflammation/progression 4.8 pg/ml (3.0-6.1), p=0.001). Similarly,
patients experiencing inflammation only at FU showed higher sNfL
values at FU compared to stable patients (sNfL inflammation only
7.1 pg/ml (4.5-9.6) vs. 4.8 pg/ml (3.0-6.1), p=0.039, Fig. 3f).

4. Discussion

Neuroaxonal loss, due to inflammation and neurodegeneration, is
present from the earliest stage of MS-pathology and contributes to
neurologic disability [18]. We and others have recently explored a
role of sNfL in measuring ongoing neurodegenerative processes start-
ing in very early phases of the disease or even before first clinical
manifestation [21,27]. In this study, we prospectively evaluated the
temporal development of sNfL in a six-year longitudinal cohort study
and examined the ability of sNfL to predict later disability progres-
sion and SPMS conversion. Moreover, we aimed to unravel the ability
of sNfL assessment to dissect inflammatory activity from disease pro-
gression.

Here, we found an increased risk of disability progression as mea-
sured by RFP 12 months prior to FU with increased sNfL levels (equal
or greater 7.3 pg/ml) at baseline. Moreover, we provide age-depen-
dent cut-offs in order to account for the influence of age on individual
NfL values. While interpreting this cut-off value, one has to keep in
mind that sNfL quantification methods used by other groups lead to
principally higher NfL-values [28]. The high negative predictive value
of 93.2% for discriminating patients with/without RFP indicates that
patients with sNfL levels below 7.3 pg/ml have a rather low probabil-
ity of experiencing disability progression. This might help to stratify
immunomodulatory treatment strategies on an individual level and
thereby enable patients to balance the potential long-term risk of
side effects versus necessary treatment strength. Although increased
sNfL levels in patients experiencing RFP at FU might also be explained
by increased age and longer disease duration, with this cohort sNfL
remained in the model after multivariable correction for age at sam-
pling.

Our observations expand previous findings, demonstrating an
increased risk of EDSS worsening within the 12 months after sam-
pling in patients with sNfL above the 80™ percentile of healthy con-
trols [29]. The probability of EDSS-worsening was 6.7% for patients
with sNfL values below the 80" percentile of healthy controls and
increased to 15% in patients with sNfL values above the 97.5™ percen-
tile [29]. However, in a recent study in a larger cohort with a longer
observation period up to 12 years, initial sNfL values, or sNfL-values
at other time points collected within the observation period, were
not able to differentiate between patients with EDSS-worsening com-
pared to non-progressing patients at FU [23]. These conflicting obser-
vations might be explained by differences in the study cohorts, or by
neglecting the fact that an EDSS increase might happen due to both
relapse activity or relapse-independent disability progression. The
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Fig. 3. Baseline sNfL level discriminates patients with SPMS conversion at follow-up

a) Patients converting to secondary progressive multiple sclerosis (SPMS) showed similar NfL levels at baseline (conversion 9.2 pg/ml (interquartile range (IQR) 4.5-13.7) vs no
conversion 7.9 pg/ml (IQR 4.7-12.9), p=0.657) and an increase in sNfL levels at follow up (conversion 10.4 pg/ml (IQR 6.9-17.6) vs. no conversion 6.9 pg/ml (IQR 5.0-9.2), p<0.001).
b) NfL increase at follow-up compared to baseline NfL levels occurred in 70.4% of patients suffering from SPMS-conversion (19 of 27 patients) and in 47.3% of patients without
SPMS-conversion (80 out of 169 patients, Chi’-test, p=0.026) supporting the use of sNfL level at FU in case clinical SPMS conversion is suspected. ¢) Machine learning by support vec-
tor machine assessed the accuracy of sNfL FU/BL ratio for identification of patients with SPMS transition. The following covariates were considered: EDSS at BL, Number of gadolin-
ium-enhancing lesions at BL, Number of T2-hyperintense lesions at BL, Age at BL, Disease Duration and Relapses within the last 12 months prior to FU; grey bar). In addition, the
accuracy for identification of SPMS-transition of a combination of EDSS at BL + T2-hyperintense lesion number at BL (green bar, without covariate adjustment) and a combination of
EDSS at BL + T2-hyperintense lesion number at BL + sNfL FU/BL ratio (blue bar) are also shown. d) A ratio of sNfL at FU divided by sNfL at BL (sNfL FU/BL ratio) was used to draw the
Area under the receiver operating curve (ROC-AUC) with regard to discrimination between patients with and without conversion into SPMS at follow-up (AUC 0.651, 95%CI 0.580-
0.717, p=0.007). A cut-off above 19% NfL increase at follow-up compared to Baseline levels was determined by Youden’s index. e,f) sNfL values at BL and FU in patients with
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unique features of our study are i) the provision of a sNfL cut-off with
a high negative predictive value for prediction of relapse free EDSS-
progression within 6-year follow-up, ii) the transfer of the findings
on patients’ individual sNfL levels by machine learning and iii) the
further validation within an independent cohort (Diisseldorf, Essen),
thereby fostering the application of sNfL as a biomarker for patient-
individualized treatment decisions in clinical practice. In a next step,
this patient-individualized treatment approach and the proposed
age-dependent sNfL cut-off needs to be validated in prospective stud-
ies.

Importantly, patients experiencing SPMS transition were more
likely to display increased sNfL levels at follow-up compared to base-
line levels (increased sNfL FU/BL ratio). This indicates that longitudi-
nal assessment of sNfL levels might be helpful in shortening the time
necessary to diagnose SPMS as early as possible. Assessment of sNfL
might therefore reduce the frequent delay in SPMS diagnosis that
occurs due to lack of sufficiently sensitive clinical or imaging meas-
ures [12]. These observations are contrary to a recent metaanalysis
by Martin and colleagues, demonstrating that sNfL level in CSF are
associated with inflammatory activity rather than progression, which
might be explained by the lack of serial NfL quantifications and CSF
instead of serum measurement [30].

Moreover, we assessed the ability of sNfL to dissect inflammatory
activity from relapse-independent disability progression. Interest-
ingly, patients who suffered from inflammatory activity (with and
without progression) exhibited increased sNfL values at follow-up
compared to stable patients (no inflammation, no progression).
Whereas previous reports demonstrate a robust association of sNfL
with clinical relapses[21,29,31] and subclinical signs of inflammatory
activity  (T2-lesions[21,32,33], gadolinium-enhancing lesions
[3,21,34]), we are able to confine these statements as we observed
highest sNfL values in patients with disability relevant inflammatory
activity (inflammation and progression), suggesting a role of sNfL for
monitoring both disease progression and inflammatory activity. In
addition, sNfL at Baseline was increased in patients with progression
in presence and absence of inflammatory activity at FU. Thus, we dis-
covered that while elevated sNfL levels reflect current ongoing
inflammatory-driven (focal) damage, they more importantly identify
those early inflammatory processes resulting in later axonal loss
associated with EDSS-progression in the long run.

Besides the strength of the current study, we are aware of poten-
tial limitations of the NaloMS cohort. As MRI at FU was lacking in
some (less than 10%) patients of the NaloMS cohort, there is the pos-
sibility that inflammatory activity might have been missed. In addi-
tion, the possible relevance of monitoring the individual temporal
evolution of sNfL to examine treatment response and disability pro-
gression needs to be validated in future studies in order to enable the
next steps for inclusion of sNfL assessment into routine clinical prac-
tice.

Taken together, we here report findings from the prospective
NaloMS cohort that sNfL. measurements are capable of predicting dis-
ability progression at 12 months prior to six-year follow-up, due to
their ability to reflect disability relevant neuronal damage and are
able to discriminate SPMS patients thereby facilitating an earlier
diagnosis of patients at risk.
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