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Background: Serum neurofilament light chain (sNfL) is a biomarker of
neuroaxonal destruction that correlates with acute inflammation (Al) in multiple
sclerosis (MS). However, in the treatment era, progression without Al is the
main driver of long-term disability. SNfL may provide added value in detecting
ongoing axonal damage and neurological worsening in patients without Al.
We conducted a prospective three-year study on patients with a first MS relapse
to evaluate the basal cut-off value predicting early increased disability unrelated
to relapses.

Methods: sNfL levels and Al presence were measured every 6 months during
the first year and the Expanded Disability Status Scale (EDSS) was monitored
until the third year. Baseline cohorts were stratified by sNfL levels, using a cut-
off derived from patients without Al (absence of clinical relapses, new/enlarging
T2 lesions, or gadolinium enhancement in magnetic resonance imaging) at year
one.

Results: Fifty-one patients were included. A sNfL cut-off of 11 pg/mL predicted
sustained neurological worsening independent of Al. Patients exceeding
this threshold exhibited features of highly active MS (higher proportion of Al,
oligoclonal M bands and higher EDSS). Despite Al ablation, sNfL levels persisted
elevated and were significantly associated with increased EDSS at baseline and
year 3. Patients with low sNfL and concurrent Al (n = 8) experienced relapses in
the optic nerve, brainstem, and spinal cord topographies.

Conclusion: sNfL elevation may detect patients with increased disability even
when Al is controlled. This may reveal mechanisms associated with early axonal
degeneration and help identify patients at higher risk of progression.
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Introduction

Multiple sclerosis (MS) is characterized by two phenomena: (1)
acute inflammation (AI), defined by the presence of clinical relapses,
new or enlarging T2 lesions, or gadolinium enhancement in magnetic
resonance imaging (MRI), that is mainly responsible for relapse-
associated worsening (RAW); and (2) chronic inflammation,
associated to neurological worsening in absence of AI (1). The
relative contribution of these phenomena shape a continuum of
clinical phenotypes that move beyond the classical distinction
between relapsing-remitting (RRMS), primary or secondary
progressive MS (PPMS and SPMS) (2). Recent efforts have been
made to detect progression in patients previously considered inactive.
In this regard, progression independent of relapse activity (PIRA)
and MRI activity (PIRMA) have emerged as concepts to identify
patients ongoing progression outside of clinical relapses (3). In fact,
in the actual treatment era, progression in the absence of Al is the
main driver of disability accumulation, especially at later stages (4).
Chronic inflammation arising from smoldering lesions, subpial
cortical demyelination and meningeal lymphoid aggregates has been
mechanistically related to this concept. However, they cannot
be readily detected by conventional MRI studies (5). Currently,
several soluble biomarkers have been investigated to detect PIRA in
MS, especially neurofilament light chain (NfL), a biomarker of
neuroaxonal destruction (6-8), and glial fibrillary acidic protein
(GFAP), a biomarker of glial activation (9).

Serum NIfL (sNfL) has shown to correlate with AI in the form of
clinical relapses or radiological activity (10). Benkert et al. also
showed that patients with sNfL levels above 10 pg/mL predicted poor
prognosis (11). This brought considerable interest, as sNfL could
be monitored in clinical practice. Still, the value of sNfL levels in
patients that do not exhibit signs of Al and its potential to detect
chronic and persistent inflammation associated with neurological
worsening in these patients has not been fully elucidated. In the
aforementioned study, sNfL of patients meeting NEDA-3 status (no
increase in EDSS and no new or enlarging T2 lesions or gadolinium-
enhancing lesions) prognosticated future disease activity. With
respect to EDSS, other studies showed an association between NfL
elevation, EDSS progression and PIRA in several cohorts that were
followed up for 12months (12, 13). However, newer studies have
challenged this observation: a recent study of patients in whose AI
was ablated with anti-CD20 therapies, GFAP but not sNfL predicted
confirmed disability worsening (CDW) (14). In another study, high
baseline sNfL levels predicted new T2 lesions, clinical relapses but not
EDSS progression after 2 years (15), which is also in line with other
studies of different time frames (16, 17).

A previous work by our group showed that patients presenting
oligoclonal M bands (OCMB) in cerebrospinal fluid (CSF) - a known
biomarker of poor prognosis - had sNfL levels above 10 pg/mL, despite
not having signs of AI. We suggested that the presence of OCMB
might unveil persistent, yet subclinical, inflammation not detected by
conventional MRI or by the presence of relapses (18). Similarly,
patients with no evidence of AI, who did not show neurological
worsening, thereby meeting NEDA-3 criteria (no increase in EDSS
and no new or enlarging T2 lesions or gadolinium-enhancing lesions),
have shown to have mean sNfL levels below 10 pg/mL. Together, the
data suggest that high sNfL levels in patients without AI may disclose
chronic inflammation associated with poor prognosis. The objective
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of this work is to explore the prognostic utility of sNfL levels in
determining the clinical trajectories of patients with and without signs
of acute inflammation (AI).

Methods

We included consecutive patients referred to our center
experiencing a first relapse suggestive of MS that fulfilled 2017
McDonald criteria (19) with a follow-up of 3 years. We determined the
sNfL threshold associated with short-term prognosis in patients not
exhibiting signs of Al and then we applied it to stratify the cohorts.

The sNfL threshold was applied retrospectively to define, at
baseline, the cohorts presenting with high and low sNfL levels (h-sNfL
and 1-sNfL, respectively). The cohorts were further classified according
to the presence of Al at baseline, month 6 and 12. EDSS scores at
baseline, months 6, 12 and 36 were collected.

EDSS outcomes at month 36 of h-sNfL and 1-sNfL cohorts were
compared. We also analyzed the effect of having AI during the first
year (at months 6 and 12), as well as the impact of disease-modifying
therapy (DMT) usage [high efficacy therapies (HETs) versus moderate
efficacy therapies (METs)].

Al was defined by the presence of clinical relapses, enlarging or
new T2 lesions, or gadolinium enhancement on an MRI performed
within 90days. At baseline, enlarging or new T2 lesions were
excluded to this definition as no previous MRI were available.
Clinical visits were scheduled every 3 months. sNfL levels were
determined at baseline, month 6 and 12. EDSS were assessed at each
clinical visit throughout the 3-year follow-up period. Brain and
cervical spinal cord MRI scans were performed at baseline, and
then, annually, or earlier at the discretion of the neurologist. DMT
was initiated after clinical disease onset as per clinical practice.
Generally, HETs were initiated in patients with aggressive MS at
presentation, while METs were initiated in the rest of the cases.
Aggressive MS was considered in cases presenting with spinal cord
lesions, OCMB in the CSE 20 or more T2 lesions, 2 or more
gadolinium-enhancing lesions at disease onset, 2 relapses within
1 year or incomplete recovery from a relapse. Natalizumab, anti-
CD20 monoclonal antibodies, alemtuzumab and autologous stem
cell transplant were considered as HETs. Teriflunomide, dimethyl
fumarate, fingolimod and cladribine were considered as METs.
Patients under MET with breakthrough disease are generally
switched to HET.

Ethics approval
The study was approved by the ethics committee at University and
Polytechnic La Fe Hospital of Valencia, Spain, and was therefore

performed in accordance with the ethical standards laid down in the
1964 Declaration of Helsinki and its later amendments.

sNfL determination
sNfL levels were determined with ultrasensitive Simoa™ platform,

using Simoa® NF-Light™ V2 Advantage kit (Ref#: 104073) for
Simoa™ SR-X Analyzer® instrument (Quanterix Corporation,
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Boston, USA), according to the manufacturer instructions (20). The
functional lower limit of quantification for the NfL concentration was
2.56 pg/mL. Two types of quality-control samples provided in the kit
were measured in each plate in duplicate, ensuring measurement
validity. All measured values were within the calibration range. The
mean intra-assay and inter-assay CVs were less than 10%. All
coefficients of variation of concentrations of duplicate determinations
were less than 20%.

MRI studies

MRIs were performed on a 3T Philips Achieva scanner with
standard head coil. EM protocol included axial 3D T1 (echo time
3 ms; repetition time 8 ms; slice thickness 1 mm) and sagittal 3D
T2-FLAIR (echo time 2.6 ms; repetition time 6,000 ms; slice thickness
Imm) brain sequences. MRIs were processed using different
specialized software programs. Brain atrophy was quantified using
Freesurfer software version 5.3 for volumetric image analysis; T2
lesion volume was quantified using the Lesion Segmentation Toolbox
for Statistical Parametric Mapping; and spinal cord atrophy was
measured using ITK-SNAP and the technique of five consecutive
slices mean area (21).

Statistical analysis

To calculate the optimal sNfL threshold associated with increased
disability in patients without AI, we conducted a receiver operating
characteristic curve (ROC) to classify patients reaching an Expanded
Disability Status Scale (EDSS) of 2.0 or more by the end of the follow-up.
Such EDSS was used because the study population had very early MS
(i.e., first relapse), and previous observations show that reaching a
sustained EDSS of 2.0 as a sequel after the first relapse correlates with
future progression (22). Since the presence of Al is known to influence
sNfL, we used sNfL levels of patients who did not exhibit signs of AI by
the end of 1year of follow-up. A multivariable Random Forest analysis
was performed to assess the impact of some variables on the classification
of the high-sNfL and low-sNfL cohorts (Supplementary Figure 2).

Normality of variables were assessed using Kolmogorov-Smirnov
test. Student’s T or Mann-Whitney U test were used for comparisons
for normal and non-normal continuous variables, respectively.
Continuous variables are presented as mean * standard deviation (SD)
for normally distributed data and as median with interquartile range
(IQR) for non-normally distributed data. Categorical variables are
summarized as frequencies and percentages. Correlations were
assessed using Spearman’s rank correlation test. Statistical significance
was considered for p-value <0.05.

Results
Study population

59 out of 68 patients evaluated with a first episode suggestive of
MS met the 2017 McDonald criteria. Of these, 54 patients were

diagnosed with relapsing-remitting MS, but 3 were excluded; two due
to incomplete follow-up and another one that refused standard of care
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treatment. Hence, 51 patients were finally included. All patients
initiated DMT. Clinical and demographic characteristics of the
cohorts are shown in Table 1. Figure 1 shows a flow diagram depicting
sNIfL levels of patients based on the presence of acute inflammation
(AI) at baseline, month 6, and month 12.

ROC analysis

ROC analysis showed that a sNfL level equal or higher than 11 pg/
mL predicts a EDSS equal or higher than 2 by the end of year 3 in
patients with no AI, with a sensitivity of 83%, specificity of 59%,
positive predictive value of 65%, negative predictive value of 80%,
accuracy of 71%. The area under the curve of the test was 0.74. Further
details in Supplementary Figure 1 and Supplementary Table 2.

Study cohorts

Patients with baseline sNfL levels of 11.0 pg/mL or higher defined
the h-sNfL cohort (n=33), while those with baseline levels below
defined the I-sNfL cohort (n=18). Figure 2 show flow diagrams of
each cohort, respectively, showing the relative number of patients
experiencing Al and their sNfL levels at each time point. At baseline,
patients in the h-sNfL cohort exhibited features associated with higher
inflammatory activity such as higher EDSS, increased proportion of
HETSs usage (88.5% vs. 11.5%), presence of OCMB in CSF (62.2% vs.
33.3%) and higher T2 lesion volume (T2LV) when compared to
patients with 1-sNfL. However, no significant differences among MRI
parameters (T2LV, brain parenchyma, C2 transversal area) were
detected. Further details are shown in Table 1. To explore the influence
of time elapsed of disease onset to sNfL testing, Spearman’s
correlations with sNfL levels and EDSS were performed, and none of
them were significant (p-values 0.45 and 0.26, respectively).

With respect to the presence of Al a higher proportion of patients
in the h-sNfL cohort presented Al at baseline (57.5% vs. 44.4%) and at
month 6 (57.5% vs. 44.4%). However, by the end of month 12, the
opposite occurred (9.1% vs. 22.2%). In addition, the presence of Al was
associated in the whole, I-sNfL and h-sNfL cohorts, with persistently
higher mean sNfL levels at baseline, month 6 and 12. These differences
were significant except for the I-sNfL cohort at month 6 (Figures 1-3).

Among the 8 patients who had sNfL levels below 11.0 pg/mL and
concomitant Al at baseline, 4 were due to spinal cord relapses, 2 due
to optic neuritis, and the other 2 due to brainstem syndrome. Further
details in Supplementary Table 1.

sNfL levels of patients without signs of AI by the end of year 1
were still higher in the h-sNfL (11.4 pg/mL) than in the I-sNfL cohort
(7.6 pg/mL). Also, disability of patients in the h-sNfL cohort were
significantly higher throughout all time points, including at the end of
year 3 (EDSS 2.0 [IQR 2.5] vs. 1.0 [IQR 0.9]; p=0.001). In contrast, no
differences were significant when patients were classified upon the
presence of AI (Figure 3).

Discussion

In this prospective study, we observed that baseline sNfL levels
above 11 pg/mL were associated with a higher EDSS at baseline
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TABLE 1 Clinical and demographic characteristics of the cohorts.

Total series

Low-sNfL cohort

High-sNfL cohort

10.3389/fneur.2024.1477335

n 51 18 33
Females, 1 (%) 38 (74.5) 10 (55.6) 28 (84.8) 0.022
Age at symptom onset (mean, SD) 36.3(11.6) 37.3(9.5) 35.6 (12.8) n.s
Months from symptom onset to sNfL 5.2(8.1) 4.8(8.1) 5.4(8.2) n.s
determination (mean, SD)
sNfL level in pg/mL (mean, SD)
Baseline (total) 17.9 (13.4) 7.3(1.8) 23.7 (13.5) <0.001
Patients without AI 12.1 (4.9) 7.9 (1.8) 15.1 (4.1)
Patients with Al 23.1(16.4) 6.6 (1.7) 30.0 (14.7)
At month 6 (total) 11.9 (8.2) 9.5(7.8) 13.5(8.4) n.s.
Patients without Al 10.0 (6.3) 7.0 3.1) 119 (7.2)
Patients with Al 205 (10.3) 27.1(9.5) 18.6 (10.4)
At month 12 (total) 10.8 (6.3) 7.9 (3.4) 12.5(7.1) 0.014
Patients without Al 10.1 (5.2) 7.6 (3.3) 11.4 (7.6)
Patients with AI 16.1 (11.5) 9.3 (7.6) 22.8 (13.5)
EDSS (median, IQR)
At baseline 2.0 (1.5) 1.0 (1.0) 2.0(1.7) 0.002
At month 12 1.5(L5) 1.0 (1.0) 2.0(2.5) 0.049
At month 36 1.5 (1.5) 1.0 (0.9) 2.0 (2.5) 0.013
Disease evolution time from symptom 2.6 (0.9) 2.7(0.9) 2.5(1.0) n.s.
onset in years (mean, SD)
Presence of OCGB, n=49 (%) 42 (85.7) 13 (76.5) 29 (90.6) n.s.
Presence of OCMB, in CSE, n=44 (%) 23 (52.3) 5(33.3) 18 (62.2) 0.03
MRI
T2 lesion volume in mm® (IQR; n=39) 2.4 (4.4) 1.0 (3.7) 4.0 (4.0) n.s.
Brain parenchyma fraction (n=19) 75.9 (3.0) 76.9 (1.3) 75.3 (3.5) n.s
Cervical transversal area in mm? (n=18) 103.3 (5.5) 100.0 (4.7) 103 0.0 (5.7) n.s
Treatment, n (%)
METs 25 (49.0) 15 (60.0) 10 (40.0)
HETs 26 (51.0) 3(11.5) 23 (88.5) <0.001

EDSS, Expanded Disability Status Scale; OCGB, Oligoclonal G bands in cerebrospinal fluid; OCMB, Oligoclonal M bands in cerebrospinal fluid; sNfL, serum Neurofilament Light chain; Low-
sNfL cohort, patients presenting at baseline sNfL levels less than 11.0 pg/mL; High-sNfL cohort, patients presenting at baseline sNfL levels equal or more than 11.0 pg/mL; METs, moderate
efficacy disease modifying treatment (teriflunomide, dimethyl fumarate, glatiramer acetate, fingolimod and cladribine). HETs, High efficacy therapy disease modifying treatment (natalizumab,

anti-CD20 monoclonal antibodies, alemtuzumab and autologous stem cell transplant). n.s, not significant.

and at the end of year 3, regardless of relapses or radiological
activity, and despite treatment with HETs. It is important to
highlight that the mean time from symptom onset of the first
relapse to baseline sNfL determination was barely 6 months,
before the effect of any DMT. This provides further evidence to
the value of sNfL as a biomarker of disability from very early in
the disease course.

Traditionally, sNfL levels have been related to the presence of
relapses and MRI activity, which we have defined as acute
inflammation (AI). High sNfL levels have shown to correlate
strongly with both concurrent and future A, and this may contribute
for the worse outcomes in these patients (23). In fact, our cohort
with higher sNfL levels exhibited features at baseline consistent with
more active MS, such as higher proportion of AI, OCMB and higher
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EDSS. However, the proportion of patients with AI by the end of the
first year was reduced to a lesser extent in those with higher sNfL
levels compared to those with lower sNfL levels (9.1% vs. 22.2%).
Although this may appear paradoxical, most patients with high sNfL
levels exhibited baseline features consistent with aggressive MS,
which biased treatment toward HETs in almost 90% of these
patients, resulting in better control of AI. Nevertheless, patients who
initially had higher sNfL levels continued to exhibit elevated levels
throughout the follow-up, even in the absence of signs of AI and
despite being treated with HETS. It raises the question of whether
elevation of sNfL in these patients may be attributable to the
presence of subclinical inflammation, although we cannot
completely discard the presence of radiological activity at time
points between MRI scans.
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FIGURE 1
Flowchart of serum neurofilament light chain levels in the whole cohort stratified upon the presence of inflammatory activity at each time point. a:
whole cohort. b, d, and f: patients presenting signs of acute inflammation (Al), c, e, and g: patients without signs of Al. Mean sNfL levels are shown. SD:
standard deviation. p-values after stratification by the presence of Al were 0.003 at baseline, 0.017 at month 6 and 0.03 at month 12.

We also observed that elevated sNfL levels by the end of the first
year in patients not presenting Al, after the full effect of DMT can
be presumed, were associated with a higher EDSS by the end of year
3, as depicted by the ROC analysis. However, we could not see an
increase in EDSS during the follow-up period in either cohort, which
is in line with studies previously mentioned in the manuscript. This
could be attributed to short observation time, as several observational
studies show that baseline sNfL levels above the 10 pg/mL threshold
predict increased disability and progression over the following 6 years
and more (14, 24, 25). Additionally, HET usage may have influenced
these results, as nearly 90% of patients in the high sNfL cohort started
HET, and the remainder were switched to HET as soon they
experienced AJ, in accordance with the standard of care.

Progression of disability that is not attributable to the presence of
Al (ie. PIRA and PIRMA) is of particular concern, as this is the main
driver of long-term disability in patients (4). The possibility that
elevated sNfL levels unveil ongoing chronic inflammation and axonal
destruction outside of AI is supported by studies involving
progressive patients and long observation periods. These studies
show that sNfL levels above the 10 to 11 pg/mL range are observed in
patients experiencing progression compared to those with stable
RRMS, and that these levels predict long-term progression (15, 26).
Moreover, an observational study showed that increasing the cut-off
to 15.6 pg/mL discriminates between benign and aggressive disease
courses after more than 17 years of follow-up (27). Interestingly, our
patients with sNfL levels above 11 pg/mL had twice the chance of
having OCMB in the CSE a biomarker associated with poor
prognosis and early progression (18, 25). Hence, future studies with
longer follow-up periods that consider DMT effect are needed to
clarify the prognostic value of sNfL to detect future worsening in the
new treatment era.
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It is also remarkable that high sNfL levels, but not the presence
of AI, was associated with increased disability. These are relevant
findings, as it may indicate that AI may be indeed well controlled
with current DMTs, especially HETs. However, the underlying
mechanisms driving disability and maintaining persistently elevated
sNfL levels are scarcely modified (6, 28).

On the contrary, patients with low baseline sNfL levels but
concomitant Al experienced relapses restricted to the optic nerve,
brainstem, or spinal cord. The latter observation aligns with previous
findings suggesting that acute spinal cord lesions may not elevate
sNfL levels (29). Thus, caution must be taken when interpreting sNfL
levels, as they may not reflect accurately spinal cord damage, which
has important prognostic implications.

Yet, sNfL levels have demonstrated to be a robust early biomarker
for predicting increased long-term disability. Since early use of HETs
has shown to prevent disability in the long term (30), sNfL could
serve to assist in selecting patients with a favorable benefit-to-risk
ratio for early treatment with these therapies.

Several limitations apply to this study in addition to those
previously the aforementioned, such as the small sample size, and the
use of absolute sNfL levels instead of age-adjusted levels (ie. Z-scores).
However, the influence of age is mitigated by the fact that the curve
of sNfL levels almost plateaus before the age of 40, which corresponds
with the mean age of our cohorts (31). In addition, factors such as
body mass index, renal function, subclinical systemic infections and
other co-morbidities, known confounders of sNfL levels, were
not considered.

These limitations preclude applying these results on a broader MS
population and highlight the need for new studies that adjust for
these factors. Finally, the presence of Al could be overlooked in
patients experiencing Gd enhancement between MRI scans.
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Flowchart of serum neurofilament light chain levels in the high and low serum neurofilament light chain cohorts stratified upon the presence of
inflammatory activity at each time point. a: whole cohort. b, d, and f: patients presenting signs of acute inflammation (Al), ¢, e, and g: patients without
signs of Al. Mean sNfL levels are shown. SD: standard deviation. Mean sNfL levels are shown. SD: standard deviation. p-values after stratification by the
presence of Al were p <0.001 at baseline, p = 0.006 at month 6 and p = 0.007 at month 12 in the high sNfL cohort, and not significant at baseline,

p <0.001 at month 6, and not significant at month 12 in the low sNfL cohort.

To conclude, patients with sNfL levels above 11.0 pg/mL at
presentation, in the absence of classical signs of acute inflammation
(i.e., MRI activity or relapses), maintain elevated levels despite
receiving HETs and tend to have higher EDSS scores. We suggest
that elevated sNfL in these patients may unveil mechanisms
associated with early axonal degeneration that could aid to identify
patients with higher risk of progression and should be considered in
future trials.

Data availability statement

The raw data supporting the conclusions of this article
will be made available by the authors, without undue
reservation.

Frontiers in Neurology 06

Ethics statement

The studies involving humans were approved by Ethics committee
at University and Polytechnic La Fe Hospital of Valencia, Spain, in
accordance with the ethical standards laid down in the 1964
Declaration of Helsinki and its later amendments. The studies were
conducted in accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

CQ-B: Data curation, Formal analysis, Writing — original draft.
LC-N: Methodology, Writing - review & editing. JC-V:

frontiersin.org


https://doi.org/10.3389/fneur.2024.1477335
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Quintanilla-Bordas et al.

10.3389/fneur.2024.1477335

*p=0.0003  **p=0.05 ***p=0.001
8-
*% F*kk
6+
3
a M
w

EDSS
H
L
|
|
|
|

| - -

ke

Baseline Month 12 Month 36 Baseline Month 12 Month 36
l J

Low sNfL level cohort High sNfL level cohort

0

| L]
Baseline Month 12 Month 36 Baseline Month 12 Month 36
J

Patients without acute Patients with acute

inflammation inflammation
EDSS at EDSS at EDSS at EDSS at EDSS at EDSS at EDSS at EDSS at EDSS at EDSS at EDSS at EDSS at
baseline month 12 month 36 baseline month 12 month 36 baseline month 12 month 36 baseline  month12  month 36
Median 1.0 1.0 1.0 2.0 2.0 2.0 2.0 1.0 15 20 2.0 1.8
(IQR) (1.0) (1.0) (0.9) (1.7) (2.5) (2.5) (1.5) (1.0) (1.0) (1.7) (1.6) (2.1)
FIGURE 3

Expanded Disability Status Scale (EDSS) at every time point after stratification by baseline serum neurofilament light chain (sNfL) levels, and by the
presence of acute inflammation (Al). Differences in EDSS between patients with and without Al were not significant at any time point.

Methodology, Writing - review & editing. SC-B: Methodology,
Writing - review & editing. RG-R: Methodology, Writing - review
& editing. JT-C: Writing - review & editing. CA: Writing - review
& editing. LF-T: Writing - review & editing. CL: Writing - review
& editing. DG: Writing - review & editing. FP-M: Data curation,
Formal analysis, Writing - review & editing. BC: Conceptualization,
Data curation, Formal analysis, Funding acquisition, Project
administration, Writing - original draft, Writing - review & editing.

Funding

The authors declare that financial support was received for the
research, authorship, and/or publication of this article. This work has been
supported by a grant from BIOGEN and the Spanish Carlos III Health
Institute PI20/01446. The funders had no involvement in the study design,
data collection, analysis, interpretation, writing of the article, or the
decision to submit it for publication. Laura Cubas-Nuiiez is funded by the
research grant “Oportunidad al talento” from Fundacion ONCE. The
Neuroimmunology Research Group is a member of the European
Reference Network for Rare Autoimmune Diseases (ERN-RITA).

References

1. Kappos L, Wolinsky JS, Giovannoni G, Arnold DL, Wang Q, Bernasconi C, et al.
Contribution of relapse-independent progression vs relapse-associated worsening to
overall confirmed disability accumulation in typical relapsing multiple sclerosis in a
pooled analysis of 2 randomized clinical trials. JAMA Neurol. (2020) 77:1132-40. doi:
10.1001/jamaneurol.2020.1568

2. Pitt D, Lo CH, Gauthier SA, Hickman RA, Longbrake E, Airas LM, et al. Toward
precision phenotyping of multiple sclerosis. Neurology. (2022) 9:1-7. doi: 10.1212/
NXI.0000000000200025

3. Kapica-Topczewska K, Collin F, Tarasiuk J, Czarnowska A, Chorazy M, Mironczuk
A, et al. Assessment of disability progression independent of relapse and brain MRI
activity in patients with multiple sclerosis in Poland. J Clin Med. (2021) 10:1-15. doi:
10.3390/jcm10040868

Frontiers in Neurology

07

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fneur.2024.1477335/
full#supplementary-material

4. Lublin FD, Héring DA, Ganjgahi H, Ocampo A, Hatami F, Cuklina J, et al. How
patients with multiple sclerosis acquire disability. Brain. (2022) 145:3147-61. doi:
10.1093/BRAIN/AWACO016

5. Bruschi N, Boffa G, Inglese M. Ultra-high-field 7-T MRI in multiple sclerosis and
other demyelinating diseases: From pathology to clinical practice. Eur Radiol Exp.
(2020) 4:59. doi: 10.1186/s41747-020-00186-x

6. Disanto G, Barro C, Benkert P, Giardiello A, Naegelin Y, Sch S, et al. Serum
Neurofilament light: a biomarker of neuronal damage in multiple sclerosis. Annal
Neurol. (2017) 81:857-70. doi: 10.1002/ana.24954

7. Kuhle J, Nourbakhsh B, Grant D, Morant S, Barro C, Yaldizli O, et al. Serum
neurofilament is associated with progression of brain atrophy and disability in early MS.
Neurology. (2017) 88:826-31. doi: 10.1212/WNL.0000000000003653

frontiersin.org


https://doi.org/10.3389/fneur.2024.1477335
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2024.1477335/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2024.1477335/full#supplementary-material
https://doi.org/10.1001/jamaneurol.2020.1568
https://doi.org/10.1212/NXI.0000000000200025
https://doi.org/10.1212/NXI.0000000000200025
https://doi.org/10.3390/jcm10040868
https://doi.org/10.1093/BRAIN/AWAC016
https://doi.org/10.1186/s41747-020-00186-x
https://doi.org/10.1002/ana.24954
https://doi.org/10.1212/WNL.0000000000003653

Quintanilla-Bordas et al.

8. Masanneck L, Rolfes L, Regner-Nelke L, Willison A, Réauber S, Steffen F, et al.
Detecting ongoing disease activity in mildly affected multiple sclerosis patients under
first-line therapies. Mult Scler Relat Disord. (2022) 63:103927. doi: 10.1016/j.
msard.2022.103927

9. Madill E, Healy BC, Molazadeh N, Polgar-Turcsanyi M, Glanz BI, Weiner HL, et al.
Serum glial fibrillary acidic protein predicts disease progression in multiple sclerosis.
Ann Clin Transl Neurol. (2024). doi: 10.1002/acn3.52187

10. Sotirchos ES, Fitzgerald KC, Singh CM, Smith MD, Reyes-Mantilla M, Hersh CM,
et al. Associations of sNfL with clinico-radiological measures in a large MS population.
Ann Clin Transl Neurol. (2022) 10:84-97. doi: 10.1002/acn3.51704

11. Benkert P, Meier S, Schaedelin S, Manouchehrinia A, Yaldizli O, Maceski A, et al.
Serum neurofilament light chain for individual prognostication of disease activity in
people with multiple sclerosis: a retrospective modelling and validation study. Lancet
Neurol. (2022) 21:246-57. doi: 10.1016/S1474-4422(22)00009-6

12. Szilasiova J, Rosenberger J, Fedicova M, Mikula P, Urban P, Gdovinova Z, et al.
Neurofilament light chain levels are associated with disease activity determined by no
evident disease activity in multiple sclerosis patients. Eur Neurol. (2021) 84:272-9. doi:
10.1159/000515806

13. Uphaus T, Steffen F, Muthuraman M, Ripfel N, Fleischer V, Groppa S, et al. NfL
predicts relapse-free progression in a longitudinal multiple sclerosis cohort study: serum
NfL predicts relapse-free progression. EBioMedicine. (2021) 72:103590. doi: 10.1016/j.
ebiom.2021.103590

14. Meier S, Willemse EAJ, Schaedelin S, Oechtering J, Lorscheider ], Melie-Garcia L,
et al. Serum glial fibrillary acidic protein compared with Neurofilament light chain as a
biomarker for disease progression in multiple sclerosis, JAMA. Neurology. (2023)
80:287-97. doi: 10.1001/jamaneurol.2022.5250

15. Brune S, Hogestol EA, de Rodez SA, Benavent PB-H, Leikfoss IS, Bos SD, et al.
Serum neurofilament light chain concentration predicts disease worsening in multiple
sclerosis. Mult Scler J. (2022) 28:1859-70. doi: 10.1177/13524585221097296

16. Chitnis T, Gonzalez C, Healy BC, Saxena S, Rosso M, Barro C, et al. Neurofilament
light chain serum levels correlate with 10-year MRI outcomes in multiple sclerosis. Ann
Clin Transl Neurol. (2018) 5:1478-91. doi: 10.1002/acn3.638

17.Siller N, Kuhle J, Muthuraman M, Barro C, Uphaus T, Groppa S, et al. Serum
neurofilament light chain is a biomarker of acute and chronic neuronal
damage in early multiple sclerosis. Mult Scler. (2019) 25:678-86. doi:
10.1177/1352458518765666

18. Casanova B, Castillo J, Quintanilla-Bordéas C, Sanz MT, Ferndndez-Velasco ]I,
Alcald C, et al. Oligoclonal M bands unveil occult inflammation in multiple sclerosis.
Mult Scler Relat Disord. (2022) 68:104118. doi: 10.1016/j.msard.2022.104118

19. Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T, Comi G, et al.
Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria., the lancet.
Neurology. (2018) 17:162-73. doi: 10.1016/S1474-4422(17)30470-2

Frontiers in Neurology

08

10.3389/fneur.2024.1477335

20. Rissin DM, Kan CW, Campbell TG, Howes SC, Fournier DR, Song L, et al. Single-
molecule enzyme-linked immunosorbent assay detects serum proteins at subfemtomolar
concentrations. Nat Biotechnol. (2010) 28:595-9. doi: 10.1038/nbt.1641

21. Liu Z, Yaldizli O, Pardini M, Sethi V, Kearney H, Muhlert N, et al. Cervical cord
area measurement using volumetric brain magnetic resonance imaging in multiple
sclerosis. Mult Scler Relat Disord. (2015) 4:52-7. doi: 10.1016/j.msard.2014.11.004

22. Leray E, Yaouanq J, Le Page E, Coustans M, Laplaud D, Oger J, et al. Evidence for
a two-stage disability progression in multiple sclerosis. Brain. (2010) 133:1900-13. doi:
10.1093/brain/awq076

23.Barro C, Benkert P, Disanto G, Tsagkas C, Amann M, Naegelin Y, et al. Serum
neurofilament as a predictor of disease worsening and brain and spinal cord atrophy in
multiple sclerosis. Brain. (2018) 141:2382-91. doi: 10.1093/brain/awy154

24. Monreal E, Ferndndez-Velasco JI, Garcia-Sdnchez M1, Sainz De La Maza S, Llufriu
S, Alvarez-Lafuente R, et al. Association of Serum Neurofilament Light Chain Levels at
disease onset with disability worsening in patients with a first demyelinating multiple
sclerosis event not treated with high-efficacy drugs. JAMA Neurol. (2023) 80:397-403.
doi: 10.1001/jamaneurol.2023.0010

25. Monreal E, Sainz de la Maza S, Costa-Frossard L, Walo-Delgado P, Zamora J,
Fernandez-Velasco JI, et al. Predicting aggressive multiple sclerosis with intrathecal IgM
synthesis among patients with a clinically isolated syndrome. Neurol Neuroimmunol
Neuroinflamm. (2021) 8:1-11. doi: 10.1212/NXI.0000000000001047

26. Comabella M, Sastre-Garriga J, Carbonell-Mirabent P, Fissolo N, Tur C, Malhotra
S, et al. Serum neurofilament light chain levels predict long-term disability progression
in patients with progressive multiple sclerosis. ] Neurol Neurosurg Psychiatry. (2022)
93:732-40. doi: 10.1136/jnnp-2022-329020

27. Arroyo Pereiro P, Mufioz-Vendrell A, Leén Moreno I, Bau L, Matas E, Romero-
Pinel L, et al. Baseline serum neurofilament light chain levels differentiate aggressive
from benign forms of relapsing-remitting multiple sclerosis: a 20-year follow-up cohort.
] Neurol. (2023) 271:1599-609. doi: 10.1007/s00415-023-12135-w

28. Preische O, Schultz SA, Apel A, Kuhle ], Kaeser SA, Barro C, et al. Serum
neurofilament dynamics predicts neurodegeneration and clinical progression in
presymptomatic Alzheimer’s disease. Nat Med. (2019) 25:277-83. doi: 10.1038/
541591-018-0304-3

29. Alcal4 C, Cubas L, Carratald S, Gascén F, Quintanilla-Bordés C, Gil-Perotin S,
et al. NFL during acute spinal cord lesions in MS: a hurdle for the detection of
inflammatory activity. ] Neurol. (2022) 269:3495-500. doi: 10.1007/s00415-021-10926-7

30. He A, Merkel B, Brown JWL, Zhovits Ryerson L, Kister I, Malpas CB, et al. Timing
of high-efficacy therapy for multiple sclerosis: a retrospective observational cohort study.
Lancet Neurol. (2020) 19:307-16. doi: 10.1016/S1474-4422(20)30067-3

31. Fitzgerald KC, Sotirchos ES, Smith MD, Lord HN, DuVal A, Mowry EM, et al.
Contributors to serum NfL levels in people without neurologic disease. Ann Neurol.
(2022) 92:688-98. doi: 10.1002/ana.26446

frontiersin.org


https://doi.org/10.3389/fneur.2024.1477335
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1016/j.msard.2022.103927
https://doi.org/10.1016/j.msard.2022.103927
https://doi.org/10.1002/acn3.52187
https://doi.org/10.1002/acn3.51704
https://doi.org/10.1016/S1474-4422(22)00009-6
https://doi.org/10.1159/000515806
https://doi.org/10.1016/j.ebiom.2021.103590
https://doi.org/10.1016/j.ebiom.2021.103590
https://doi.org/10.1001/jamaneurol.2022.5250
https://doi.org/10.1177/13524585221097296
https://doi.org/10.1002/acn3.638
https://doi.org/10.1177/1352458518765666
https://doi.org/10.1016/j.msard.2022.104118
https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.1038/nbt.1641
https://doi.org/10.1016/j.msard.2014.11.004
https://doi.org/10.1093/brain/awq076
https://doi.org/10.1093/brain/awy154
https://doi.org/10.1001/jamaneurol.2023.0010
https://doi.org/10.1212/NXI.0000000000001047
https://doi.org/10.1136/jnnp-2022-329020
https://doi.org/10.1007/s00415-023-12135-w
https://doi.org/10.1038/s41591-018-0304-3
https://doi.org/10.1038/s41591-018-0304-3
https://doi.org/10.1007/s00415-021-10926-7
https://doi.org/10.1016/S1474-4422(20)30067-3
https://doi.org/10.1002/ana.26446

	Clinical trajectories of patients with multiple sclerosis from onset and their relationship with serum neurofilament light chain levels
	Introduction
	Methods
	Ethics approval
	sNfL determination
	MRI studies
	Statistical analysis

	Results
	Study population
	ROC analysis
	Study cohorts

	Discussion

	References

