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Abstract
Background and Objectives
High disease activity and frequent therapy failure in pediatric multiple sclerosis (MS) make
prognostic biomarkers urgently needed. We investigated whether serum neurofilament light
chain (sNfL) levels in treatment-naive pediatric patients with MS are associated with early
disease severity and indicate treatment outcomes.

Methods
A retrospective cohort study of patients seen in the Göttingen Center for MS in Childhood
and Adolescence, Germany. Inclusion criteria were MS diagnosis according to the McDonald
criteria, MS onset <18 years, and available pretreatment serum sample. sNfL levels were
analyzed using a single-molecule array assay. Associations with clinical and MRI evidence of
disease severity at sampling were evaluated using the Spearman correlations and nonparametric
tests for group comparisons. Correlations between pretreatment sNfL and annualized relapse
and new T2 lesion rate on first-line therapy, and odd ratios for switch to high-efficacy therapy
were assessed.

Results
A total of 178 patients (116 women [65%]) with a mean sampling age of 14.3 years were
included in the study. Pretreatment sNfL levels were above the ≥90th percentile reported for
healthy controls in 80% of patients (median 21.1 pg/mL) and correlated negatively with age,
but no correlation was seen with sex, oligoclonal band status, or body mass index. High
pretreatment sNfL levels correlated significantly with a high number of preceding relapses, a
shorter first interattack interval, a high T2 lesion count, and recent gadolinium-enhancing
lesions. Of interest, sNfL levels reflected more strongly MRI activity rather than clinical activity.
Pretreatment sNfL levels also correlated significantly with the relapse rate and occurrence of
new/enlarging T2 lesions while on first-line injectable therapy. Odds of future therapy esca-
lation increased from 0.14 for sNfL below 7.5 pg/mL to 6.38 for sNfL above 15 pg/mL. In
patients with a recent relapse, higher sNfL levels were associated with poorer recovery 3months
after attack.

Discussion
The results of this study have 3 important implications: First, pretreatment sNfL levels are a
valuable biomarker for underlying disease activity in pediatric patients with MS. Second,
pretreatment sNfL levels in pediatric patients with MS have a predictive value for the response
to first-line therapy and the necessity of future therapy escalation. Third, high sNfL levels during
a relapse are associated with poor recovery in this age group.
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Introduction
Clinical onset in pediatric patients withmultiple sclerosis (MS) is
possibly closer to biological disease onset. This provides a unique
opportunity for early therapeutic intervention, particularly
because the initial disease course is almost exclusively relapsing-
remitting without evidence of chronic progression.1,2 A chal-
lenging aspect of pediatric MS, however, is that the disease is
characterized by greater inflammatory activity as evidenced by
more relapses and faster accumulation of lesions compared with
adult MS.3-6 Extensive axonal damage and axonal loss accom-
pany the inflammation, aligning with early findings in children of
cognitive impairment and brain atrophy.7-12 Although disability
progression seems favorably slower in pediatric patients, any
suggestion of a more benign course is dispelled by the fact that
these patients are considerably younger when disability mile-
stones are reached.1,13,14 Thus, prompt and effective therapy is
imperative, yet high rates of breakthrough disease on the first-
line disease-modifying therapies (DMTs) and protracted switch
times to higher-efficacy therapies remain problematic issues.15-20

A sensitive, reliable way to assess disease severity and predict
future disease progression would be an immense help to op-
timizing early treatment decisions. Emerging as a biomarker
with great promise in this respect is neurofilament light chain
(NfL).21-27

NfL is a neuron-specific, cytoskeletal protein abundantly
found within myelinated axons in the peripheral nervous
system and CNS.28 It is detectable in CSF and blood of
healthy people, with levels increasing throughout the aging
process.22,25,28 After any neuronal insult, whether traumatic,
ischemic, inflammatory, or neurodegenerative, NfL levels rise
significantly, making it a suitable marker of neuroaxonal
damage but an unspecific indicator of etiology.29-33 Adult MS
studies indicate the clinical application of NfL in facilitating
early MS diagnosis, assessing disease activity, monitoring
treatment response, and prognosticating future disease ac-
tivity and disability progression.21-27

Few studies have investigated serum NfL (sNfL) levels in
pediatric MS.34-36 Findings to date indicate that sNfL levels
correlate strongly with CSF levels and are higher in children
with MS compared with healthy children.35,36 Furthermore,
sNfL levels have been associated with disease activity on MRI
and shown to have potential application for monitoring
treatment response.34-37

The main focus of this study was to investigate the clinical
value of sNfL in the assessment of treatment-naive pediatric

patients with MS. We investigated whether sNfL is a reliable
indicator of early disease severity and can predict ongoing
disease progression under first-line treatment and the likeli-
hood of switching to higher-efficacy agents.

Methods
In this retrospective, single-center cohort study, cases in
whom serum was collected before initiation of DMT were
selected from the MS database of the Göttingen Centre for
MS in Childhood and Adolescence—a tertiary referral center
in Germany for pediatric MS. To allow for sufficient follow-up
time after treatment initiation, no case in whom the serum
sampling took place later than 2017 was included. Serum
samples were not necessarily collected at the time of first
clinical attack because some study cases were referred to
Göttingen after previous clinical events. Additional study in-
clusion criteria were a confirmed diagnosis of relapsing-
remitting MS fulfilling the revised McDonald MS diagnostic
criteria (2005, 2010, or 2017), a clinical onset before 18 years,
and no known history of traumatic injury or other CNS
disease.38-40 Although no known myelin oligodendrocyte
glycoprotein antibody (MOG-Ab)-positive patient was in-
cluded in the study, routine screening for MOG-Abs was first
initiated in Göttingen in 2013. Patients diagnosed before
2013 with atypical clinical and paraclinical findings for MS,
particularly children with a first clinical event younger than 10
years, were also screened for MOG-Abs if still available to
follow-up.

Serum samples were stored at −20°C and analyzed for NfL
between January 2018 and August 2019 using the Quanterix
Simoa NF-Light assay Advantage Kit (Lexington, MA) ad-
hering to the manufacturer’s instruction protocol. All samples
were analyzed in duplicate. Testing was performed blinded to
patient clinical/paraclinical data and outcome measures.

To assess disease activity at the time of sampling, clinical data
were obtained from database and medical chart review. Data
included sex, age, body mass index (BMI) within 6 months of
serum collection, oligoclonal band (OCB) status in CSF be-
fore serum collection, the number of relapses before sampling
and first interattack interval. Clinical relapses were defined as
new or worsening neurologic symptoms lasting 24 hours or
longer, occurring at least 30 days from a previous attack, and
not accompanied by fever or evidence of infection. A recent
relapse was defined as a relapse up to 90 days before sNfL
sampling. In patients with a recent relapse, attack symptoms

Glossary
BMI = bodymass index;DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale;GA = glatiramer acetate;
Gd+ = gadolinium-enhanced; IFN-β = interferon-beta; IQR = interquartile range;MOG-Ab = myelin oligodendrocyte glycoprotein
antibody;MS = multiple sclerosis; OCB = oligoclonal band; OR = odds ratio; sNfL = serum neurofilament light chain.
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(grouped as visual, motor, sensory, brainstem, cerebellar,
cerebral, and spinal) and recovery status (complete/
incomplete) 3 months after attack were used to assess at-
tack severity. An incomplete recovery was defined as an
Expanded Disability Status Scale (EDSS) score ≥1.41 Re-
covery status was not included if another attack in ≤3
months had occurred.

For associations with a subclinical activity, manual lesion
counts were obtained from brain and, if available, spinal MRIs
performed before and after DMT initiation. Pretreatment T2
lesion counts were ≤6 months before NfL sampling, and
gadolinium-enhancing (Gd+) lesion counts ≤30 days before
sampling. Patients initiated on DMT and followed-up in
Göttingen received 6-monthly MRI investigations. A volu-
metric analysis of lesion volume was not performed. In single
cases where a substantial enlargement of a previous lesion was
apparent, findings were included as evidence of ongoing ac-
tivity. MRIs were acquired on a 1.5 or 3.0 Tesla scanner.
Analyzed were T2-weighted, T2-fluid-attenuated inversion
recovery, and T1-weighted sequences following contrast ap-
plication. MRI assessment was performed blinded to sNfL
findings by B.H and H.H.

Owing to the long sampling period in this study, treatment
policies in Göttingen have undergone several changes. Until
2006, almost all patients were treated with interferon-beta
(IFN-β) or glatiramer acetate (GA). From 2006, natalizumab
was introduced for patients with very highly active disease,
and from 2011, fingolimod. However, because both DMTs
were not approved for use in this age group, most study
patients initially received treatment with IFN-β or GA. Pa-
tients initiated on IFN-β or GA ≤3 months after sNfL-
sampling who had ≥6 months follow-up were analyzed for
ongoing disease activity under treatment (new relapses, new/
enlarging T2 lesions at 6-monthly MRI follow-up). For each
patient, the annualized rates were calculated for the available
treatment follow-up; patients with annualized rates of zero
had at least 12 months treatment follow-up. Because most
patients were treated with IFN-β, IFN-β and GA were ana-
lyzed together.

Switch to high-efficacy treatment (fingolimod, natalizumab,
rituximab, or alemtuzumab) during the follow-up duration
was assessed only in cases with a clinical onset ≥2009 because
of changing therapeutic practices.

The EDSS scores by Kurtzke, performed and documented by
trained pediatric neurologists, at 2 years and the last follow-up
were also collected to assess disability progression.41

Statistical Analysis
Descriptive statistics report counts and percentages for cate-
gorical variables, median, and interquartile range (IQR) for
variables with skewed distribution, otherwise mean and SD.
For correlation analysis and group comparisons involving

Table 1 Demographic, Clinical, and Paraclinical
Characteristics of the Cohort (N = 178)a

Characteristic Value

Age at MS onset, y, mean (SD) [range] 13.7 (2.5)
[4.6–17.4]

Age at sNfL sampling, y, mean (SD) [range] 14.3 (2.4)
[4.9–17.5]

<11 y at sampling, n (%) 18 (10.1)

Female, n (%) 116 (65.2)

BMI within ≤6 mo of sampling

>90th–97th percentile, n/N (%) 18/150 (12)

>97th percentile, n/N (%) 27/150 (18)

More than 1 relapse before NfL sampling, n (%) 88 (49.4)

Recent relapse <90 d before NfL sampling, n (%) 122 (68.5)

Incomplete recovery 3 mo after recent
presampling relapse, n/N (%)

22/113 (19)

Positive OCBs status before NfL sampling, n/N (%) 147/155 (94.8)

No. of T2 lesions ≤6 mo before sNfL sampling,
median (IQR), N

21 (8–47), 145

Gd+ lesion(s) present up to 30 d before sampling,
n/N (%)

93/140 (66.4)

Serum NfL concentration, pg/mL, median (IQR)
[range]

21.1 (9.6–53.2)
[2.9–949.5]

Serum storage time, y, mean (SD) [range] 7.6 (3.7) [1.7–18.4]

Days between clinical onset and serum
collection, median (IQR)

144 (53–282)

IFN-β/GA therapy,b n 127

Months between clinical onset and IFN-β/GA
therapy initiation, mean (SD)

7.7 (10.6)

Days between NfL sampling and IFN-β/GA
therapy initiation, mean (SD)

7.7 (18.3)

Treatment duration in months, mean (SD)
[range]

26.7 (18.8)
[2.3–105.2]

High-efficacy treatment receivedc

Clinical onset <2009, n/N (%) 4/41 (9.8)

Clinical onset ≥2009, n/N (%) 60/125 (48)

Switched from first-line therapy, n 51

Initiated immediately, n 9

EDSS score the last follow-up, median (IQR) [range] 0 (0–1) [0–4]

Disease duration, mo, mean (SD) [range] 42.6 (25.7)
[3.1–112.1]

Abbreviations: BMI = body mass index; GA = glatiramer acetate; Gd+ =
gadolinium-enhanced; IFN-β = interferon-beta; IQR = interquartile range;
MS =multiple sclerosis; OCB = oligoclonal band; sNfL = serumneurofilament
light chain.
a For variables with incomplete data, the total number of patients with
available data is given.
b Patients initiated on therapy within 3 months of NfL sampling and with at
least 6 months follow-up.
c Fingolimod, natalizumab, rituximab, and alemtuzumab.
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sNfL, we used nonparametric techniques. The Spearman rank
correlation was used to analyze continuous variables.
Between-group comparisons were performed using either the
Mann-Whitney U Test or Kruskal-Wallis test adjusted for
multiple paired comparisons using a Bonferroni correction.
The alpha level was set at 0.05, and all tests were 2-sided.

Two standard multiple linear regression models were used to
analyze predictors of log-transformed sNfL. In model 1, the
predictors were age, sex, presampling disease duration (log-
transformed), recent relapse ≤90 days before sampling, >1
relapse in 12 months preceding sampling, recent presence of
Gd+ lesions, and the number of T2 lesions (log-transformed).
In model 2, the added influence of attack severity was

analyzed by also including an incomplete recovery 3 months
after a recent presampling attack as a predictor.

Logistic regression was used to assess the impact of 3 pre-
treatment predictors (T2 lesions >9, Gd+ lesions >1, and
pretreatment sNfL >12.5 pg/mL, approximate 99th-
percentile in healthy children) on the odds of developing a
relapse or ≥2 new/enlarging T2 lesions in the first 12 months
of IFN-β or GA treatment.36 The odds of a future switch from
first- to second-line therapy were also analyzed using sNfL
cut-offs of 7.5 (80th–90th percentile in healthy children), 10
(>90th percentile in healthy children), 12.5 (approximate
99th-percentile in healthy children), and 15 pg/mL, con-
trolling for disease duration in a subgroup of patients with

Figure 1 Influence of Age and Recent Disease Activity on sNfL Levels in Treatment-Naive Pediatric Patients With MS

A positive correlation between age at
sampling and sNfL is shown in graph
(A). Line indicates linear fit to the ob-
served data and 95% confidence
bands. Positive associations between
sNfL and recent clinical and MRI ac-
tivity before sampling are shown as
boxplots in graph (B), (C), and (D).
Boxes depict median and inter-
quartile range with whiskers extend-
ing to minimum and maximum
values. Gd+ = gadolinium-enhanced;
MS = multiple sclerosis; sNfL = serum
neurofilament light chain.
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clinical onset ≥2009.36 For escalated patients, only disease
duration up to the time point of escalation was used.

Statistical analyses were performed using IBM SPSS (version
28; SPSS Inc., Chicago, IL). Graphs were created with
GraphPad Prism software version 9.3.1. Missing data were
not imputed.

Standard Protocol Approvals, Registration, and
Patient Consents
The study was approved by the Ethics Committee of the
University Medical Center Göttingen, Georg August Uni-
versity Göttingen, Germany (number: 21/12/03). Written
informed consent was obtained from all study participants
and their legal guardians, for the collection and use of their
clinical data and serum.

Data Availability
Anonymized data related to this article will be made available
by request from any qualified investigator for the purpose of
replicating results. Persons interested in obtaining data should
contact Brenda Marie Huppke (Brenda.Huppke@med.uni-
jena.de).

Results
Characteristics of the Cohort
A total of 178 children and adolescents (116 women, 65%)
with MS onset between 1998 and 2017 were included; 90%

had an onset after 2005. The mean age at onset was 13.7 (SD
2.5, range 4.6–17.4) years, and at serum sampling, 14.3 (SD
2.4, range 4.9–17.5) years. Disability was low (median EDSS
0; IQR 0–1) after a mean (SD) follow-up of 42.6 months
(25.7). Cohort characteristics are shown in Table 1.

sNfL Concentrations in Treatment-
Naive Patients
Median sNfL concentration was 21.1 pg/mL (IQR 9.6–53.2,
range 2.9–949.5) (Table 1); most (n = 143, 80%) had a level
≥90th percentile reported for healthy controls (7.7 pg/mL)
(Table 1).36 Levels exceeding 100 pg/mL were uncommon
(11%, n = 19). Only 13 patients (7.3%) had levels equivalent
to the reported median for similarly aged healthy controls
(4.6–5.1).36 Median time between clinical onset and serum
collection was 144 days (IQR 53–282) and from most recent
preceding relapse 45 days (IQR 21–112) (Table 1). No
correlation was shown between sNfL and presampling disease
duration (Spearman r = −0.02, p = 0.770) or serum storage
time (Spearman r = 0.12, p = 0.101).

Associations Between sNfL and Age, Sex, BMI,
OCB Status, and Recent Disease Activity
sNfL levels were negatively correlated with age (Spearman r =
−0.26, p < 0.001) (Figure 1), even after controlling for BMI
and presampling disease duration (r = −0.28, p < 0.001, n =
150). Levels in children younger than 11 years at sampling
(n = 18) were significantly higher than in older patients
(median [IQR] 53.4 [25.4–78.7] vs 19.0 [8.6–44.7], p =
0.004, respectively). sNfL levels were not associated with sex

Table 2 Multiple RegressionModels Assessing Predictors of Log-Transformed sNfL in Treatment-Naive Pediatric Patients
With Multiple Sclerosis

Beta (95% CI) p Value sr R2

Model 1: Clinical and MRI disease activity (N = 121) 0.34

Age at sampling −0.347 (−0.507 to −0.186) <0.001 −0.325

Sex 0.032 (−0.123 to 0.187) 0.682 0.031

Disease duration at sampling (log-transformed) −0.178 (−0.380 to 0.024) 0.084 −0.132

Relapse ≤90 d before sampling 0.026 (−0.174 to 0.226) 0.796 0.020

>1 relapse in 12 mo preceding sampling 0.141 (−0.048 to 0.331) 0.143 0.112

Gd+ lesions present ≤30 d before sampling 0.238 (0.073 to 0.403) 0.005 0.217

No. of T2 lesions ≤6 mo presampling (log-transformed) 0.337 (0.171 to 0.502) <0.001 0.306

Model 2: Disease activity and attack severity (N = 85) 0.43

Age at sampling −0.239 (−0.406 to −0.070) 0.006 −0.233

>1 relapse in 12 mo preceding sampling 0.120 (0.051 to 0.291) 0.166 0.116

Incomplete recovery 3 mo after a relapse ≤90 d before sampling 0.308 (0.138 to 0.479) <0.001 0.298

Gd+ lesions present ≤30 d before sampling 0.209 (0.028 to 0.390) 0.024 0.190

No. of T2 lesions ≤6 mo presampling (log-transformed) 0.324 (0.149 to 0.500) <0.001 0.305

Abbreviations: Gd+ = gadolinium-enhancing; sNfL = serum neurofilament light; sr = semipartial correlation coefficient.
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(p = 0.859), BMI (Spearman r = −0.12, p = 0.141, n = 150),
BMI z-score (Spearman r = −0.03, p = 0.731), or OCB status
(p = 0.852). Approximately two-thirds had experienced an
attack up to 90 days before sampling (122/177, 69%), which
was associated with higher sNfL levels (median [IQR] 27.1
[11.2–64.5] vs 16.9 [7.1–31.4], p = 0.007) (Figure 1). Recent
Gd+ lesions (≤30 days before sampling), found in two-thirds
of cases (93/140, 66%), were also associated with higher sNfL
levels (median [IQR] 24.7 [14.4–65.4] vs 9.0 [6.0–18.5], p <
0.001) (Figure 1). Patients without clinical and MRI evidence
of recent activity displayed the lowest sNfL values (median
6.5, IQR 4.7–12.9, n = 18), whereas those with combined
clinical and MRI activity had the highest levels (median 31.8,
IQR 15.5–92.3, adj. p < 0.001, n = 73) (Figure 1). Although
the presence of Gd+ lesions was shown a significant unique
predictor of log(sNfL) (β = 0.238, 95% CIs 0.07–0.40) in
multivariable regression analyses, a recent relapse was not
(Table 2).

Associations Between sNfL and Pretreatment
Disease Severity
Nearly half the cohort (88/178, 49%) had experienced >1
attack before sampling (58 patients 2 relapses, 24 patients 3
relapses, 5 patients 4 relapses, and 1 patient 5 relapses).
Higher sNfL levels were associated with a greater number of
relapses in the previous 2 years (1 vs 2 vs ≥ 3, median [IQR]
14.6 [8.0–33.1] vs 27.5 [13.8–53.2] vs 42.9 [18.2–96.2], p =
0.004), a shorter first interattack interval (Spearman r = −0.32,
p < 0.001, n = 149), presampling T2 lesions (Spearman r =
0.41, p < 0.001, n = 145), and recent Gd+ lesions (Spearman
r = 0.55, p < 0.001, n = 140) (Figure 2, eFigure 1, links.lww.
com/WNL/D105). In patients with a recent relapse up to 90
days before sampling, significantly higher sNfL levels were
associated with multifocal neurology during the attack (1 vs 2
vs ≥ 3 affected functional systems, median [IQR] 17.7
[9.0–44.3] vs 35.8 [11.3–57.4] vs 92.3 [25.4–190.6], p =
0.001) and an incomplete recovery 3 months after attack

Figure 2 Associations Between sNfL Levels Recent Attack Severity and Clinical and Subclinical Disease at Sampling in
Treatment-Naive Pediatric Patients With MS

In patients with a recent relapse (≤90
days) before serum sampling, higher
sNfL levels were associated with (A)
polyfocal symptoms during the attack
and (B) incomplete recovery 3months
after the attack. Both clinical (C, D)
and subclinical disease (E, F) in the
untreated patients showed associa-
tions with sNfL. Boxplots depict me-
dian and interquartile range with
whiskers extending to minimum and
maximum values. MS = multiple scle-
rosis; sNfL = serum neurofilament
light chain.
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(complete vs incomplete, median [IQR] 18.5 [9.6–53.2] vs
68.5 [25.4–209.4], p < 0.001) (Figure 2). Nearly two-
thirds of patients with persisting neurology (14/22, 64%)
also had multifocal neurology during the attack. sNfL
concentrations exceeded 100 pg/mL in 36% (8/22) of
cases with poor attack recovery, including the 5 highest
cases in the study.

In a multivariable linear regression model assessing clinical
andMRI predictors of log(sNfL) (n = 121), significant unique
predictors were age (β = −0.35, 95% CI −0.51 to −0.19), the
number of T2 lesions (β 0.34, 95% CI 0.17–0.50), and recent
presence of Gd+ lesions (β = 0.24, 95% CI 0.07–0.40) but not
a recent relapse ≤90 days before sampling, >1 relapse in the
preceding 12 months, and presampling disease duration
(Table 2). In a second model (n = 85) assessing the added
influence of attack severity, recovery status 3 months after a
recent relapse before NfL sampling was the second strongest
predictor (β = 0.31, 95% CI 0.14–0.48) of log(sNfL) after T2
lesion count (β = 0.32, 95%CI 0.15–0.50) (Table 2). Model 1
explained 34% and model 2 as much as 43% of the variance in
log(sNfL).

Pretreatment sNfL and Treatment Outcome
Altogether, 127 patients treated with IFN-β and/or GA for a
mean (SD) treatment duration of 26.7 (18.8) months were
included in the analyses (eFigure 2, links.lww.com/WNL/
D106); mean (SD) time between treatment initiation and
MS onset was 7.7 months (10.6) and from sNfL sampling

only 7.7 days (18.3). Most patients were treated with IFN-β
(n = 113). Only 8 patients received GA and 6 patients
received IFN-β and GA, sequentially. Breakthrough disease
was high among patients receiving an injectable first-line
therapy. In children 11 years or older at treatment initiation,
nearly 50% (53/107) had a relapse within the first 12
months of therapy and 77% (68/88) developed at least 1
new lesion. A positive correlation was found between
sNfL levels before treatment and annualized relapse rate
(Spearman r = 0.33, p < 0.001; n = 107) and annualized
new/enlarging T2 lesion rate (Spearman r = 0.44; p < 0.001;
n = 99) on IFN-β/GA therapy in patients ≥11 years at
sampling, but not in younger children (eFigure 3, links.lww.
com/WNL/D107). Considering only the first 12 months of
first-line therapy in patients ≥11 years, sNfL values were
also associated with relapse occurrence (no relapse vs re-
lapse 15.5 [7.5–33.8] vs 20.0 [14.4–40.3], p = 0.030) and
new T2 lesion development (0 vs 1–2 vs 3+ lesions 8.3
[6.8–17.5] vs 16.6 [9.6–40.1] vs 22.7 [14.9–45.0], p =
0.005) (Figure 3). An sNfL concentration >12.5 pg/mL
(approximate 99th-percentile in healthy children) or recent
Gd+ lesions >1 at serum sampling were related to more
than 2 times greater odds of having a relapse (odds ratio
[OR] 2.63, 95% CI 1.11–6.19 and 2.75, 95% CI 1.14–6.65,
respectively) and more than 4-fold greater odds of de-
veloping ≥2 new/enlarging T2 lesions (OR 4.44, 95% CI
1.73–11.37 and 4.81, 95% CI 1.82–12.71, respectively)
within the first 12 months of first-line therapy (Table 3). An
sNfL concentration >12.5 pg/mL remained associated with

Figure 3 Associations Between Pretreatment sNfL Levels and Clinical and Subclinical Disease Activity on the First-Line
Therapy, Need for Second-Line Therapy, and EDSS 2 Years After MS Onset

Higher pretreatment sNfL levels up to 3 months before therapy initiation in patients ≥11 years were associated with a relapse (A) or new T2 lesion
development (B) within the first 12 months of first-line therapy with IFN-β/GA. Patients with a clinical onset ≥2009 who had higher pretreatment sNfL levels
were more likely to receive a high-efficacy therapy during the follow-up (C). Although most patients had no disability 2 years after onset, EDSS 2–4 was
associated with higher pretreatment NfL concentrations (D). Boxplots depict median and interquartile range with whiskers extending to minimum and
maximum values. EDSS = Expanded Disability Status Scale; GA = glatiramer acetate; IFN-β = interferon-beta; MS = multiple sclerosis; sNfL = serum neuro-
filament light chain.
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lesion development (OR 5.02, 95% CI 1.50–16.53) as the
only significant finding in multivariable analyses. T2 lesion
counts >9 were not associated with greater odds of disease
activity on the first-line therapy.

We investigated whether there was a subset of patients more
likely to remain clinically and radiographically stable on low-
efficacy injectables. Only 7 patients with sNfL levels equiva-
lent to the reported median for similarly aged healthy controls
(4.6–5.1, n = 13) had a treatment follow-up, and thus, we
analyzed patients with a pretreatment sNfL <7.5 pg/mL
(recently reported as 80th–90th percentile for healthy age
equivalents).36 Odds of developing a relapse (OR 0.28, 95%
CI 0.09–0.86) and/or ≥2 new/enlarging T2 lesions (OR 0.22,
95% CI 0.07–0.66) in the first year of low-efficacy injectable
therapy (Table 3) and the odds of escalation to a second-line
therapy (0.14, 95% CI 0.04–0.45) were considerably lower in
this group of patients (Table 4).

In patients withMS onset ≥2009 (n = 125, mean [SD] disease
duration 40.7 months [23.0]), 51 (41%) were switched from
first- to second-line therapy. Higher pretreatment sNfL levels
were associated with future therapy switch (nonswitched vs
switched, median [IQR] 11.3 [6.7–24.7] vs 29.3 [15.9–78.4],
adj. p < 0.001), whereas highest levels were found in patients
started directly on a high-efficacy therapy (median 55.7, IQR
41.4–259.6, adj. p < 0.001, n = 9); all of these patients had a
pretreatment level >20 pg/mL (Figure 3). Controlling for
disease duration, increasing pretreatment sNfL cut-off values
(10, 12.5, 15 pg/mL) were associated with increasing odds of
therapy switch to higher efficacy agents (Table 4).

Pretreatment sNfL and EDSS
Although the overall disability was low, pretreatment sNfL
levels were associated with EDSS 2 years after MS onset
(EDSS 0 vs 1–1.5 vs 2–4, median [IQR] 17.7 [7.9–40.1] vs
34.9 [12.1–79.4] vs 45.0 [20.0–137.0], p = 0.006) (Figure 3).

Discussion
Median sNfL concentration in treatment-naive patients in our
cohort was 4-fold higher (21.1 pg/mL) than that reported in
healthy children (4.7–5.1 pg/mL), supporting mounting evi-
dence that the early inflammatory disease process in pediatric
MS is associated with substantial neuroaxonal damage.7,8,34-36,42

The study’s main findings suggest that sNfL levels before
treatment initiation are an indicator of early disease severity and
correlate with future clinical and subclinical activity under con-
ventional first-line treatment.

Notably, age at sampling was found to influence sNfL levels
with younger age associated with higher values. In healthy
pediatric cohorts, sNfL levels have been shown highest in
early infancy, declining abruptly up to approximately 4–6
years of age and then stabilizing until adulthood.36,42 Because
all children except 1 in our cohort were older than 6 years, an
age at which sNfL values stabilizes, the negative age associa-
tion in pediatric MS may indicate an increased susceptibility
to neuroaxonal damage in prepubertal children with MS,
which is supported by brain biopsy findings.7 sNfL concen-
trations were not associated with sex, OCB status, disease
duration at sampling, or serum storage time. Although higher

Table 3 Logistic Regression Assessing Pretreatment Predictors of Developing a Relapse or ≥2 New/Enlarging T2 Lesions
in the First 12 Months of Injectable First-Line Therapy in Patients ≥11 Years Who Had an sNfL ≤3 Months Before
Treatment Initiation

Univariable Multivariable model

Odds ratio (95% CI) p Value N Odds ratio (95% CI) p Value N

Relapse 82

Gd+ lesions >1a 2.75 (1.14–6.65) 0.025 88 2.07 (0.73–5.85) 0.172

T2 lesions >9b 1.30 (0.50–3.37) 0.589 91 0.65 (0.22–1.93) 0.433

sNfL >12.5 pg/mL 2.63 (1.11–6.19) 0.027 107 1.79 (0.58–5.56) 0.313

sNfL <7.5 pg/mL 0.28 (0.09–0.86) 0.026 107

≥2 new T2 lesions 76

Recent Gd+ lesions >1a 4.81 (1.82–12.71) 0.002 82 2.50 (0.81–7.73) 0.112

T2 lesions >9b 1.51 (0.50–4.54) 0.467 80 0.57 (0.15–2.22) 0.421

sNfL >12.5 pg/mL 4.44 (1.73–11.37) 0.002 91 5.02 (1.50–16.83) 0.009

sNfL <7.5 pg/mL 0.22 (0.07–0.66) 0.007 91

Abbreviations: Gd+ = gadolinium-enhancing; sNfL = serum neurofilament light chain.
a ≤30 days before NfL sampling.
b ≤6 months before NfL sampling.
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BMIs have been associated with lower NfL blood levels in
adult studies, possibly secondary to higher blood volumes, we
found no significant influence of BMI.25,43

Most patients in our study had experienced recent disease
activity before serum sampling, which is also likely in real-
world settings before therapy initiation. A relapse up to 90
days and/or Gd+ lesions up to 1 month before testing were
associated with significantly higher sNfL levels, consistent
with recent findings.36,44 The presence of recent Gd+ le-
sions but not a recent relapse remained a significant pre-
dictor of sNfL levels in our multiple regression model,
therefore it is possible that rising sNfL levels more strongly
reflect MRI rather than clinical activity, matching at least 1
adult study.44 Elevated sNfL levels were found in more than
a quarter of the cases without evidence of recent activity,
suggesting that subacute disease activity and neuronal
damage may be escaping routine detection methods in
some patients.

Several of the study’s associations indicate that sNfL levels
reflect the degree of recent and past disease activity, sug-
gesting a beneficial role of the biomarker in early disease
severity assessment. Higher levels were associated with more
relapses in the 2 years preceding sampling and higher num-
bers of T2 and Gd+ lesions, whereas the first interattack in-
terval was inversely correlated. MRI findings match previous
pediatric studies.34,36,37

Anticipating the risk of early disability development is another
essential part of disease severity assessment, given the highly
inflammatory nature and extensive axonal damage associated
with pediatric MS.3,5,7 Because a severe attack has been shown
to increase the risk of poor attack recovery which in turn has
been identified as a predictor of disease progression, we in-
vestigated whether sNfL is an indicator of attack recovery.13,14

In patients with a relapse up to 90 days before sNfL sampling,
higher sNfL concentrations were associated with an in-
complete recovery 3 months after attack. Half of the patients
with persisting neurology had an sNfL level exceeding 70
pg/mL related to the attack and more than a third above 100
pg/mL, indicating substantial axonal injury. Although this has

not been described before in children, incomplete remission
after optic neuritis has been associated with higher CSF NfL
levels in adults.45 Our finding is relevant because it suggests
that very high levels may signify slow attack recovery or even
irreversible damage, which may be prevented by more ag-
gressive therapy.

Most patients in this study had an onset of disease before the
introduction of high-efficacy therapies and were therefore
treated with IFN-β or GA. Although in Göttingen most
pediatric patients are now started on higher-efficacy DMTs
(fumarates, fingolimod, and natalizumab), it still common
practice in many countries to begin with lower efficacy
DMTs. Because refractory disease under first-line agents is
frequent, the identification of patients likely to respond well
or poorly to conventional first-line therapies remains a
challenge for neurologists.15-20 Our results indicate that
pretreatment sNfL assessment may help justify higher effi-
cacy DMT choices in some patients. In our cohort, pre-
treatment sNfL levels in patients ≥11 years correlated with
future relapses and new/enlarging T2 lesion development
on IFN-β and GA therapy. A pretreatment sNfL >12.5 pg/mL
(approximate 99th-percentile in a recent healthy children
cohort) was associated with a 2-fold greater odds of a relapse
and more than a 4-fold greater odds of developing ≥2 new
T2 lesions in the first 12 months of the first-line therapy.36

A similar association with Gd+ lesions >1 at sampling was
also found; however, because contrast enhancement is a
transient finding that may escape detection, sNfL may serve
as a potentially more reliable prognostic indicator in clinical
practice. Pretreatment T2 lesion count >9 was not found
prognostic of disease activity in the first year of treatment.
Conversely, patients with sNfLs below 7.5 pg/mL showed
considerably lower likelihood of disease progression within
the first 12 months on the first-line therapy. This small group
of pediatric patients with MS might remain candidates for
the first-line therapy in the future. In pediatric MS, the
prognostic potential of sNfL regarding injectable first-line
treatment response has not been studied before. Neverthe-
less, higher sNfL concentrations in children and adolescents
with a first demyelinating episode have been shown pre-
dictive of both a second attack and relapses over the next 2

Table 4 Odds of Switch From Injectable First-Line Treatment to a Higher-Efficacy Therapya in Patients With a Clinical
Onset ≥2009 Applying Pretreatment sNfL Cut-offs 7.5, 10, 12.5 and 15 pg/mL and Controlling for Disease
Duration

sNfL n/N Odds ratio (95% CI) p Value Sensitivity (%) Specificity (%)

<7.5 pg/mL 27/116 0.14 (0.04–0.45) <0.001 64.7 52.3

>10 pg/mL 78/116 5.03 (2.02–12.54) <0.001 66.7 58.5

>12.5 pg/mL 69/116 5.80 (2.45–13.75) <0.001 72.5 67.7

>15 pg/mL 64/116 6.38 (2.74–14.84) <0.001 78.4 67.7

Abbreviation: sNfL = serum neurofilament light chain.
a Fingolimod, natalizumab, rituximab, and alemtuzumab.
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years.34,35 Furthermore, a recent pediatric study reporting a
post hoc analysis of patients receiving either a placebo or
teriflunomide in the TERKIDS trial showed that higher
baseline plasma NfL levels were associated with increased
hazard of clinical and MRI activity during the observed
double-blind period, supporting our findings.37 Several adult
MS studies have also related higher baseline NfL levels to
increased likelihood of future clinical and MRI activity on
treatment, even in apparently stable patients showing no
conventional evidence of disease activity.25-27,46-48 We found
no association with future activity on the first-line therapy in
younger children, despite higher levels before treatment
initiation. Findings may have been limited by small sample
size or, alternatively, indicate better response to first-line
therapy in this age group. Findings in a recent Italian study of
an association between age ≤12 years at therapy initiation on
injectable first-line agents and fewer relapses and better long-
term disability outcomes support the latter suggestion.19

Retrospectively, pretreatment sNfL levels reflected decisions
for high-efficacy therapy, further supporting prognostic utility
of pretreatment sNfL in pediatric MS. Highest levels were
found in patients started directly on high-efficacy therapy,
whereas increasing pretreatment sNfL cut-offs values (10,
12.5 and 15 pg/mL) were associated with increasing odds of
future therapy escalation.

A strength of our study is the large pediatric MS sample size.
Limitations, however, include its retrospective nature and po-
tential case selection bias in favor of more severe disease as a
tertiary referral center. Analyses were also limited by variable
follow-up durations and incomplete availability of complete
data sets, particularly MRI data and treatment follow-up data.
We also cannot exclude the possibility that among patients lost
to follow-up before the initiation of routineMOG-Ab screening
in Göttingen in 2013, some cases with MOG-Ab disease may
have been misdiagnosed as MS. Finally, because not all study
patients had findings consistent with group level associations,
further studies of such patients are needed to improve the
application potential of sNfL as a predictive biomarker.

In conclusion, our results suggest the usefulness of pre-
treatment sNfL as a biomarker in improving early disease
assessment in treatment-naive pediatric patients with MS. We
uniquely show that sNfL may also be a useful biomarker for
quantifying attack severity and signifying the risk of poor
recovery. Furthermore, associations with disease activity on
the first-line therapy and future need for higher efficacy agents
indicate prognostic value for guiding initial therapy decisions.
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