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Abstract: Background/Objective: Neurofilament light chain (Nf-L), neurofilament heavy chain (Nf-
H), and chitinase 3-like 1 (CHI3L1) are cerebrospinal fluid (CSF) biomarkers of neuroaxonal damage
and inflammation in multiple sclerosis (MS). Their longitudinal response to disease-modifying
therapies and association with clinical and radiological outcomes remain incompletely understood.
The aim of this study is to evaluate the impact of interferon beta (IFN-3) therapy on CSF levels of Nf-
L, Nf-H, and CHI3L1 in early relapsing-remitting MS (RRMS) and assess their association with long-
term clinical outcomes and MRI activity. Methods: We conducted a prospective two-year
observational study involving 14 treatment-naive RRMS patients who initiated IFN- therapy. CSF
levels of Nf-L, Nf-H, and CHI3L1 were measured at baseline and after two years. Clinical disability
was assessed via the Expanded Disability Status Scale (EDSS) and brain MRI activity. A 15-year
clinical follow-up was performed in 12 patients. Results: Nf-L levels significantly decreased after two
years of IFN-[3 treatment (p=0.039), while CHI3L1 levels significantly increased (p=0.001). Nf-H levels
remained stable. Nf-L and CHI3L1 levels at baseline and follow-up correlated with relapse rate and
long-term EDSS. Nf-H levels correlated with EDSS scores but not with relapse or MRI activity. A
trend toward a positive correlation between increasing Nf-L levels and MRI activity was observed
(p=0.07). Conclusions: CSF biomarkers demonstrate differential responses to IFN-{3 therapy in early
RRMS. Nf-L emerges as a sensitive biomarker of treatment response and disease activity, while
CHI3BL1 may reflect ongoing tissue remodeling and inflammation. These findings support the utility
of CSF biomarker monitoring for personalized treatment strategies in MS.

Keywords: multiple sclerosis; biomarkers; cerebrospinal fluid; neurofilament light chain;
neurofilament heavy chain; CHI3L1; interferon beta; disease-modifying therapy; longitudinal study

1. Introduction

Multiple sclerosis (MS) is an inflammatory neurodegenerative complex disease, characterized
by inflammation, demyelination, progressive axonal loss, with a heterogeneous clinical presentation,
disease course, pathological, immunological, and radiological features [1].

Inflammation from MS is tightly associated with axonal and neuronal damage [2,3]. Axonal
injury can begin in the initial lesion phases, whereas neuronal loss may develop in the progressive
phase of the disease [4].

Many biological markers have been studied in MS in need to sub-type the disease, to better
quantify disease progression and individual responses to therapy, beyond the clinical and MRI data
[5,6].
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The study of cerebrospinal fluid (CSF) is of primary importance, as this fluid is most likely to
contain traces of biomarkers of the pathological and reparative processes occurring at the lesion site
in MS [7-9].

Neurofilaments (NFs) are cytoskeletal component of the neuron providing functional and
structural support of axons, stabilizing the axons, determining the axon diameter, and participating
in axonal transport [10-12]. They are found exclusively within neurons [13,14]. The presence of NFs
in CSF reflects neuronal and axonal damage, due to the inflammatory process [13-15].

Among biomarkers of axonal damage, neurofilaments (NFs) play a major role, representing
promising biomarkers for disease progression and for treatment response in MS [2,15].

NFs are composed of different subunits, based on their tail molecular weight: NF- light chain
(Nf-L), NF-medium (Nf-M) and heavy chain (Nf-H). Nf-L is a small, soluble protein, and is the most
abundant. On the other hand, Nf-H is a larger molecule and more resistant to proteases because it is
phosphorylated. Nf-M were not assessed in studies until now.

When neuronal cells or their axonal membranes are damaged, NFs are released into the
interstitial fluid (IF), cerebrospinal fluid (CSF), and blood. Consequently, levels of NFs can serve as
biomarkers for monitoring disease progression, treatment response, or drug toxicity [16,17].

Although neurofilament light chain (NfL) is not specific to multiple sclerosis (MS) and is
elevated in other neurological conditions, it remains the most investigating and promising biomarker
for detecting axonal damage in MS and plays a definitive role in predicting disease progression
[18,19]. A correlation between CSF NfL levels and neuroaxonal injury was found during the entire
course of MS [16,20,21]. There is strong evidence that NfL levels are elevated in relapsing compared
to stable forms of MS, and they can predict future disease progression in terms of relapses, clinical
and MRI activity, and treatment response [18]. NfL can help stratify patients into those with stable
disease and those who do not respond to disease-modifying treatments (DMTs) [18]. Moreover, Nf-
L can contribute to a better understanding of the mechanisms underlying demyelination and axonal
damage in MS [18,19].

This biological marker must have high sensitivity and specificity and must be analyzed using a
reliable laboratory method.

Two methods for measuring NfL have been described: electrochemiluminescence (ECL)-based
assays and the single-molecule array (Simoa) technology (Quanterix, Billerica, MA, USA) [16,22,23].
ECL was developed for serum NfL measurement and offers high sensitivity, a broad dynamic range,
and the advantage of requiring only a small sample volume. With the advent of highly sensitive
digital enzyme-linked immunoassay (ELISA), also called Single molecule array (Simoa),
neurofilaments can now be sensitively quantified in both cerebrospinal fluid (CSF) and blood [23-
25].

NfL levels in CSF and serum are strongly correlated, and patients with relapsing-remitting MS
(RRMS) show significantly higher NfL concentrations compared to healthy individuals [16,20].

Another biomarker which is thought to have an important role in MS pathology is chitinase 3-
like 1 (CHI3L1). Also known as YKL-40, it belongs to the chitin glycoside hydrolase family, a large
group of protein with a prominent role in neuroinflammatory process and tissue remodeling,
produced by activated microglia and activated astrocytes following neuronal injury, so its levels in
the CSF reflect its endogenous synthesis [26,27]. However, its mechanism of action remains poorly
understood, and its role in MS pathogenic mechanisms has not been fully elucidated yet [26]. To
support the tissue remodeling effect, it has been shown that higher levels of CHI3L1 are found during
remission phases of the disease rather than during relapse phases [26,28]. Elevated levels of CHI3L1
have been detected in the CSF of patients with clinically isolated syndrome (CIS) and MS [29,30].
CHI3L1 can be potential indicator for diagnosing and monitoring the disease stage and treatment
response in MS, elevations in CHI3L1 having prognostic implications [31,32].
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2. Materials and Methods

Inflammation and neurodegeneration are central components of multiple sclerosis (MS)
pathology. Recent studies have shown that biomarkers of neuroaxonal damage are detectable even
in the early stages of MS.

Given the known response of neurofilament light chain (Nf-L) and CHI3L1 to anti-inflammatory
treatment, we hypothesized that these markers might also be influenced by interferon beta therapy.

Our aim was to assess whether neuroaxonal biomarkers such as Nf-L and Nf-H, as well as the
inflammatory and tissue remodeling biomarker CHI3L1, found in cerebrospinal fluid (CSF), are
affected by immunomodulatory treatment with interferon beta (IFN-f), and whether their levels
correlate with treatment response, as measured by clinical scales and brain MRI.

To this end, we conducted a two-year observational study on a small cohort of patients with
early relapsing-remitting MS. We analyzed CSF levels of neuroaxonal and inflammatory biomarkers
before and after two years of IFN-f3 treatment. All patients were treatment-naive at baseline, having
received no prior immunomodulatory or immunosuppressive therapy, a factor that makes this cohort
particularly distinctive.

An additional clinical assessment was conducted 15 years after the baseline point.

2.1. Methods

2.1.1. Study Population

We studied 14 patients diagnosed with relapsing-remitting multiple sclerosis (RRMS) according
to the revised 2010 McDonald criteria [33]. Cerebrospinal fluid (CSF) was collected from all patients
at baseline, and from 13 of them after two years of follow-up.

All patients provided written informed consent to participate in the study, which was approved
by the local ethics committee and conducted in accordance with the Declaration of Helsinki. At the
time of enrollment, all patients were treatment-naive with respect to immunomodulatory therapies
and had been diagnosed with MS within the previous 12 months. Following the baseline evaluation,
all patients began treatment with interferon beta (IFN-3) products.

At both baseline and follow-up, patients underwent clinical assessment using the Expanded
Disability Status Scale (EDSS) [34], and brain Magnetic Resonance Imaging (MRI) was performed.
The EDSS evaluations were consistently conducted by the same neurologist trained in its
administration. Additionally, a clinical assessment using the EDSS was performed 15 years after
baseline for twelve patients, as one patient had left the program.

All patients were interviewed and asked for the presence of relapses in the follow up period. A
relapse was defined as the appearance of a new symptom or the worsening of a pre-existing symptom
attributable to MS, lasting >24 hours, occurring without fever, accompanied by a new neurological
abnormality, and preceded by a period of stability or improvement lasting 230 days [35]. Pseudo-
relapses due to infections or elevated body temperature were not included in the analysis.

MRI of the brain with gadolinium was performed according to the MS protocol using a 1.5 Tesla
scanner. T2-weighted and contrast-enhanced T1-weighted axial slices were obtained at all visits, with
a slice thickness of 10 mm. An MRI was considered active if at least one enhancing lesion was
identified. At each time point, EDSS assessment and MRI were performed prior to cerebrospinal fluid
(CSF) collection. The CSF collection was performed after 3 months of methylprednisolone
administration.

2.1.2. CSF Analysis

CSF samples were collected at each time point, at baseline and after two years of treatment.
Following standard procedures, the samples were centrifuged and stored at =70 °C. All samples were
analyzed in a single session. Levels of Nf-L, Nf-H, and CHI3L1 in CSF were measured at baseline and
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after two years of treatment with IFN beta, and these were correlated with treatment response. All
biomarkers were analyzed using commercially available ELISA kits.

2.1.3. Statistical Analysis

We performed statistical analysis with Statistical Package for the Social Sciences (version 27.0,
SPSS Inc, Chicago). The level of statistical significance was p < 0.05 (two-tailed). We performed
Wilcoxon Signed Rank test for small groups to assess the longitudinal dynamics of variables within
the same group. We performed correlations to test the associations between clinical — EDSS, relapse
rate and MRI metrics with NfL, NfH and CHI3L1 levels, using the Spearman correlations when the
variables considered were numeric or Chi Square method when variables considered were
nonparametric.

3. Results

3.1. Patients” Characteristics

Our population had a medium age of 32.14 (23-47) years, the majority was female (10 out of 14).
Medium EDSS at baseline was 2.32 (1.0-4.5), and 2.39 (0.0-5.5) after two years of treatment. After 15
years the EDSS increased, the medium EDSS being 4.45 (2.0-7.5). Only two patients showed clinically
active disease during the first year of follow-up (one of whom experienced a relapse), and for them,
we decided to escalate therapy after the two-year treatment period. Additionally, only five patients
showed clinically active disease after the two years of follow-up (including one relapse during the
entire follow-up period).

Demographic, clinical and paraclinical (MRI) data is show in Tables 1 and 2. CSF data for the 13
patients who accepted two successive lumbar puncture is shown in Table 3.

Table 1. Demographic and clinical data.

N Min Max Mean Std. Median (Iq’, Std. error of
Deviation hq’) mean
Sex: no (%) 13
Female 9(69.2%) n/a n/a n/a n/a n/a n/a
Male 4(30.8%) mn/a n/a n/a n/a n/a n/a
Age 13 23 47 32.54 8.800 30 (24.5,41,5) 2.44
EDSS baseline 13 1.0 45 2.43 1.0963 2.0 (1.5,3.25) 0.3041
EDSS follow-up 13 0.0 5.5 2.5 1.4434 2.5(1.5,3.0) 0.4003
EDSS 15y 12 2.0 7.0 4.45 2.0939 4.5 (2.0, 6.5) 0.6045

Abbreviations: n/a — not applicable, EDSS — Expanded Disability Status Scale, 1q — lower quartile, hq — highest
quartile.

Table 2. Brain MRI.

N
Brain MRI baseline: no (%)
Gd (-) lesions 8 (61.5%)
Gd (+) lesions 5 (38.5%)
Brain MRI follow-up: no (%)
Gd (-) lesions 8 (61.5%)
Gd (+) lesions 5 (38.5%)

Abbreviations: MRI — Magnetic Resonance Imaging, Gd — gadolinium.
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Table 3. CSF data.
N Min  Max Mean Std', . Median (1q%, hq*) Std. error of
deviation mean

Nf-L(pg/ml):
Baseline 13 122 3362 1536.6 9879 1430 (723, 2337) 274
Follow-up 13 9 3408 1114.8 1092.8 621 (284, 1873) 303.1
Nf-H (pg/ml):
Baseline 13 147.7 16939 539.1 373 451.6 (391.6, 548.8) 103.4
Follow-up 13 197.8 2056.8 573.8 480.8 447.2 (287.2,654.6) 133.3
CHIBL1 (ng/ml):
Eiffolffu 13 394 2608 1217 741 85.3 (75.9,191.9)  20.7

P 13 1024 5674 2241 143 163.9 (128.7, 304.1) 39.6

Abbreviations: Nf-L — neurofilament with light chain, Nf-H — neurofilament with heavy chain, CHI3L1 -
chitinase 3-like 1.

3.2. The Impact of the Immunomodulatory Treatment with IFN Beta on Biomarkers in CSF

We analyzed the mean values of Nf-L, Nf-H, and CHI3L1 over the two-year treatment period
with IFN-{, using the Wilcoxon Signed Rank test (Table 3; Figure 1). One patient who did not undergo
the second lumbar puncture was excluded from the analysis.

The mean Nf-L concentration significantly decreased from 1,536.6 + 987.9 ng/mL at baseline to
1,114.8 + 1,092.8 ng/mL after 2 years. In contrast, Nf-H concentrations showed a non-significant
decrease from 539.1 + 373 ng/mL to 573.8 + 480.8 ng/mL. CHI3L1 levels increased markedly over the
2-year period, rising from 121.7 + 74.7 ng/mL at baseline to 224.1 + 143 ng/mL, indicating a statistically
significant elevation.

Longitudinal variation of these biomarkers under IFN treatment was significant for Nf-L
(p=0.039) and highly significant for CHI3L1 (p=0.001), but not for Nf-H (p=0.34).

While Nf-L levels declined significantly and CHI3L1 levels increased significantly, Nf-H levels
remained relatively stable.

Immunomodulatory treatment with interferon beta (IFN-B) resulted in a marked reduction in
Nf-L levels and a significant increase in CHI3L1 levels in the CSF.

A p=0.039 B p=0.001
B e
1400 200
1200 1114.8
1000 150 1217

800 100
600
400 50
200
0 0
Nf-L baseline Nf-L follow up CHI3L1 baseline CHI3L1 follow up

Figure 1. A. Mean levels of Nf-L baseline/follow up which declined significantly, under INF beta therapy
(Wilcoxon Signed Rank test, p=0.039), B. Mean levels of CHI3L1 baseline/follow up which increased
significantly, under INF beta therapy (Wilcoxon Signed Rank test, p=0.001).
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3.3. CSF Biomarkers and Demographic Data

In the overall group, Nf-L levels (baseline p = 0.558; follow-up p =0.362), CHI3L1 levels (baseline
p = 0.139; follow-up p = 0.634), and Nf-H levels at follow-up (p = 0.775) did not correlate with patient
age. Only Nf-H levels at baseline showed a significant correlation with age (p = 0.016).

3.4. CSF Biomarkers and EDSS

To assess the relationship between EDSS and CSF biomarker levels, we performed correlation
analyses. A positive correlation was observed between EDSS scores and Nf-H levels at baseline (r =
0.624, p = 0.017) and after two years (r = 0.645, p = 0.017) - Figure 2. No significant correlations were
found for Nf-L (baseline p = 0.436; follow-up p = 0.101) or CHI3L1 (baseline p = 0.318; follow-up p =

0.1).
A EDSS-baseline / Nf-H baseline B EDSS-followup / Nf-H follow-up
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Figure 2. A. Positive correlations between EDSS baseline and Nf-H baseline levels (Spearman correlation,
p=0.017). B. Positive correlations between EDSS follow-up and Nf-H follow-up levels (Spearman correlation,
p=0.017).

Positive correlations were observed between EDSS scores from the 15-year point and Nf-L levels
(r=0.763, p=0.004), Nf-H levels (r = 0.857, p = 0.0001) both measured at follow-up, and CHI3L1 levels
measured at baseline (r = 0.650, p = 0.04) and follow-up (r = 0.839, p = 0.001) — Figure 3.
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Figure 3. A. Positive correlations between EDSS measured after 15 years and Nf-L follow-up levels (Spearman
correlation, p=0.004). B. Positive correlations between EDSS measured after 15 years and Nf-H follow-up levels
(Spearman correlation, p=0.0001). C. Positive correlations between EDSS measured after 15 years and CHI3L1
baseline levels (Spearman correlation, p=0.04). D. Positive correlations between EDSS measured after 15 years

and CHI3L1 follow-up levels (Spearman correlation, p=0.001).

There was a tendency for positive correlations between EDSS score from the 15-year point and
levels of Nf-L (r=0. 430, p=0.07) and Nf-H (r=0.425, p=0.06) both measured at baseline.

We assessed clinical evolution through changes in EDSS and evaluated whether it correlated
with variations in CSF biomarkers: light and heavy neurofilament proteins (Nf-L, Nf-H) and chitinase
3-like 1 (CHI3L1). We assigned a value of 0 if the clinical (EDSS) and paraclinical (Nf and CHI3L1)
data decreased or remained stable, and a value of 1 if their values increased. Analyzing EDSS
variation, eleven patients (86.4%) had stable or improved EDSS scores throughout the entire
treatment period with IFN-beta. Among these clinically stable patients, up to seven (53.8%) showed
decreased Nf-L levels, and up to six (46%) showed decreased Nf-H levels. CHI3L1 levels remained
consistently elevated at the follow-up point in all patients.

After 15 years, EDSS scores had increased in eleven patients out of twelve (91.6%), with three of
them (25%) showing increased Nf-L and Nf-H levels at the follow-up point (after two years of INF
therapy).

We performed a chi-square analysis and found no significant association between EDSS
variation and changes in Nf-L (x?=1.051, p = 0.305) or Nf-H (x2=1.477, p = 0.224) over the follow-up
period. Since CHI3L1 levels were consistently elevated at follow-up in all patients, statistical analysis
was not feasible.

3.5. CSF Biomarkers and Relapse Rate

We also assessed the relationship between relapses and CSF biomarker levels, by performing
statistical correlations. A positive correlation was observed between relapse rate and Nf-L levels at
baseline (r = 0.634, p = 0.020) and after two years (r = 0.675, p = 0.011), and between relapse rate and
CHI3L1 at baseline (r = 0.684, p =0.010) and after two years (r = 0.634, p = 0.020) — Figures 4 and 5. No
significant correlations were found for Nf-H (baseline p = 0.326; follow-up p = 0.259).
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Figure 4. A. Positive correlations between relapse rate and Nf-L baseline levels (Spearman correlation, p=0.020).

B. Positive correlations between relapse rate and Nf-L follow-up levels (Spearman correlation, p=0.011).

A Relapse-rate /CHI3L1 baseline B Relapse-rate / CHI3L1 follow-up

1 p=0.02 1 p=0.011

1 e o ®.° 1 -
@ o ! o0 ® e
e €4
21 2
© o1
€0 € o

0 . 0 .

0 s ° 0 esno o

0.0 100.0 200.0 300.0 0.0 200.0 400.0 600.0
CHI3L1 baseline CHI3L1 follow up

Figure 5. A. Positive correlations between relapse rate and CHI3L1 baseline levels (Spearman correlation,
p=0.010). B. Positive correlations between relapse rate and CHI3L1 follow-up levels (Spearman correlation,
p=0.020).

3.6. CSF Biomarkers Variation and Radiological Signs of Disease Activity on Brain MRI

We looked on MRI activity after two years of treatment and checked if it correlates with the
variance of light and heavy neurofilaments (Nf-L, Nf-H) proteins and with chitinase 3-like protein 1
in CSF.

Five patients (38.5%) had at least one Gd (+) lesion on MRI at baseline and follow up time point.

We considered as 0, if the variance of NFs and CHI3L1 decreased or stayed stable and as 1 if this
value increased. For brain MRI we considered non active MRI (without gadolinium enhancing
lesions) as 0 and active MRI (with at least one gadolinium enhancing lesion) as 1.

We performed a chi square analyses test, and we observed a tendency for positive correlation
(x2=3.25; p=0.07) between MRI activity with presence of at least one gadolinium enhancing lesion,
and Nf-L variance with increased level after two years, but not for Nf-H (x2=1.59; p=0.2) or for
CHIBLL.

Contrast-enhancing lesions showed a positive correlation with Nf-L values in CSF, but not with
Nf-H - Figure 6.
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Figure 6. NF-L variance and MRI activity during the follow-up period (chi square analyses test, x2=3.25;
p=0.07).

4. Discussion

In this longitudinal study of 14 patients with recently diagnosed relapsing-remitting multiple
sclerosis (RRMS), we evaluated the dynamics of cerebrospinal fluid (CSF) biomarkers, neurofilament
light chain (Nf-L), neurofilament heavy chain (Nf-H), and chitinase 3-like protein 1 (CHI3L1), in
response to a two-year period of interferon-beta (IFN-) therapy. Our findings suggest differential
behavior of these biomarkers under treatment, reflecting distinct underlying pathophysiological
processes.

A significant decrease in Nf-L concentrations over the two-year treatment period and an
association between higher Nf-L levels and increased relapse rate, highlight its potential as a
responsive biomarker of neuroaxonal damage, disease activity and therapeutic efficacy in MS. This
agrees with prior studies linking Nf-L levels to acute axonal injury and inflammatory disease activity,
which reinforce the potential of Nf-L as a dynamic biomarker for monitoring inflammatory disease
burden [36-38].

Furthermore, our data suggested a trend toward increased Nf-L in patients with ongoing MRI
activity, though this did not reach statistical significance (p = 0.07). This underscores the role of Nf-L
as a sensitive indicator of radiological disease progression, even in clinically stable patients and
reinforces the potential of Nf-L as a dynamic marker of inflammatory disease activity, even in small
cohorts, and suggests that more extensive studies may confirm this relationship.

Recent prospective studies evaluating tissue damage markers in the CSF of patients with
relapsing-remitting MS, both prior to initiation of various therapies and after variable follow-up
periods, have demonstrated a significant reduction in Nf-L levels [39,40]. These findings are
consistent with our results, further supporting the role of Nf-L as a reliable biomarker of acute axonal
injury driven by inflammatory processes [41]. While the decrease in Nf-L levels was modest in
magnitude, it was statistically significant, suggesting that even first-line immunomodulatory therapy
can modulate axonal injury in the early disease course.

In contrast, Nf-H concentrations did not change significantly during treatment yet demonstrated
strong correlations with disability scores (EDSS) at baseline, follow-up, and even 15 years later. This
supports previous literature identifying Nf-H as a marker of cumulative axonal damage, which may
be less responsive to short-term changes but a strong predictor of long-term disability progression
[42]. Because of its lower molecular weight and lower phosphorylation rate, Nf-L may diffuse earlier
to CSF than Nf-H. The observed stability of Nf-H levels may reflect either a plateau in
neurodegeneration under therapy or a slower turnover rate compared to Nf-L [43,44].

One of the most intriguing findings of our study is the consistent and significant increase in CSF
of CHI3L1 concentrations after two years of treatment, independently of clinical or radiological
disease activity. This observation suggests that CHI3L1 is associated with chronic glial activation and
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chronic inflammation in progressive forms of MS [26,45]. The consistent increase across patients,
including those with stable clinical and radiological status, suggests that CHI3L1 may reflect
subclinical or smoldering neuroinflammatory activity that persists despite the disease control,
processes not captured by clinical or radiological measures [30,46]. The correlations of CHI3L1 and
Nf-L with relapses rates further highlight their potential as prognostic markers for ongoing
inflammatory burden [45,47,48].

Clinically, most patients exhibited stable or improved EDSS scores during the initial two years
of treatment, consistent with reductions or stabilization in Nf-L and Nf-H levels. However, at 15
years, EDSS scores had increased in most patients, and early biomarker profiles appeared predictive
of long-term disability. Notably, higher levels of Nf-L, Nf-H, and CHI3L1 at two years correlated
with worse disability outcomes at 15 years, underscoring their prognostic value. This suggests that
early biomarker profiles might have prognostic utility in identifying patients at higher risk for long-
term disability, even when short-term clinical improvement is observed.

Notably, we found no statistically significant associations between changes in EDSS and CSF
biomarker variations, possibly due to the relatively stable clinical course observed in most patients
and the limited sample size. However, the association of baseline and follow-up Nf-L and CHI3L1
with relapse frequency and baseline and follow-up Nf-H with EDSS supports their role in prognostic
stratification [30,47,49].

To our knowledge, this is a unique prospective study to monitor neuroaxonal and inflammatory
markers in the CSF of MS patients who were treatment-naive at baseline. The extended clinical
follow-up over 15 years provides valuable insight into the long-term relevance of early biomarker
changes.

This study has limitations, including the small cohort size and lack of a control group, which
reduce statistical power and generalizability. The absence of longitudinal serum biomarker data also
restricts our ability to compare peripheral and central nervous system dynamics. Nevertheless, the
paired CSF analyses and uniform treatment protocol strengthen the internal consistency of our
findings.

Despite the small sample size, the consistency of our findings with previously published studies
adds confidence to the validity of our results [50,51].

5. Conclusions

This study reinforces the clinical utility of CSF biomarkers in RRMS. Nf-L serves as a sensitive
marker of treatment response and disease activity, while Nf-H appears more closely related to
cumulative neuroaxonal damage and clinical disability. CHI3L1 may reflect ongoing glial activation
and subclinical inflammation, persisting despite apparent disease stability.

Importantly, higher Nf-L, Nf-H, and CHI3L1 levels after two years of therapy were associated
with greater disability at 15 years, suggesting that early CSF biomarker profiles may have prognostic
utility. These findings reinforce the potential value of integrating CSF biomarkers into early disease
monitoring to optimize therapeutic strategies.

Together, these biomarkers may offer complementary insights into MS pathophysiology and
therapeutic monitoring. Further studies in larger, diverse cohorts are needed to validate these
findings and explore their potential for personalized treatment strategies.

Supplementary Materials: The following supporting information can be downloaded at: The following
supporting information can be downloaded at the website of this paper posted on Preprints.org, Table 1:
Demographic and clinical data, Table 2: Brain MRI, Table 3: CSF data, Figure 1: A. Mean levels of Nf-L
baseline/follow up B. Mean levels of CHI3L1 baseline/follow up, Figure 2: A. Positive correlations between EDSS
baseline and Nf-H baseline levels B. Positive correlations between EDSS follow-up and Nf-H follow-up levels,
Figure 3: A. Positive correlations between EDSS measured after 15 years and Nf-L follow-up levels B. Positive
correlations between EDSS measured after 15 years and Nf-H follow-up levels C. Positive correlations between

EDSS measured after 15 years and CHI3L1 baseline levels D. Positive correlations between EDSS measured after
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15 years and CHI3L1 follow-up levels, Figure 4: A. Positive correlations between relapse rate and Nf-L baseline
levels B. Positive correlations between relapse rate and Nf-L follow-up levels, Figure 5: A. Positive correlations
between relapse rate and CHI3L1 baseline levels B. Positive correlations between relapse rate and CHI3L1
follow-up levels, Figure 6: NF-L variance and MRI activity during the follow-up period.
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