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ARTICLE INFO ABSTRACT
Keywords: Background: In the field of research for new validated surrogate biomarkers of treatment efficacy, disease activity
Multiple sclerosis and progression in Multiple Sclerosis (MS), serum neurofilament light-chain (sNFL) are actually the best

Neurofilament-light chain
Real-world

NFL

Treatment

candidate for MS patient monitoring. However, before they can be implemented in clinical practice, their use-
fulness as additional red flag routine measure must be demonstrated. To tackle the problem, this real-life cross-
sectional study at the Regional Referring Center for Multiple Sclerosis (CRESM) aims to characterize sNFL levels
and prevalence of elevated sNFL, according to our age-dependent cut-off values, in a large group of patients with
different types of MS and treatment conditions.

Methods: 908 serum samples from as many MS patients being admitted at CRESM for diagnostic definition and/or
during routinary treatment monitoring were consecutively collected between January 2019 and January 2020.
sNFL levels were measured by single molecule array (Simoa™) technology on SR-X instrument using NF-light
assays (Quanterix); results were interpreted using previously published cut-off values.

Results: Primary and Secondary Progressive MS (PPMS, SPMS) forms demonstrate higher levels and prevalence of
elevated sNFL (PPMS= 32 %, SPMS= 21 %) compared to the Relapse and Remitting one (RRMS = 12 %). Be-
sides, naive samples of RRMS and PPMS subtypes showed higher prevalence of elevated SNFL (RRMS naive= 31
%, PPMS naive=67 %) compared to samples from patients treated for more than 12 months (RRMS treat>12m=
9 %, PPMS treat>12m= 19 %); treated SPMS patients demonstrated higher sNFL levels and a prevalence (22 %)
of elevated sNFL compared to RRMS treated patients. Focusing on RRMS, no statistical difference was found
between groups of patients treated for whatever time (up to or more than 60 months) and with either DMT type
(high or low-efficacy DMT). Finally, RRMS patients treated with all DMTs for more than 12 months, with the
exception of teriflunomide and alemtuzumab showed a prevalence of elevated sNFL in the range of 5-10 %.
Conclusion: in a real-world setting comprising about 1000 MS patients, SNFL quantification was elevated in 5-to-
67 % of patients, in different MS forms and treatment conditions. Elevated levels of sSNFL must be considered a
red-flag suggesting the need of a further clinical monitoring in any circumstance, as it can be indicative of new
inflammation, ongoing degeneration or co-morbidities. This study supports the introduction of sNFL quantifi-
cation in everyday patient management.

1. Introduction Sotirchos et al., 2023). Traditionally, the clinical course of the disease
have been classified in three different forms: Relapse-Remitting MS

Multiple sclerosis (MS) is a chronic autoimmune neurodegenerative (RRMS), Primary Progressive MS (PPMS) and Secondary Progressive MS
disease of the central nervous system (CNS) characterized by inflam- (SPMS), for which different therapeutic approaches are available (Dis-
mation, demyelination and neuronal loss (Kolliker Frers et al., 2022; anto et al., 2017; Kolliker Frers et al., 2022), even if this classification
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has recently been called into question by the latest scientific acquisitions
in the neuropathological and neuroimaging fields (Granziera et al.,
2023; Kuhlmann et al., 2023; Yamamura, 2023).

For all disease modifying therapies (DMTs), the definition of thera-
peutic response and efficacy are of utmost importance for the identifi-
cation of (non) responsive patients and their management (Sotirchos
et al., 2023). Nowadays, monitoring is mainly performed through
magnetic resonance imaging (MRI) and clinical evaluation (Akgiin et al.,
2019; Hyun et al., 2020; Sotirchos et al., 2023). Both of these reliable
approaches are however not able to highlight neuroinflammation and
neurodegeneration as a whole or to reflect past events. Moreover, both
approaches are difficult to standardize, and MRI is a high-cost procedure
and not always readily available (Akgiin et al., 2019; Hyun et al., 2020;
Kuhle et al., 2019; Thebault et al., 2020).

Thus, several efforts have been made in the field of disease moni-
toring biomarkers, to longitudinally monitor patients with a more
personalized approach, to evaluate subclinical neuro-axonal damage,
and to support clinical evaluation (Disanto et al., 2017). Among all,
serum neurofilament-light chain (sNFL) is consolidated to be the most
promising biomarker for DMTs efficacy (Akgiin et al., 2019; Delcoigne
et al., 2020; Disanto et al., 2017; Hyun et al., 2020; Ning and Wang,
2022; Novakova et al., 2017; Thebault et al., 2020; Valentino et al.,
2021; Varhaug et al., 2019).

Particularly, sNFL correlates with age and its levels are higher in MS
patients than in healthy controls, especially in Progressive MS (PMS)
forms. Also, sNFL is known to lower in patients treated with DMTs
(Disanto et al., 2017; Kolliker Frers et al., 2022; Kuhle et al., 2019; Ning
and Wang, 2022; Novakova et al., 2017; Piehl et al., 2018; Sotirchos
et al., 2023; Thebault et al., 2020).

However, although the correlation between sNFL and therapeutical
outcomes is well established at group level, their implementation in
clinical practice is the main current need to address. Undoubtedly,
reference values are needed to reliably interpret the result at a single-
patient level and correctly apply the biomarker in clinical practice.
Several research groups, including ours, have elaborated cut-off values
taking into account also confounding factors, such as age and body mass
index (BMI) (Benkert et al., 2022; Disanto et al., 2017; Hviid et al., 2020;
Hyun et al., 2020; Manouchehrinia et al., 2020; Ning and Wang, 2022;
Valentino et al., 2021; Vermunt et al., 2022). Furthermore, several ef-
forts are still needed for large-cohort real-life studies, multicentric
validation and standardization between different laboratories (Bittner
et al., 2021; Sen et al., 2023; Thebault et al., 2020).

In the Regional Referring Center for Multiple Sclerosis (CRESM;
Piedmont, Italy) we were able to address the current issues in the field
thanks to the previously elaborated normative values and the elevated
number of patients (more than 2000) that regularly come to our Center
for check-ups and therapy administration.

In this context, we implemented sNFL quantification as an additional
clinical practice measure testing 908 MS patients in order to evaluate the
use of sNFL as additional red-flag measure during routine monitoring
and management of a large cohort, to understand whether a single sNFL
determination could reveal in which patients could a serial sNFL
monitoring in clinical practice be useful, also considering long-time
stable patients and those treated with high-efficacy DMTs.

Specifically, the objective of this real-life cross-sectional study was to
characterize sNFL levels and the prevalence of elevated sNFL concen-
tration, according to our age-dependent cut-off values (Valentino et al.,
2021), in groups of patients categorized according to different types of
MS (RR, PP and SP) and treatment condition (treated or not, type and
time of treatment).
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2. Methods
2.1. Participants and samples

2.1.1. MS patients

The present real-life cross-sectional study was conducted at the
Regional Referring Center for MS (CRESM).

908 serum samples were consecutively collected between January
2019 and January 2020 from MS patients being admitted at CRESM for
diagnostic definition and/or during routine treatment/disease
monitoring.

Patient inclusion criteria were: age between 18 and 59 years-old;
diagnosis of RRMS, PPMS, SPMS according to revised Mc Donald
criteria (Forsberg et al., 2023; Iaffaldano et al., 2022; Thompson et al.,
2018); availability of clinical and medical records (DMT and timing),
ability to provide informed consent. Exclusion criteria was ongoing
pregnancy.

Patient data are summarized in Table 1 and 2.

The cohort comprised 791 RRMS, 47 PPMS and 70 SPMS patients
(Table 1).

Out of these, RR/PP-naive were defined as those patients without
previous treatment history, in which blood was taken immediately prior
the diagnostic lumbar puncture (LP) or therapy start (RR-naive n = 59;
PP-naive n = 9; no SP-naive).

Patients were also grouped according to their current treatment
condition. RR-treat<12 m included RRMS patients treated for less than
12 months (median 6 months, range 1-8 months; n = 42). RR/PP/SP-
treat>12 m included patients with RR/PP/SPMS treated with various
DMTs for more than 12 months (RR-treat>12 m, range 11-288 months,
n = 626; PP-treat>12 m, range 11-66 months, n = 32; SP-treat>12 m,
range 12-128 months, n = 55). 12 months is a generally accepted period
of time after which we are confident that DMTs has become effective
(Giovannoni, 2018; Giovannoni et al., 2015). For Alemtuzumab this
period was considered 12 months after the last course of infusions, or 24
months after the start of treatment (Giovannoni, 2018; Giovannoni
et al., 2015; Katsavos and Coles, 2018).

The cohort of RR-treat>12 m patients included the following low-
efficacy DMTs (LE-DMT) (Table 2): Interferon-Beta (IFN; n = 92); Gla-
tiramer Acetate (GA; n = 40); Dimethyl Fumarate (DMF; n = 130);
Teriflunomide (TERIFL; n = 43).

Natalizumab (NAT; n = 108); Alemtuzumab (ALEM; n = 34); Fin-
golimod (FING; n = 110); anti-CD20 (n = 66), Azathioprine (n = 2),
autologous Hematopoietic Stem Cells Transplant (n = 1) were included
in the group of high efficacy DMTs (HE-DMT).

Besides, RR-treat >12 m were divided for years of treatment and
DMT type: more in details, between the first and the fifth year of
treatment, (11-60 m; range 11-60 months; LE-DMT n = 262; HE-DMT n
= 239) and after the fifth year (>60 m; >61 months; LE-DMT n = 45,
HE-DMTs n = 80).

2.1.2. Healthy participants (HC)

sNFL levels from 73 HCs, previously used to define age-related cut-
off values (Valentino et al., 2021), were considered as a control group in
this study. Particularly, age-dependent cut-offs were calculated as the
[sNFL mean + 3*standard deviation] of each age group, resulting in the
ultimate following cut-offs:

e <40 years-old: 10 pg/ml
e 40-49 years-old: 11 pg/ml
e 50-59 years-old: 16 pg/ml

In the same paper, inter-assay variability of the test was evaluated on
three serum samples tested in five different assay runs on independent
days, resulting in an average coefficient of variation (CV) of 10.2 %.
Consequently, borderline levels were adopted to guarantee a conserva-
tive approach in daily clinical practice and distinguish clear-positive
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Table 1
Patient characteristics, median sNFL (pg/ml) and number / prevalence of elevated sNFL.
PPMS SPSM RRMS
TOTAL PP-naive PP-treat TOTAL SP-treat TOTAL RR-naive RR-treat RR-treat LE-DMT LE-DMT HE-DMT HE-DMT
>12m >12m <12m >12m 11-60m >60m 11-60m >60m
(1-8 m)
n samples 47 9 32 70 55 791 59 42 626 262 45 239 80
Age, 50 50 51 49 49 41 38 38 42 43 44 40 42
mean (34-59) (39-59) (34-59) (27-59) (27-59) (18-59) (18-59) (18-59) (18-59) (19-59) (28-59) (18-58) (18-59)
(range), y
Sex (M/F), n 25/22 7/2 15/17 26/44 22/33 248/ 24/35 8/34 197/429 91/171 15/30 71/168 21/59
543
Disease 7 1 10 15 16 9 1 4 10 9 13 8 17
duration (1-17) (1-2) (3-17) (1-42) (3-42) (0-45) (0-27) (0-32) (1-45) (1-37) (3-38) (1-45) (5-34)
median
(years), y
sNFL median 10.8 14.4 10.7 8.3 8.5 6.5 8.5 6.5 6.4 6.6 6.4 6.1 6.2
(range), pg/ (3.5- (6.7 - (3.5- (2.4 - (2.9 - (1.4 - (3.0 - (1.6 - (1.4 - (1.5- (1.3- 1.4 (1.7 -
ml 77.9) 77.9) 26.9) 37.6) 37.6) 441.5) 441.5) 158.4) 81.4) 36.0) 24.7) —81.4) 22.4)
elevated sNFL 15 (32) 6 (67) 6 (19) 15 (21) 12 (22) 96 (12) 18 (31) 7 (A7) 54 (9) 26 (10) 3 20 (8) 5(6)
- n samples
(%)
Table 2
RRMS patient treated with different DMTs: characteristics, median sNFL (pg/ml) and number / prevalence of elevated sNFL.
IEFN GA DMF TERI NAT ALEM FING ANTI-CD20
n samples 92 40 130 43 108 34 110 66
Age, 40 45 42 48 36 40 42 44
mean (range), y (19 -59) (28 - 59) (22 -59) (35-59) (18 - 58) (24 - 56) (19 - 59) (22 - 58)
Sex (M/F), n 33/59 13/27 46/84 15/28 30/78 13/21 30/80 17/49
Disease duration median (range), y 8 11 10 17 8 10 12 13
(1-38) (3-29) (1-37) (1-33) (1-32) (3-37) (1-34) (2-45)
sNFL median (range), pg/ml 8.5 6.7 6.5 8.7 4.8 6.5 6.5 7.2
(3.0 - 441.5) (3.3-21.3) (1.5 -36.0) (3.8-26.5) (1.4-224) (3.3-81.4) (1.7 - 20.8) (2.3-30.5)
elevated sNFL — n samples (%) 9(10) 2(5) 13 (10) 5(12) 6 (6) 6 (18) 7 (6) 6(9)

values from others that could arise from assay-derived fluctuations. For
each sample, we calculated its NFL range between [sNFL value + 10 %
sNFL value]: samples defined as borderline were those who comprised
the age-specific cut-off within the calculated range.

Cut-off levels were used to classify patient samples as having
“normal” (lower than age-appropriate cut-off), “borderline” (as defined
above) and “elevated” (above age-appropriate cut-off) sNFL.

HCs were selected from CRESM Biobank, the institutionalized bio-
bank for MS and other autoimmune neurological diseases at CRESM
(San Luigi Hospital deliberation n°56,/2020). Inclusion criteria were age
between 18 and 59 years-old, and absence of family history and in-
dividual’s own neurological or autoimmune disease.

2.2. sNFL measurement

Blood samples for both HCs and individuals with MS were collected
in serum tubes (BD Vacutainer, Becton, Dickinson and Company) and
processed within two hours from collection according to CRESM Bio-
bank standard procedures and international guidelines (Marnetto et al.,
2020; Teunissen et al., 2010).

Blood samples were centrifuged at 3000 x g 10 min, and serum su-
pernatant stored at —80 °C in coded aliquots until analysis, to avoid
repeated freeze-thaw cycles.

NFL levels were measured by single molecule array (Simoa™) on SR-
X instrument (Lambert et al., 2018) using NF-light assays (Quanterix). In
each assay session, samples were run in single together with a titration
curve and two internal controls provided in the kit, as well as two
homemade pooled controls (with high and low titer). Samples were
analyzed following manufacturer’s instruction. sNFL levels were inter-
preted according to previously defined age-dependent reference values
and inter-assay variability, set at 10 % (Valentino et al., 2021).

Particularly, we considered as normal those samples for which NFL
quantification range comprising [value + 10 %value] was all below the
specific age-dependent cut-off level; we considered borderline those
samples for which NFL quantification range comprising [value + 10 %
value] comprised the specific age-dependent cut-off level; we considered
elevated those samples for which NFL quantification range comprising
[value + 10 %value] was all above the specific age-dependent cut-off
level.

2.3. Ethical committee approval

The study was approved by the Ethical Committee of San Luigi
Gonzaga University Hospital (approvals number 7262/2019 and
18,390/2019). All participants provided written informed consent.

2.4. Statistical analysis

Statistical analysis was performed using Python version 3.11.5.
Normality of distribution and homogeneity of variances were evaluated
by Shapiro-Wilk test and Levene’s test. Kruskal-Wallis test with Dunn
Post-hoc test was performed to test differences in SNFL levels between
groups. Chi-square test and Fisher’s exact test was used to compare
categorical variables, as appropriate. p value < 0.05 was considered
statistically significant.

3. Results

In this cross-sectional study, we analyzed sNFL from patients cate-
gorized by disease type and treatment condition (treated or not, type
and timing of treatment). We compared sNFL levels as well as preva-
lence of pathologically elevated sNFL in each category, considering
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previously published age-dependent cut-off values and inter-assay
variability (Valentino et al., 2021; see methods Section 2.1.2).

4. sNFL in different MS subtypes

We compared sNFL levels in HC and MS patients according to disease
subtype (Fig. 1, Table 1).

At a group level, sNFL levels were higher in all MS subtypes
compared to HCs (Kruskal-Wallis test, p < 0.0001). Both PP and SP MS
patients showed higher levels of sNFL than RRMS patients (Kruskal-
Wallis test, p < 0.0001). No statistical difference was highlighted be-
tween PPMS and SPMS groups.

When comparing each individual value with the respective age-
dependent cut-off, the prevalence of elevated sNFL was 12 % in RRMS
patients, 32 % in PPMS patients and 21 % in SPMS patients. There was a
significantly higher prevalence of elevated sNFL in PPMS compared to
RRMS patients (chi-square analysis p < 0.0001) and in SPMS compared
to RRMS participants (chi-square analysis p = 0.0219).

Borderline values were 6 % in RRMS patients and 11 % in both PPMS
and SPMS patients.

5. sNFL in different disease types and treatment conditions

We compared sNFL levels in MS patients according to their disease
type and treatment condition, namely treatment-naive patients (RR/PP-
naive) and patients treated for more than 12 months (RR/PP/SP-treat
>12 m), as described in method section (Fig. 2, Table 1).

In RRMS, sNFL values in naive patients were significantly higher
than in treated patients (Kruskal-Wallis test, p < 0.0001). Moreover, RR-
treat >12 m group showed significantly lower sNFL levels compared to
SP-treat> 12 m patients (Kruskal-Wallis test, p < 0.0001). Similarly,
sNFL levels in PP-naive were higher than in PP-treat >12 m, but the
difference was not statistically significant.

When considering cut-off values, both naive groups demonstrated a
higher prevalence of elevated sNFL compared to the corresponding
treated group (RR-naive=37 %, RR-treat >12m=11 %, chi-square
analysis p < 0.0001), (PP-naive=67 %, PP-treat >12 m 22 %,
Fisher’s exact test=0.0362). RR-treat >12 m also demonstrated a lower
prevalence of elevated sNFL compared to SP-treat >12 m patients (25 %,
chi-square analysis p = 0.0009). Moreover, borderline values were: 8 %
in RR-naive, 6 % in RR-treat >12 m, 0 % in PP-naive, 16 % in PP-treat
>12m and 15 % in SP-treat >12 m participants.
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6. sNFL in DMTs treated patients

The influence of DMTs on sNFL levels was evaluated in treated RRMS
patients, comparing them to RR-naive patients (Figs. 3 and 4, Table 1
and 2).

6.1. sNFL along therapy follow-up

To assess the impact of DMTs, sNFL were measured and compared in
RR-naive and in treated patients: both RR-treat <12 m and RR-treat >12
m participants were considered (Fig. 3; Table 1).

Compared to RR-naive individuals, sNFL levels at a group level were
reduced in both RR-treat <12 m (Kruskal-Wallis test, p = 0.0065) and
RR-treat >12 m groups (Kruskal-Wallis test, p < 0.0001). No difference
between the two treated groups was found (Fig. 3A).

Then, to further evaluate the impact of the years of treatment on
sNFL levels, RR-treat >12 m participants were also divided in different
time ranges (treated for less or more than 60 months) and DMT types, as
indicated in the method section (Fig. 3B). No difference was found be-
tween sNFL levels in the group of patients treated for less or more than
60 months, when comparing the two groups of LE-DMT and HE-DMT
treated patients.

Based on sNFL reference ranges, 31 % of RR-naive patients showed
elevated sNFL, compared to 17 % of RR-treat <12 m patients, and 9 % of
RR-treat >12 m patients (Fig. 3C). The prevalence of elevated sNFL was
significantly higher in RR-naive compared to RR-treat >12 m patients
only (chi-square analysis p < 0.0001). Furthermore, borderline sNFL
prevalence was 8 % in RR-naive, 5 % in RR-treat <12 m and 6 % in RR-
treat >12 m participants.

When considering years of treatment and DMT type, the prevalence
of elevated sNFL was 10 % LE-DMTs 12-60 m, 7 % in LE-DMT >60 m, 8
% in HE-DMT 12-60 m and 6 % in HE-DMT >60 m participants;
borderline NFL values were 5 % in LE-DMT 12-60 m, 9 % in LE-DMT
>60 m, 5 % in HE-DMT 12-60 m and 5 % in HE-DMT >60 m partici-
pants (Fig. 3D). No significant difference in prevalence of elevated sNFL
was found between groups of the same-efficacy DMTs.

6.2. sNFL in patients treated with different DMTs

In order to establish the impact of different DMTs on sNFL levels, we
focused on patients treated for more than 12 months (Fig. 4; Table 2).

Compared to RR-naive individuals, IFN (Kruskal-Wallis test, p =
0.0003), GA (Kruskal-Wallis test, p = 0.0110) DMF (Kruskal-Wallis test,

B
100-
o 3 normal sNFL
80 % ' @ borderline SNFL
‘ B clevated SNFL
60 ¥
40
82% 51% 67%
20
"~ RRMS PPMS SPMS

Fig. 1. sNFL levels and prevalence of elevated sNFL in different MS subtypes. (A)sNFL were higher in progressive MS patients, compared to RRMS ones.
(Kruskal-Wallis test, pvalue< 0.0001). (B) According to cut-off levels, both PPMS and SPMS group showed a significantly higher prevalence of elevated sNFL
compared to the RRMS one (PPMS chi-square analysis p < 0.0001, SPMS chi-square analysis p = 0.0219).
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3 normal sNFL
3 borderline sNFL
@ elevated sNFL

Fig. 2. sNFL levels and prevalence of elevated sNFL in naive versus treated patients of different disease subtypes. (A) RRMS naive patients demonstrated
significantly higher sNFL levels compared to treated ones (Kruskal-Wallis test p < 0.0001). For PPMS participants, the difference was not statistically significant. RR-
treat >12 m patient’ sNFL levels were significantly lower than SP-treat >12 m group (Kruskal-Wallis test p < 0.0001). (B) According to cut-off levels, all naive
patients showed a higher prevalence of elevated sNFL compared to the treated groups (RRMS chi-square analysis p < 0.0001; PPMS Fisher’s exact test = 0.0362). RR-
treat >12 m individuals’ prevalence was also significantly lower than SP-treat >12 m group (chi-square analysis p = 0.0009).
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Fig. 3. sNFL levels and prevalence of elevated sNFL along therapy follow-up. (A) RR-naive patients showed higher sNFL levels compared to treated ones (RR-
treat <12 m, Kruskal-Wallis test, p = 0.0065; RR-treat>12 m, Kruskal-Wallis test p < 0.0001). (B) No difference in sNFL levels was found in individuals treated far
less or more than 60 months, with either LE-DMT or HE-DMT. (C). According to cut-off levels, the prevalence of elevated sNFL was significantly higher in RR- naive
individuals compared to RR-treat>12 m patients only (chi-square analysis p < 0.0001). (C) The prevalence of elevated sNFL levels in patients treated far less or more
than 60 months was not statistically different, in either LE-DMT or HE-DMT groups.

p < 0.0001), NAT (Kruskal-Wallis test, p < 0.0001), FING (Kruskal-
Wallis test, p = 0.0005) and anti-CD20 (Kruskal-Wallis test, p = 0.0370)
groups showed significantly lower sNFL levels.

Based on reference values, compared to RR-naive the prevalence of

elevated sNFL was lower in IFN (10 %, chi-square analysis p = 0.0016),
in GA (5 %, Fisher’s exact test p = 0.0016), in DMF (10 %, chi-square
analysis p 0.0004), in TERIFL (12 %, chi-square analysis p
0.0434), in NAT (6 %, chi-square analysis p < 0.001), in FING (6 %, chi-
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Fig. 4. sNFL levels and prevalence of elevated sNFL in RRMS patients treated with different DMTs. (A) Compared to RR-naive individuals, IFN (Kruskal-Wallis
test, p = 0.0003), GA (Kruskal-Wallis test, p = 0.0110) DMF (Kruskal-Wallis test, p < 0.0001), NAT (Kruskal-Wallis test, p < 0.0001), FING (Kruskal-Wallis test, p =
0.0005) and anti-CD20 (Kruskal-Wallis test, p = 0.0370) groups showed significantly lower sNFL levels. (B) According to cut-off levels, IFN (chi-square analysis p =
0.0016), GA (Fisher’s exact test p = 0. 0016), DMF (chi-square analysis p = 0.0004), TERIFL (chi-square analysis p = 0.0434), NAT (chi-square analysis p < 0.001),
FING (chi-square analysis p < 0.0001) and anti-CD20 (chi-square analysis p = 0.0048) individuals demonstrated significantly less elevated sNFL compared to

RR- naive.

square analysis p < 0.0001) and in anti-CD20 (9 %, chi-square analysis p
= 0.0048) groups.

Also, 5 % of IFN, 8 % of GA, 4 % of DMF, 9 % of TERIFL, 3 % of NAT,
9 % of ALEM, 5 % of FING and 9 % of anti-CD20 patients demonstrated
borderline sNFL levels.

7. Discussion

sNFL has been widely proposed as a valid and easily quantifiable
biomarker in MS. Indeed, many studies established sNFL correlation
with the disease course and treatment efficacy, making sNFL the most
promising longitudinal biomarker in MS patient monitoring (Akgiin
et al., 2019; Delcoigne et al., 2020; Disanto et al., 2017; Hyun et al.,
2020; Kolliker Frers et al., 2022; Kuhle et al., 2019; Ning and Wang,
2022; Novakova et al., 2017; Piehl et al., 2018; Sotirchos et al., 2023;
Thebault et al., 2020; Varhaug et al., 2019). Nevertheless, in order to
implement sNFL in clinical practice, several efforts are needed in terms
of cut-off definition and harmonization, application in multicentric /
real-life studies, and analytical standardization (Sen et al., 2023; The-
bault et al., 2020).

In this context, our real-life cross-sectional study aims to assess SNFL
levels and the prevalence of elevated sNFL in a large cohort of 908 MS
patients of different clinical phenotypes (RR, PP and SP) and in different
treatment conditions (treated or not, and according to the type and
duration of treatment), which samples were consecutively collected
from January 2019 to January 2020. Ultimately, we wanted to test SNFL
usefulness as additional supportive measure in clinical practice, as a red-
flag in MS patients management. Particularly, we wanted to assess the
informativeness of one single SNFL measurement to understand in which
patients might be worth performing longitudinal sNFL quantification in
daily clinical practice. Results interpretation was carried out using age-
dependent cut-off levels previously defined and published by our group
(Valentino et al., 2021; see methods Section 2.1.2). Moreover, we
defined as borderline those samples for which [sNFL quantification + 10
%] range included the age-specific cut-off value, considering the pre-
viously calculated and published inter-assay variability of 10 % (Val-
entino et al., 2021). These values should be carefully interpreted and
deserve a further follow-up measurement for ultimate clinical

decision-making (Sotirchos et al., 2023).

We measured sNFL levels in all RR/PP/SPMS patients (independent
from treatment condition) to assess the impact of different disease
subtypes on the biomarker’s levels. In our cohort we confirmed that
sNFL levels as well as the prevalence of elevated sNFL are higher in both
PPMS and SPMS compared to RRMS patients. Lack of significant dif-
ference between PPMS and SPMS is in line with what already reported in
literature (Varhaug et al., 2019).

To understand the impact of treatment on sNFL we compared naive
and treated patients for at least 12 months.

Naive samples of RRMS and PPMS subtypes showed higher preva-
lence of elevated sNFL compared to patients treated for more than 12
months. Moreover, treated SPMS patients demonstrated higher sNFL
levels and a higher prevalence of elevated sNFL compared to RRMS
treated patients, in line with literature (Saraste et al., 2021; Sen et al.,
2023).

When focusing on PPMS patients, the naive cohort was undoubtedly
limited, with 9 cases among which 6 showed elevated sNFL. Again, SNFL
demonstrate to be useful to identify the plausible ongoing chronic
neurodegeneration in this group, likely more prominent in those with
elevated sNFL. On the other hand, at the time of blood-draw, treated
PPMS patients were on anti-CD20 therapy, which is known to be highly
effective in reducing inflammatory activity and clinical attacks: elevated
sNFL in 19 % of these cohort of patients is probably indicative of
persistent axonal degeneration (Bar-Or et al., 2023; Williams et al.,
2021). Again, sNFL is an useful red flag measure even in patients treated
with highly efficacious DMTs (Bar-Or et al., 2023; Bittner et al., 2021;
Disanto et al., 2017; Kuhle et al., 2019; Leppert et al., 2022; Lorscheider
et al., 2016; Masanneck et al., 2022; Meier et al., 2023; Ning and Wang,
2022; Novakova et al., 2017; Sen et al., 2023; Williams et al., 2021).

Similarly, in the 55 SPMS patients who were mainly treated with off-
label rituximab (RTX) for at least 12 months (as siponimod was still
unavailable at the time of blood draw), the relevant prevalence of
elevated sNFL (22 %) can be attributed to ongoing neurodegeneration:
sNFL dosing may be useful in highlighting these patients.

To test SNFL impact on monitoring therapy efficacy along follow-up
and specific DMTs effectiveness we then focused on RRMS patients,
which is the most plentiful subtype and for which therapeutical options
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are wider in choice (Preziosa et al., 2020).

Considering RRMS patients, no clear differences of elevated sNFL
prevalence was observed between naive and short treated patients (RR-
treat<12 m group). The great majority of patients in this group was
treated for up to 6 months (median 6 months, range 1-8 months), which
surely include the period of time in which DMTs are not fully effective
(Giovannoni, 2018; Giovannoni et al., 2015; Kuhle et al., 2019; Sejbaek
et al., 2019). On the contrary, still elevated sNFL along time after the
settlement period might indicate poor DMT efficacy and subclinical
activity to look further into: sNFL levels have to be contextualized within
each specific case (Berger et al., 2020; Bittner et al., 2021; Ferreir-
a-Atuesta et al., 2021; Novakova et al., 2017).

Interestingly, 6-10 % of RR-treat >12 m patients demonstrated
elevated sNFL despite DMT type (LE-DMT or HE-DMT) and duration of
treatment (up to or more than 60 months). This is apparently in contrast
with previously carried-out phase III clinical trials comparing LE-DMT
and HE-DMT (ASCLEPIOS-I, n.d.; ASCLEPIOS-II, n.d.; CARE-MS-I, n.d.;
CARE-MS-II, n.d.; Freeman et al., 2022; Granqvist et al., 2018; Harding
et al.,, 2019; Kuhle et al., 2019; OPERA-I, n.d.; OPERA-II, n.d,;
RIFUND-MS, n.d.; Signori et al., 2020; TENERE, n.d.), which showed
that HE-DMTs are more efficient in NFL lowering.

However, as we are referring to a clinical context, the concept of
“randomization” is excluded and each patient’s therapy is personally
tailored to their clinical prognostic factors, outcomes, as well as con-
venience and preferences, making the clinicians’ ability in considering
all these factors crucial in clinical practice (Berger et al., 2020; Brown
et al., 2018; Manzano et al., 2020; Singer et al., 2021). This a priori
selection of treatment for the individual subject leads to a comparable
prevalence of sNFL among patients treated with HE-DMTs and LE-DMTs.

Also, when focusing on time, our cohort showed that in patients
treated for more than 5 years with both LE-DMT and HE-DMT, the
prevalence of elevated sNFL was similar, without a statistical difference,
to those treated for less time. From a practical point of view, 6-7 % of
patients showed elevated sNFL even after more than 5 years of treatment
with either LE-DMTs or HE-DMTs.

Lastly, to assess levels and prevalence of elevated sNFL in each
DMTs, we divided RR-treat >12 m into DMT-specific groups. As thera-
peutic choices are individually carried out for each patient based on his
personal history and case, it is important to contextualize treatments.
The great majority of DMTs showed a prevalence of elevated sNFL of
5-10 %, with two exceptions: TERIFL, which demonstrated a slightly
more elevated sNFL prevalence (12 %), and ALEM, which showed a
definitely higher prevalence (18 %) compared to other DMTs.

TERIFL is a LE-DMT effective on brain atrophy (Miller, 2021).
Especially, as siponimod was not yet available at the time of blood draws
(G.U. Serie Generale n°122, 2020), clinicians at CRESM decided upon
effectively treating with TERIFL older patients (mean age 48 years old;
mean age for other LE-DMT: 40-45 years old), probably already in a
slowly progressing phase of the disease, which can account for the
higher levels of sNFL.

Instead, ALEM is an immunoricostitutive HE-DMT generally chosen
for hyperaggressive patients (Akgiin et al., 2019; Katsavos and Coles,
2018; Lopez-Real et al., 2023; Russo et al., 2022; Sacca et al., 2019). At
the time of blood draw, ALEM was chosen at CRESM for patients with
high inflammatory disease activity and/or failing several therapies, thus
reasonably presenting higher risk of neurodegeneration(Maggi et al.,
2021; Pfeuffer et al., 2021).

Limitations of our work include the non-longitudinal nature of it, as
well as the lack of correlation with clinical data. Moreover, our cut-off
levels did not consider confounding factors as BMI and hematic vol-
ume; the implementation of these factors and the increase in the number
of HCs involved might further tailor the reference levels and increase the
robustness of identification of patients with elevated sNFL, possibly
allowing a stratification of patients having mildly, moderately and
highly elevated.
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8. Conclusion

In conclusion, our real-life study highlights the potential of sNFL
quantification as additional serial and objective information in patient
routinary monitoring: one single detection already revealed groups of
patients in all conditions which was worth of more clinical in-depth
analysis and contextualization, in line with literature (Berger et al.,
2020; Brown et al., 2018; Gross and Corboy, 2019; Harding et al., 2019).

Normal sNFL in MS patients treated with both LE-DMT and HE-DMT
suggests treatment effectiveness, as already reported in literature
(Akgiin et al., 2019; Delcoigne et al., 2020; Disanto et al., 2017; Hyun
et al., 2020; Ning and Wang, 2022; Novakova et al., 2017; Thebault
et al., 2020; Varhaug et al., 2019). On the other hand, elevated sNFL
must be considered a red-flag suggesting the need of a further, more in
depth clinical assessment as it can be indicative of new inflammation,
ongoing degeneration or co-morbidities.

Indeed, since a single sNFL dosage already highlighted a prevalence
of elevated sNFL levels in any considered category despite MS category
and treatment type, results support the development of further longi-
tudinal studies and the introduction of serial sNFL measurement in
regular clinical practice to be contextualized within the set of available
clinical and neuroimaging data.
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