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Abstract

Background and objectives Serum biomarkers are emerging as useful prognostic tools for multiple sclerosis (MS); however,
long-term studies are lacking. We aimed to evaluate the long-term prognostic value of the serum levels of neurofilament
light chain (NfL), total tau, glial fibrillary acidic protein (GFAP), and chitinase 3-like-1 (CHI3L1) measured close to the
time of MS onset.

Methods In this retrospective, exploratory, observational, case and controls study, patients with relapsing—remitting MS
(RRMS) with available baseline serum samples and prospectively follow-up in our MS unit for a long time were selected
based on their clinical evolution to form two groups: (1) a benign RRMS (bRRMS) group, defined as patients with an
Expanded Disability Status Scale (EDSS) score of <3 at> 10 years of follow-up; (2) an aggressive RRMS (aRRMS) group,
defined as patients with an EDSS score of > 6 at <15 years of follow-up. An age-matched healthy control (HC) group was
selected. NfL, total tau, and GFAP serum levels were quantified using a single-molecule array (SIMOA), and CHI3L1 was
quantified using ELISA.

Results Thirty-one patients with bBRRMS, 19 with aRRMS, and 10 HC were included. The median follow-up time from
sample collection was 17.74 years (interquartile range, 14.60-20.37). Bivariate and multivariate analyses revealed signifi-
cantly higher NfLL and GFAP levels in the aRRMS group than in the bBRRMS group. A receiver operating characteristic curve
analysis identified serum NfL level as the most efficient marker for distinguishing aRRMS from bRRMS.

Discussion This proof-of-concept study comparing benign and aggressive RRMS groups reinforces the potential role of
baseline NfL serum levels as a promising long-term disability prognostic marker. In contrast, serum GFAP, total tau, and
CHI3L1 levels demonstrated a lower or no ability to differentiate between the long-term outcomes of RRMS.

Keywords Multiple sclerosis - Biomarkers - Prognosis - SNfL - GFAP - CHI3L1

Introduction

Sergio Martinez Yélamos and Pol Andrés-Benito equally
contributed.

Multiple sclerosis (MS) is a chronic autoimmune disease
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characterized by multifocal inflammatory demyelination
and neurodegeneration of the CNS, resulting in irreversible
neurological damage and consequent accumulation of dis-
ability [1].

Disability progression shows great heterogeneity among
patients, and it is believed that the early use of high-efficacy
disease-modifying treatments (DMT) during the course
of the disease could delay its irreversible accumulation in
patients with high inflammatory activity [2—4]. Thus, identi-
fying predictive markers of disability is becoming a priority
as it will enable the selection of candidates for this treatment
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approach. Currently, there are few prognostic markers avail-
able, both clinical and radiological, with limited clinical
utility [5-13], despite being combined in various scoring
systems, wherein improving the predictive power involves
incorporating variables from the early years of follow-up,
which could result in missed opportunities for early treat-
ment [14-16].

Accurate and specific biomarkers that targeting specific
aspects of the pathological processes underlying MS are
potential prognostic markers. The development of ultra-
sensitive digital immunoassays, such as the single mol-
ecule array (SIMOA), has enabled reliable measurement of
CNS-relevant biomarkers in serum that were not previously
detectable [17]. Neurofilament light chain (NfL), total tau
protein, glial fibrillary acidic protein (GFAP), and chitinase
3-like-1 (CHI3L1) are promising prognostic biomarkers for
MS. These biomarkers reflect neuronal damage occurring
in acute and chronic lesions, astrocytic activation and astro-
gliosis, and oligodendrocytic activation at different stages of
the disease, both in the inflammatory and neurodegenerative
processes of MS [18-22]. Multiple studies have analyzed the
relationship between disability progression and the baseline
levels of NfL [23-26], GFAP [27-32], CHI3L1 [33-35],
and total tau [36—41]. The results are inconsistent across
different studies for NfL, GFAP, and total tau. Studies with
follow-up periods exceeding 10 years are scarce.

The objective of this study was to investigate the predic-
tive capacity of the serum biomarkers NfL, GFAP, CHI3L1,
and total tau measured at the time of initial evaluation for
long-term disability in patients with MS. Additionally, we
aimed to compare these biomarkers to provide insights for
future research.

Methods

Study design, participants, and clinical data
collection

We designed an exploratory retrospective, longitudinal,
observational, case and control study including patients
diagnosed with remitting-relapsing MS (RRMS) according
to the McDonald criteria of 2017 [42], who were prospec-
tively followed up in the MS unit of a tertiary hospital with
available serum samples at the time of initial patient evalua-
tion. The STROBE guidelines for observational studies were
used to conduct this study.

Two groups of patients were defined with distinctive
inclusion criteria: a benign RRMS (bRRMS) group, defined
as patients with an Expanded Disability Status Scale (EDSS)
score of <3 at> 10 years of follow-up, and an aggressive
RRMS (aRRMS) group, defined as patients with an EDSS
score of >6 at< 15 years of follow-up. These inclusion

@ Springer

criteria for each patient groups have been applied previously
in other published works [43—46].

A third group of healthy controls (HC) were included,
whose inclusion criteria were the absence of neurological
diseases and the availability of a stored serum sample. They
were selected by age matching to the patient groups.

The exclusion criteria were the presence of neurological
comorbidities (peripheral or central nervous system) and
relapse within the month before serum sample collection.
In both patients and control groups, cases with samples not
meeting the technical criteria (presence of particles, lipemia,
or hemolyzed samples) were also excluded.

The European Database for Multiple Sclerosis software
was used for the prospective collection of clinical data [47].
The variables collected were sex, date of birth, date of
onset of MS symptoms, date of serum sampling, date of last
relapse before serum sampling, date of last follow-up, total
number of relapses during follow-up, EDSS at 10 years of
onset for aBRRMS, EDSS at 15 years of onset for bBRRMS,
EDSS at the end of follow-up for all patients, DMT received
during follow-up, initiation date of each DMT, progression
start date, baseline brain magnetic resonance imaging (MRI)
date, presence of gadolinium-enhancing lesions on that MRI,
and the presence of new lesions in T2 (in cases where pos-
sible, i.e., those with available previous MRI).

The following variables were calculated: age at MS
onset, age at the time of serum sampling, total follow-up
time, time from MS onset to serum sampling, time from
previous relapse to serum sampling, time from baseline cer-
ebral MRI to serum sampling, Multiple Sclerosis Severity
Score (MSSS), and age-related Multiple Sclerosis Severity
(ARMSS) scores. The DMT variable was analyzed as: “no
DMT”; “moderate efficacy DMT” if none of the high effi-
cacy DMT and any of the following was being used at any
moment of the follow-up: interferon beta 1a, interferon beta
1b, peginterferon beta 1a, glatiramer acetate, teriflunomide,
dimethyl fumarate; and “high efficacy DMT” if any of the
following was being used at any moment of the follow-up:
fingolimod, natalizumab, alemtuzumab, ocrelizumab, clad-
ribine, rituximab, mitoxantrone.

Serum collection, processing, and laboratory
analysis

Patient and healthy control samples were provided by the
Biobank HUB-ICO-IDIBELL, funded by the Instituto de
Salud Carlos IIT (PT20/00171) and by Xarxa de Bancs
de Tumors de Catalunya, sponsored by the Pla Director
d’Oncologia de Catalunya (XBTC).

Serum samples were prospectively collected from
patients undergoing blood extraction as part of the usual
initial evaluation in the MS unit, using appropriate serum
separation tubes. Once obtained, the serum was centrifuged
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at 3000 rpm for 15 min at room temperature, and the super-
natant was collected, aliquoted in volumes of 500 pL, and
stored at — 80 °C until analysis. HC samples were obtained
from healthy volunteers without neurological disorders at the
neurology service, following the same technical procedures.

Serum levels of total tau, GFAP, and NfL were measured
in singlicate using NeuroPlex-4B kit (Quanterix, Billerica,
MA, USA) and SIMOA technology (Quanterix, Billerica,
MA, USA). CHI3L1 serum levels were analyzed using the
MicroVue YKL-40 EIA kit from Quidel (Cat no. 8020,
Quidel, CA, USA), following the manufacturer's instruc-
tions. All samples were analyzed in the same run, and all
biomarker values fell within the detection range limits speci-
fied by the manufacturer.

In the case of serum neurofilament levels, the web appli-
cation derived from the study by Benkert et al. was used to
obtain scores of standard deviations (SD) relative to normal
values of healthy controls. These scores were obtained by
correcting only for age, as body mass index (BMI) at the
time of sample collection was not available (in these cases,
a BMI of 25 is assumed) [48].

Study endpoints

The objectives of this study were to test whether serum NFL,
GFAP, total tau, and CHI3L1 levels in the early course of
MS were different between the bBRRMS and aRRMS groups
and to establish their ability to classify cases between the
two groups.

Statistical analysis

The distribution of data was assessed using the Shap-
iro—Wilk test. Data are described as mean =+ standard
deviation (SD) or as median and interquartile range (IQR)
according to their distribution. Categorical variables were
described using frequencies. Box plots were used to visual-
ize the distribution of biomarkers across different groups.
For the bivariate group comparison analysis, Fisher’s exact
test, Mann—Whitney U test, Kruskal-Wallis test, and Poisson
or negative binomial regression were applied as appropri-
ate. If the Kruskal-Wallis test was rejected, Dunn’s pairwise
multiple comparison test was applied. For multivariate anal-
ysis using the MS patient groups, a binary logistic regression
model was performed, including all available clinical vari-
ables that could act as confounders as independent variables.
Diagnostic tests were performed for the regression model to
avoid nonlinearity between the predictor variables and the
odds logit and collinearity between the predictor variables.
For the binomial logistic regression analysis, a logarithmic
transformation was applied to the biomarker data to obtain a
normal distribution and linearity with the odds ratio logit, as
it has been shown that they follow a lognormal distribution.

This logarithmic transformation was done according to the
equation “In (X — k)”” where “X” is the continuous independ-
ent variable and “k” was calculated to achieve a skewness of
0. To assess the biomarker accuracy in classifying patients
into benign or aggressive forms, receiver operating charac-
teristic (ROC) curves and the derived area under the curve
(AUC) were calculated. Outliers were not excluded from
the analysis. The best cutoff value, sensitivity, and specific-
ity were estimated based on the Youden index [49]. And
ROC curve standard error calculations, and comparisons
were performed using DeLong’s method [50, 51]. All tests
were conducted with 95% confidence intervals (CI) and a
significance level of 5%. Bonferroni adjustment was used for
multiple comparisons in the Dunn test and ROC curve com-
parison test. In order to maintain the same p value threshold
across all test and improve readability, this was done mul-
tiplying the resulting p value from each comparison within
a multiple comparison by “m”, where “m” is the number
of comparisons performed. Statistical analysis and visuali-
zation were performed using Stata 18 software (StataCorp
LLC, Texas, USA) and GraphPad Prism version 9.5.0 (La
Jolla, CA, USA).

Standard protocol approvals, registrations,
and patient consents

This study was approved by the Ethics Committee (CEIC)
of the Hospital Universitari de Bellvitge (reference num-
ber PR257/23). Patient information confidentiality was
addressed in accordance with Spanish regulations. All par-
ticipants provided written informed consent before sam-
ple storage in the IDBELL-ICO-HUB Biobank, following
the guidelines of Spanish legislation on this matter (Real
Decreto 1716/2011) and the approval of the CEIC of Bell-
vitge University Hospital.

Data availability statement

Anonymized data not published within this article will be
made available by request from any qualified investigator.

Results
Study population and groups’ characteristics

Fifty patients with RRMS (31 with bRRMS and 19 with
aRRMS) and 10 age-matched HC were included in this
study. The baseline demographic characteristics were similar
between the two groups of RRMS patients and healthy con-
trols, including age at the time of serum sampling (median
of 36 completed years in the bBRRMM vs. 43 years in the
aRRMS vs. 40.5 years in the HC groups, p=0.25) and sex
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ratio (74.2% were female in the bBRRMS group vs. 47.4% in
aRRMS vs. 50% in HC, p=0.135).

The clinical characteristics and comparison tests
between the two groups of patients with RRMS are sum-
marized in Table 1. Globally, 64% of patients were female,
and the mean age of MS onset was 36.6 + 9 years old.
They were followed-up for a median of 17.74 years (IQR,
14.60-20.37) out of a total median disease duration of
20.37 years (IQR, 17.97-23.51). Although no statistically
significant differences were found in the age at MS onset
or sex ratios, a lower proportion of females was observed
in the aRRMS group (74.2% in the bRRMS vs. 47.4% in
the aRRMS group, p=0.073). The total follow-up time
(median of 18.29 years in bRRMS vs 15.01 in aRRMS,
p=0.03) and disease duration (median of 20.86 years in
bRRMS vs 15.89 in aRRMS, p=0.03) were significantly
longer in the bRRMS group. The median EDSS score at
the time of serum collection was 1.5 (1 for bRRMS vs.
3 for aRRMS; p < 0.001). The median EDSS at the last
follow-up was 1.5 (IQR, 1.5-2) for the bBRRMS group and

Table 1 Clinical characteristics and group comparisons

7.5 (IQR, 7-8) for the aRRMS group, and both MSSS and
ARMSS score were significantly higher in aRRMS group
(p<0.001). No differences were found between the two
groups in terms of age at the time of sample collection,
time from MS onset to sample collection, or time from
prior relapse to sample collection.

Baseline cerebral MRI data were available for 48 out
of 50 patients (1 missing in each group). The median
time between the acquisition of these baseline MRIs
and the serum sample collection was 3.35 months (IQR
0.54-23.3), with no statistically significant differences
between the two patient groups (median 4.40 months in
bRRMS vs. 1.49 in aRRMS, p=0.073 by Mann—Whitney
test). In 8 out of these 48 cases, a previous brain MRI
allowed estimating the appearance of new T2 lesions (4
in the bBRRMS group and 4 in the aRRMS group); in
the other 40 cases, the presence of radiological activ-
ity could only be assessed by gadolinium enhancement
as it was the first MRI performed. Radiological activ-
ity was observed in a total of five baseline MRIs: two

All patients Benign MS Aggressive MS p value
Number of patients 50 31 19
Age at MS onset, years (mean + SD) 36.6+9 357+7.2 38+11.4 0.584
Female, n (%) 32 (64%) 23 (74.2%) 9 (47.4%) 0.0738

Disease duration (from onset to last follow-up), years [median

(IQR)]

20.37 (17.97-23.51) 20.86 (19.05-23.67) 15.89 (13.64-22.25) 0.03**

Follow-up time from serum sampling, years [median (IQR)] 17.74 (14.60-20.37) 18.29 (16.61-20.50) 15.01 (9.58-20.12)  0.03*4
ARR [median (IQR)] 0.26(0.15-0.46) 0.17 (0.15-0.35) 0.49 (0.2-0.73) 0.002+¢
EDSS at last follow-up [median (IQR)] 2 (1.5-7.5) 1.5 (1.5-2) 7.5 (7-8) <0.001%4
MSSS at last follow-up (mean+ SD) 3.73+£3.93 0.72+0.3 8.65+0.87 <0.001%+*
ARMSS score at last follow-up (mean+ SD) 4.19+3.81 1.28+0.63 8.95+0.69 <0.001%+*
DMT during follow-up, n (%) 0.006*3

No DMT 8 (16%) 7 (22.58%) 1(5.26%)

Moderate efficacy DMT 32 (64%) 22 (70.97%) 10 (52.63%)

High efficacy DMT 10 (20%) 2 (6.45%) 8 (42.11%)
SPMS during follow-up, n (%) 17 (34%) 0(0%) 17 (89.47%) <0.001%8
Age at serum sampling, years (mean + SD) 39.55+9.52 38.67+8.46 4097 +11.12 0.484
EDSS at serum sampling [median (IQR)] 1.5 (1-2.5) 1 (0-1.5) 3(2-3.5) <0.001%*
Time from MS onset to serum sampling, months [median (IQR)]  21.08 19.68 27.86 0.694

(8.18-48.3) (5.88-54.57) (9.2-48.3)

Time from previous relapse to serum sampling, months [median ~ 6.46 (3.71-21.88) 5.85 (3.75-28.25) 7.13 (3-19.02) 0.494

(IQR)]

MS multiple sclerosis, SD standard deviation, /QR interquartile range, ARR annualized relapse rate, EDSS Expanded Disability Status Scale,
MSSS multiple sclerosis severity score, ARMSS age-related multiple sclerosis severity score, DMT disease-modifying treatment, SPMS second-

ary progressive multiple sclerosis
*Statistically significant (p <0.05)
AMann Whitney U test

BFisher’s exact test

CNegative binomial regression
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in the bRRMS group (two due to gadolinium enhance-
ment and another due to new T2 lesions) and three in the
aRRMS group (all due to gadolinium enhancement), with
no statistically significant differences between groups
(p =0.349 by Fisher’s test).

Table 2 Biomarkers and groups bivariate tests

Serum biomarkers in aggressive and benign groups

The serum biomarker levels of the three groups and the
results of the bivariate contrast tests are summarized
in Table 2. Figure 1 shows boxplots of serum biomarker

All participants Healthy controls Benign RRMS Aggressive RRMS H p value
NfL, pg/ml [median IQR)]  15.34 (10.59-27.97)  8.74 (7.83-9.89) 13.73 (10.96-24.66)  27.44 (22.71-33.17) 22.69 <0.001*
Sample size 59 10 31 18
GFAP, pg/ml [median 94.52 (75.21-125.86)  77.24 (54.26-88.59) 89.94 (74.22-125.86) 115.44 (98.18-158.81) 12.20  0.002*
(IQR)] 59 10 31 18
Sample size
CHI3L1, pg/ml [median 56.76 (44.02-66.7) 41.80 (29.98-49.76) 57.95 (45.66-63.9) 63.62 (45.33-87.24) 11.27  0.003*
(IQR)] 56 8 30 18
Sample size
Tau, pg/ml [median (IQR)]  0.86 (0.44-1.07) 0.66 (0.34-0.81) 0.94 (0.45-1.32) 0.64 (0.42-1.08) 3.64 0.16

Sample size 56 9

31 16

MS multiple sclerosis, H Kruskal-Wallis analysis-of-variance test, NfL neurofilament light chain serum levels, GFAP glial fibrillary acidic pro-
tein serum levels, CHI3LI CHI3L1 protein serum levels, Tau total serum tau levels, /QR interquartile range

*Statistically significant (p <0.05)
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Fig. 1 Distribution boxplots of NfL (A), GFAP (B), CHI3L1 (C),
and total Tau (D) levels in the serum of benign and aggressive forms
of RRMS patients and control cases using single molecule array
(SIMOA) and ELISA technologies. A case scatter plot is represented
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by dots and outliers by triangles. A logarithmic scale for NFL levels
was used in A to improve data visualization. Statistical signification
(corrected for multiple comparisons in Dunn test) among groups were
set at *p <0.05, **p <0.01, ***p <0.001 and ****p <0.0001
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levels. Statistically significant differences in NfL, GFAP,
and CHI3L1 serum levels between at least two groups
were found in bivariate analysis (p <0.001, p=0.002, and
p=0.003, respectively). For serum NfL levels, Dunn’s test
confirmed that all groups were significantly different (HC vs.
bRRMS, p=0.0079; HC vs. aRRMS, p <0.001; and bRRMS
vs. aRRMS, p=0.0066). In the case of GFAP serum lev-
els, the aRRMS group levels were significantly different
from those in the HC and bRRMS groups (p <0.001 and
p=0.047, respectively); however, there were no significant
differences between the HC and bRRMS groups (p=0.072).
CHI3LI1 levels were significantly different in the HC group
from those in both bBRRMS and aRRMS patients (p=0.013
and p=0.001, respectively); however, there were no differ-
ences between the bBRRMS and aRRMS patients (p=0.31).

In the case of neurofilaments, the analysis was repeated
using SD scores relative to normal values from a large
cohort of healthy subjects [48]. The control, bBRRMS and
aRRMS groups had a median score in standard deviation of
0.9 (IQR 0.18-1.23), 2.05 (IQR 1.68-2.85), and 2.68 (IQR
2.46-3.09), respectively. Similar to absolute values, the
Kruskal-Wallis test (p <0.001) and pairwise comparisons
using the Dunn test confirmed that SD of NfL levels were
different among all groups (control vs bRRMS p=0.004,
control vs aRRMS p <0.001, bBRRMS vs aRRMS p=0.01).

Benign and aggressive multiple sclerosis
classification accuracy of serum biomarkers

The ROC curve analysis results assessing the bRRMS vs
aRRMS classification power are summarized in Table 3
and Fig. 2. Of note, the only biomarkers with an AUC
greater than 0.5 that were statistically significant were NfL
and GFAP. When performing multiple comparisons among
the biomarker curves, the AUC of NfL and GFAP were
significantly higher than those of total tau (p =0.020 and
0.006, respectively). No significant differences were found
between the AUCs of NfL. and GFAP (p=1) or between

ROC curve

— NfL [AUC: 0.766]

— GFAP [AUC: 0.69]

— CHI3L1 [AUC: 0.627]
Tau [AUC: 0.601]

Sensitivity%

T T T T 1
0 20 40 60 80 100

100% - Specificity%

Fig.2 Receiver operating characteristic (ROC) curves of NfL, GFAP,
CHI3LI and total Tau serum quantification in the differential diagno-
sis of benign RRMS and aggressive RRMS. AUC values, correspond-
ing to the area under ROC curves

those of CHI3L1 and total tau (p =0.1). When conduct-
ing the ROC curve analysis to assess the discriminative
capacity between bRRMS and aRRMS groups using SD
scores for NfL serum levels, the AUC was very similar to
that obtained using absolute values, with no statistically
significant differences between the two (AUC 0.753 with
SD vs 0.766 using absolute values, p=0.63). The best NfL
SD score cut-off value based on Youden index was 2.26.

In the multivariate binary logistic regression analysis,
age at the time of serum sampling, EDSS score at the time
of serum sampling, and time from previous relapse to
serum sampling were included as covariables. This asso-
ciation remained statistically significant after multivari-
ate adjustment for NfL. The overall NfL model showed
a good fit to the data (LL(M)=—16.59) and statistical
significance (y*(df=4)=231.26, p<0.001), and the esti-
mated odds ratio for predictor variable NfL was 3.67 (95%
confidence interval 1.14-11.87; X> Wald=4.71, p=0.03),
indicating that NfL was an independent predictor of the
outcome. The remaining biomarkers (GFAP, CHI3L1, and
total tau) did not show a significant association in multi-
variate binary logistic regression analysis.

Table 3 ROC curve analysis

AUC (95% CI) Optimal cut-off* Sensitivity (%) Specificity (%)
for bMMRS and aMMRS
o (pg/ml)

classification accuracy of basal
serum biomarkers NfL 0.766 (0.628-0.904) 15.63 88.89 64.52

GFAP 0.69 (0.539-0.841) 94.52 77.78 58.06

CHI3L1 0.627 (0.442-0.812) 67.61 50 90

Tau 0.601 (0.425-0.777) 0.82 62.5 67.7

AUC area under the curve, CI confidence interval, NfL neurofilament light chain, GFAP glial fibrillary
acidic protein, CHI3L]1 chitinase 3-like-1

“By Youden Index
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Discussion

This proof-of-concept study reported an association
between serum NfL and GFAP levels measured early in the
course of MS and subsequent EDSS progression, showing
acceptable predictive power to differentiate two groups of
benign and aggressive forms of RRMS in patients with
a disease duration of 20 years and an average follow-up
period of approximately 18 years.

Baseline serum NfL levels have been associated with
worsening of EDSS in the first year, number of relapses,
and progression of brain atrophy, as measured by cerebral
magnetic resonance imaging (MRI) [52—55] in short-term
prognosis studies. Regarding long-term prognosis, both
baseline and longitudinal measures of NfL levels have
been linked to greater cerebral MRI-based brain atrophy
[25, 53, 56-60]; however, their association with disabil-
ity progression is inconsistent [23]. In fact, studies with
longer clinical follow-up periods found no relationship
between baseline NfL levels and disability progression
[24, 25]. However, a recent study with a median follow-
up of approximately 7 years found an association between
baseline NfL levels and a higher risk of confirmed dis-
ability progression with an EDSS > 3 during the follow-up
period [26]. Additionally, there is a previous study for NfLL
with a similar design as that of ours, including patients
with RRMS, that also demonstrates that baseline sNfL
is associated with long term (18.9 years) clinical disease
progression and may be a sensitive marker of subsequent
poor clinical outcomes [61]. It is worth noting that this
study includes clinically isolated syndrome (CIS) and pri-
mary progressive MS (PPMS) in addition to RRMS in its
cohort, which could have potentially influenced a positive
outcome.

Regarding the basal serum GFAP levels, the first
study in 2019 failed to demonstrate the prognostic value
of GFAP in predicting outcomes [27]. Subsequently,
two studies, with median follow-up periods of 3.1 and
4.4 years and smaller cohorts (94 and 115 patients, respec-
tively), found no relationship between GFAP and disability
measured using different scales [28, 29]. Two other stud-
ies with larger cohorts (257 and 355 patients) and longer
follow-up periods (approximately 7 years) found a rela-
tionship between GFAP and disease progression [30, 31].
One study demonstrated that GFAP, measured at baseline
and longitudinally in subsequent measurements, is a good
predictor of disease progression independent of relapse
activity (PIRA) [31]. However, a recent study analyzing
the prognostic potential of GFAP and PIRA found little or
no correlation [32]. Finally, a recent study demonstrated
that baseline serum levels of GFAP, either alone or in
combination with baseline NfL serum levels, as well as

its levels measured after 1 year of follow-up, improved the
performance of predictive models that included all known
clinical and radiological prognostic variables for EDSS
outcomes at 10 years [62].

Our study supports the idea that baseline serum NfL and
GFAP levels are predictors of long-term disability progres-
sion. The results of the ROC curves also suggest that NfL
has a better capacity than GFAP to differentiate between
the bBRRMS and aRRMS groups and, therefore, has a better
prognostic ability, although the AUC comparison test failed
to demonstrate a statistically significant difference between
both, possibly due to a lack of statistical power. The serum
NIfL level was probably the most promising biomarker in this
study a priori, given that it is a neuronal cytoskeletal compo-
nent involved in axonal transport and is considered a good
surrogate marker of neuronal axonal damage and, therefore,
of the lesion burden at the time of its determination, even
though it is non-specifically elevated in multiple patholo-
gies [18]. Although it is considered a marker of neuronal
damage due to active lesions, a recent study demonstrated
that its levels are capable of predicting disability progres-
sion independent of relapses in patients undergoing treat-
ment with ocrelizumab [63]. GFAP is the main intermediate
filament of human astrocytes and is considered a marker of
astrocytic injury and astrogliosis [64]. The idea that GFAP
could be a good marker of pure progression has been con-
sidered because of its high levels in progressive forms, both
in PPMS and secondary progressive MS (SPMS) without
recent inflammatory activity [34, 65]. Notably, due to its
design, this study does not help clarify whether basal GFAP
is related to disability through PIRA, for which contradic-
tory results exist [31, 32].This may explain why previous
studies with a shorter follow-up period did not find a rela-
tionship between baseline GFAP and prognosis in RRMS
patients, unlike those with a longer follow-up period.

In multivariate analysis, NfL association remained
statistically significant after accounting for confounding
effects such as time between the last relapse and serum
collection, and known clinical prognostic markers such
as age and EDSS at the moment of serum sampling. An
interesting characteristic of our cohort is that being com-
posed of patients with long-term follow-up, serum NfL and
GFAP levels were minimally influenced by the early use of
high-efficacy treatments as this strategy had not yet been
implemented. In fact, at the time of sample collection and
initiation of follow-up, only 11 out of 50 patients received
moderately effective DMT, and none received highly effec-
tive DMT. This is a factor should be considered when inter-
preting our results as some studies have demonstrated the
influence of DMT on serum NfL and GFAP levels, espe-
cially in patients on high efficacy DMT [48, 66, 67]. Surpris-
ingly, in our sample, benign forms had a higher proportion
of patients under treatment at the time of sample extraction:
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10 in bRRMS vs. 1 in aRRMS. From those, 8 were on inter-
feron beta-1a 22ug 3 times per week, 1 on interferon beta-1a
30ug once a week and 1 on glatiramer acetate in the bBRRMS
group, and 1 was on cyclophosphamide in the aRRMS
group. However, the levels of NfL and GFAP in the treated
bRRMS group and the untreated bBRRMS group were not
significantly different (median of 12.44 vs 15.34, p=0.15).
Moreover, when conducting a sensitivity analysis comparing
bRRMS and aRRMS by excluding those 11 patients under
treatment, the results remained consistent in the bivariate
test for both NfL (»p =0.029) and GFAP (p=0.026), and the
ROC curve analysis (AUC=0.71 for both NfL. and GFAP).
Another noteworthy characteristic of this cohort is that only
two patients from the bBRRMS group and three from the
aRRMS group exhibited radiological activity on the base-
line brain MRI. Therefore, it is unlikely that this activity
significantly influenced the mean baseline levels of NfL and
GFAP in the groups, thus minimizing bias in the results.

Concerning the adjustment of serum NfL levels based
on age, as suggested by several studies, for this specific use,
the results of the comparative analysis using absolute values
and standard deviation scores did not show significant dif-
ferences between the two, in line with what was suggested
by a meta-analysis that supported the notion that this effect
is diluted under pathological conditions such as MS [68].
Additionally, age at the time of sample collection was not
significantly different between the study groups, and this
variable did not influence the results of the multivariable
models (data not shown). Regarding the possible influence
of previous relapses on the sample extraction over NfL levels
[48], the median time between both events was 6.46 months
(IQR, 3.71-21.88), with no statistically significant differ-
ences between the groups. Furthermore, inclusion in the
multivariate model did not significantly affect the results.

In the GFAP model, the introduction of EDSS at the time
of extraction rendered the serum GFAP levels insignificant.
In our experience, GFAP has not demonstrated the ability
to discriminate between patients with benign and aggres-
sive forms of MS after a follow-up period of approximately
18 years. However, in other studies with shorter follow-up
periods, GFAP appeared to have some predictive capacity
[62].

CHI3L1 and tau levels were not significantly different
between the benign and aggressive groups, and their clas-
sification power was not deemed acceptable. Therefore,
unlike some previous studies, our study failed to demon-
strate a relationship between baseline serum CHI3L1 and
total tau levels.

There are few studies on the predictive power of basal
levels of CHI3L1 for disability prognosis, all of which show
positive results but have limited clinical follow-up and,
most importantly, CSF samples rather than serum samples
[33-35]. This fact should be taken into account, as there is
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evidence that systemic levels of CHI3L1 can increase in a
variety of non-neurological pathologies [69].The study with
the longer follow-up (median, 11.7 years) in a cohort of 301
patients with RRMS and CIS showed that elevated levels of
CHI3L1 at disease onset independently predicted a shorter
time to reach irreversible EDSS score of 3 and 6 [34]. An
association was also demonstrated between baseline CHI3L1
levels and EDSS at 1 year in a small cohort of patients with
PPMS [35]. It is worth mentioning that although progressive
forms of MS, especially PPMS, have been associated with
elevated levels of CHI3L1 in both CSF and serum [70, 71],
this does not necessarily imply that baseline serum levels
can be predictive.

Studies on total tau and prognosis in MS, are scarce and
have been conducted with short follow-up periods, and
the results are inconclusive. Furthermore, in most of these
studies, total tau levels were determined in the CSF using
ELISA. One study related baseline CSF total tau levels to the
MSSS and ARMSS with a 2-year follow-up [36], whereas
another study linked these levels to the final EDSS score
with a 3-year follow-up [37]. However, several studies have
failed to demonstrate this relationship [38—41]. There are no
studies in serum for total tau, and although in this case, the
determination was performed using SIMOA, it is notewor-
thy that the levels are over 100 times higher in CSF [36, 37]
than in serum, resulting in a median total tau level in serum
of 0.86 pg/mL in the 56 participants of our study, with lit-
tle variation between groups. Similar to other neurological
disorders where total tau in CSF has demonstrated its utility,
these results were not replicated in serum [72].

As an exploratory observational study, the rationale
behind exclusively including the extremes of the population
spectrum regarding disability progression was to maximize
sensitivity and, therefore, cost-effectiveness of the study.
Regarding the selection criteria for patient groups, the defi-
nition criterion for bBRRMS is more widely accepted despite
multiple definitions and a lack of consensus for aRRMS
[43—45]. In our study, we chose a previously used crite-
rion that was effective and allowed us to obtain a sufficient
sample size [46]. However, this design also implies a series
of limitations. The study is not suitable for providing odds
ratios (OR) because it does not include the entire cohort of
patients; therefore, these are pseudo-odds ratios. Neverthe-
less, this study provides valuable information regarding the
potential of biomarkers, especially their comparative analy-
sis, to guide future studies.

For the same reason, this observed prognostic capac-
ity is undoubtedly overestimated, as the inclusion of an
unselected sample will yield more overlapping levels of
NfL and GFAP. Consequently, our study did not allow
us to assert the usefulness of these biomarkers in clinical
practice. In addition to the limitations inherent to obser-
vational studies and their designs, two other limitations
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should be highlighted. The first was the absence of fol-
low-up radiological data, which, although not necessary
for the intended purpose of evaluating and comparing the
predictive power of the baseline levels of the biomarkers,
would have been of great interest. The second stems from
its sample size, although considered sufficient to ensure
reliable observational results, which restricted the number
of covariates that could be included in the multivariable
models. The results of our multivariate analysis for NfL
support the idea that it is a robust prognostic marker, how-
ever, further research including other previously described
prognostic markers, both clinical and radiological, and a
complete sample of patients will be necessary to con-
firm their utility and that it is an independent prognostic
marker.

In conclusion, this study demonstrated that serum lev-
els of GFAP and especially NfL, measured at the time of
initial evaluation have potential to predict long-term dis-
ability in patients with MS. However, the roles of total tau
and CHI3L1 remain uncertain. Therefore, serum GFAP
and NfL levels should be considered candidates for inclu-
sion in scoring systems along with other variables aimed
at predicting long-term disability.
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