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Abstract
Background  Studies on the capability of cerebrospinal fluid neurofilament light chain (cNfL) to predict multiple sclerosis 
(MS) conversion in clinically isolated syndromes have yielded varying results.
Objectives  To expand our understanding of cNfL in optic neuritis (ON) and investigate whether incorporating cNfL into 
the 2017 McDonald criteria could accelerate the diagnosis of MS in patients with ON.
Methods  cNfL was measured in diagnostic samples from 74 patients with verified ON. MS was diagnosed using the 2017 
McDonald criteria with a minimum observation time of two years from ON onset.
Results  20.5% of 44 MS-converters did not fulfil the 2017 McDonald criteria at ON onset. A doubling of cNfL was associ-
ated with 207% (74%–514%) higher odds of MS (p = 0.00042, adjusted for age). Fulfilment of ≥ 1 MRI criterion for dis-
semination in space (DIS) and presence of brain contrast-enhancing lesions were associated with higher cNfL. Furthermore, 
cNfL correlated with inter-eye differences in retinal nerve fiber layer (RNFL) thickness (Spearman’s ρ = 0.46, p = 8 × 10–5). 
Incorporating cNfL ≥ 906 pg/mL as a substitute for either dissemination in time or one MRI criterion for DIS increased the 
sensitivity (90.9% vs. 79.6%) and accuracy (91.9% vs. 87.8%), but also reduced the specificity (93.3% vs. 100%) of the 2017 
McDonald criteria.
Conclusion  cNfL was related to MS diagnostic parameters and the degree of RNFL swelling. Clinical use of cNfL may 
aid in identification of ON patients with increased risk of MS until larger studies have elaborated on the potential loss of 
specificity if used diagnostically.

Keywords  Multiple sclerosis · Optic neuritis · Clinically isolated syndrome · Neurofilament light chain · Biomarkers · Early 
diagnosis

Introduction

In multiple sclerosis (MS), early treatment initiation with 
high efficacy treatments is associated with lower rates of dis-
ability highlighting the importance of early diagnosis of MS 
among patients with clinically isolated syndromes (CIS) [1, 
2]. MS is currently diagnosed using the 2017 McDonald cri-
teria [3]. They are based on demonstration of dissemination 
in space (DIS) and dissemination in time (DIT) in patients 
with typical clinical episode(s), and no better explanation 
for the clinical presentation [3]. It has been estimated that 
19% of patients with MS present with optic neuritis (ON) as 
their first CIS [4]. Introduction of oligoclonal bands (OCB) 
as a substitute for DIT allowed for earlier diagnosis of MS 
[5], however, there are still patients that do not fulfill the 
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2017 McDonald criteria at their first ON, who later go on 
to develop MS.

Although great progress has been made towards clinical 
application of blood NfL as a biomarker of disease activity 
and progression in MS, cerebrospinal fluid NfL (cNfL) has 
received much less attention in MS research during the last 
years [6]. Concentrations of cNfL have consistently been 
found to be increased already early in the disease course of 
MS compared to controls [7–14]. Conversely, studies exam-
ining the predictive capability of cNfL for MS-conversion 
among patients with CIS have yielded variable results 
both with regards to statistical significance and effect sizes 
[8–18]. Use of different diagnostic criteria as well as exami-
nation of different forms of CIS are potential explanations 
for this variation.

No studies have evaluated the potential of cNfL to 
improve the diagnostic ability of the 2017 McDonald crite-
ria, however, a multicenter study on blood NfL found prom-
ising results [19]. We hypothesize that the ability of cNfL to 
predict MS-conversion, may be higher in ON compared to 
other forms of CIS. This is because the brain and/or spinal 
cord are expected to be the main source of cNfL in non-ON 
CIS patients independent of MS conversion, whereas the 
optic nerve is expected to be the primary source of cNfL 
in patients with idiopathic ON. The aim of this study is to 
evaluate the potential of cNfL, which is more sensitive than 
blood NfL, to predict MS-conversion according to the 2017 
McDonald criteria in a homogeneous cohort of patients with 
verified ON.

Materials and methods

Study participants

This analysis is performed on baseline data from a clinical 
trial studying the effects of a gluten-free diet in patients with 
ON (ClinicalTrials.gov identifier: NCT03451955). From 
January 2018 to November 2021, 216 patients were consecu-
tively referred to the Clinic of Optic Neuritis at Copenhagen 
University Hospital, Rigshospitalet-Glostrup. All referred 
patients with suspected ON, that were aged 18–59 years old 
and were deemed mentally and physically able to participate 
in the trial were invited to do so. Exclusion criteria were 
pregnancy or lactation, confounding comorbidities, sur-
gery within the last 6 weeks, presence of MRI incompatible 
implants, severe claustrophobia, previous reactions to MRI 
contrast agent, severe allergies, elevated serum creatinine 
or bronchial asthma. Out of 90 enrolled patients with a veri-
fied ON who had completed the baseline examinations of 
the clinical trial, eight were excluded due to a differential 
diagnosis (seven had myelin oligodendrocyte glycoprotein 
(MOG) antibody disease and one had sarcoidosis), whereas 

CSF was not available for measurement of cNfL from eight 
patients. The remaining 74 patients were included in this 
analysis. All patients were untreated at the time of lumbar 
puncture. A professor of neurology with specialty in ON and 
MS verified the diagnosis of ON and diagnosed patients with 
MS using the 2017 McDonald criteria. The test battery used 
to verify ON and exclude differential diagnoses included 
tests of low and high contrast visual acuity, tests of color 
vision, optical coherence tomography (OCT) and visual 
evoked potentials in the acute phase in addition to exten-
sive blood tests (aquaporin-4 antibodies, MOG antibodies, 
anti-nuclear antibodies, angiotensin converting enzyme etc.), 
chest X-ray as well as ophthalmological and neurological 
history and examination. All patients were offered follow-up 
MRI and lumbar puncture at six months post recruitment as 
part of their participation in the clinical trial. In addition, 
ON patients were offered yearly MRIs for at least two years 
following ON onset. Minimal observation time with regards 
to MS diagnosis was 24 months (range: 24–69 months). The 
professor of neurology diagnosing the patients was blinded 
to the results of the cNfL analyses.

CSF analyses

CSF was obtained on ice, centrifuged as soon as possible 
(400×g for 10 min at 4 °C), aliquoted into 500 μL micro-
centrifuge tubes and stored at −80 °C. Measurements of 
cNfL were performed in duplicates using enzyme-linked 
immunosorbent assay (Uman Diagnostics) according to 
the manufacturer instructions. Detection of mismatched 
oligoclonal bands (OCB), and measurements of IgG-index 
and CSF leukocyte concentrations were performed as part 
of routine analyses of CSF from diagnostic lumbar punc-
tures in our clinic. OCB were considered present when at 
least two IgG bands were detected in CSF but not in serum. 
OCB were visualized by isoelectric focusing with immu-
noblotting. Questionable OCB were rerun. All personnel 
performing fluid biomarker analyses were blinded towards 
the patients’ potential diagnosis of MS, medical history and 
results from MRI analyses. Data on IgG-index and CSF leu-
kocyte concentration were not included from 1 patient due to 
erythrocyte contamination. In case of values below the limit 
of quantification of CSF leukocytes (3 million/L, n = 22) 
and CSF IgG (10 mg/L, n = 3), CSF leukocytes were set to 
2 million/L, whereas a CSF IgG value of 8 mg/L was used 
in the calculation of the IgG-index.

Magnetic resonance imaging

All patients underwent contrast-enhanced magnetic reso-
nance imaging (MRI) of the brain and cervical cord that 
was of diagnostic quality. In all but three patients, MRI was 
performed using a Philips Achieva 3 T scanner. Contrast 
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enhancement was evaluated in the brain but not in the cervi-
cal cord. One patient declined to receive contrast agent but 
achieved MS diagnostic criteria at presentation. The number 
of lesions in the brain (categorized as 0–1, 2–8 & ≥ 9), the 
number of criteria for dissemination in space and the pres-
ence of contrast enhancement were assessed by a specialist 
of MRI in MS with more than 30 years of experience. The 
MRI specialist was blinded to cNfL and other fluid bio-
marker results.

Optical coherence tomography

OCT was performed using Cirrus 4000 HD-OCT (Carl-
Zeiss). Inter-eye retinal nerve fiber layer (RNFL) thickness 
was calculated as RNFL of the affected eye minus RNFL of 
the unaffected eye. Data on inter-eye RNFL thickness were 
excluded from four patients with past ON and one patient 
with bilateral ON.

Statistics

Descriptive statistics are presented as number with respec-
tive percentage for categorical variables and median with 
interquartile range for non-normally distributed numeri-
cal variables. The Shapiro–Wilk normality test was used 
to evaluate the normality of distributions. There were no 
missing data with regards to OCB, MRI criteria for DIS, 
diagnosis or age. Mann–Whitney U test was used to test 
for differences between numerical, non-normally distributed 

variables. cNfL values were transformed using the natural 
logarithm in linear regression models and the logarithm with 
base 2 in logistic regression models. All linear regression 
and logistic regression models including cNfL were adjusted 
for age. Receiver operating characteristic (ROC) curves were 
used to evaluate the performance of logistic regression mod-
els with MS-conversion at the end of the observation time 
as dependent variable. Areas under the curve (AUC) with 
their respective 95% confidence intervals are presented. The 
Akaike information criterion (AIC) is provided for all logis-
tic regression models. DeLong’s test for two correlated ROC 
curves was used to test for a difference between ROC curves. 
Selection of cut-off value was based on Youden’s index. 
Analyses were performed in R versions 4.3.1 and 4.3.2 [20] 
using packages readxl [21], dplyr [22], table 1[23], ggplot2 
[24], ggpubr [25] and pROC [26].

Results

Patient characteristics

Demographic characteristics as well as results from MRI 
and CSF analyses of the 74 ON patients are presented in 
Table 1. Three ON patients had historical evidence of previ-
ous ON, but did not receive the diagnosis of MS (absence 
of OCB and zero MRI criteria for DIS). In addition, three 
patients had historical evidence of previous ON, sensory 
and/or motor relapses and received the diagnosis of MS at 

Table 1   Baseline characteristics of optic neuritis cohort

a CSF leukocyte values are considered abnormal when ≥ 5·106/L, whereas IgG-index values are considered increased when > 0.67. Categorical 
variables are presented as number (percentage). Non-normally distributed variables are presented as median (1st quartile, 3rd quartile). The term 
non-converters refers to patients with idiopathic ON who did not fulfill the 2017 McDonald criteria for MS during the observation time of the 
study (minimum 2 years). Early MS-converters are ON patients who received the diagnosis of MS at ON onset. Late MS-converters are ON 
patients who did not receive the diagnosis of MS at ON onset but fulfilled the 2017 McDonald criteria within the observation time of the study
CE contrast-enhancing, CSF cerebrospinal fluid, IgG Immunoglobulin G, LBP lumbar puncture, MRI magnetic resonance imaging, MS multiple 
sclerosis, ON optic neuritis

All ON (n = 74) Non-converters (n = 30) Early MS-converters (n = 35) Late MS-converters (n = 9)

Gender, female 48 (64.9%) 19 (63.3%) 22 (62.9%) 7 (77.8%)
Age (years) 32 [27, 39] 33.5 [27, 36] 31 [26.5, 43.5] 32 [29, 38]
History of neurologic symptoms 6 (8.1%) 3 (10.0%) 3 (8.6%) 0 (0%)
Time from ON onset to LBP (days) 29 [22, 41] 30 [23, 39] 28 [20, 42] 38 [22, 67]
Time from MRI to LBP (days) 7 [3, 13] 8 [4, 12] 6 [3, 12] 8 [1, 18]
Brain white matter lesions (n)
 0–1 31 (41.9%) 23 (76.7%) 2 (5.7%) 6 (66.7%)
 2–8 22 (29.7%) 6 (20.0%) 14 (40.0%) 2 (22.2%)
  ≥ 9 21 (28.4%) 1 (3.3%) 19 (54.3%) 1 (11.1%)

Presence of brain CE-lesions 13 (17.8%)n=73 0 (0%) 11 (32.4%)n=34 2 (22.2%)
Presence of oligoclonal bands 53 (71.6%) 11 (36.7%) 35 (100%) 7 (77.8%)
Leukocytes in CSF (106/L)a 5 [2, 8] 3 [2, 6] 6 [4, 9.8]n=34 5 [2, 16]
IgG-indexa 0.58 [0.47, 0.79] 0.48 [0.43, 0.54] 0.69 [0.57, 0.92]n=34 0.66 [0.54, 0.96]
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ON onset (presence of OCB and DIS on MRI). All patients 
with brain contrast-enhancing (CE) lesions had OCB. By 
the end of the observation time, the MS conversion rate was 
59.5%. Out of the 44 MS-converters, 20.5% did not fulfill 
the 2017 McDonald criteria at ON onset but received the 
diagnosis MS within the observation time of the study (late 
MS-converters). At baseline, DIS was demonstrated in all 
early MS-converters, 11.1% of late MS converters and 0% of 
non-converters. Similarly, DIT or OCB were demonstrated 
in all early MS-converters, 77.8% of late MS-converters 
and 46.7% of non-converters. Treatment initiation was not 
affected by study participation. All patients were untreated 
at the time of lumbar puncture (no use of steroids or disease-
modifying treatments). Only two patients were initiated on 
disease-modifying treatment (dimethyl fumarate, Tecfidera) 
prior to fulfilling the 2017 McDonald criteria. Both received 
the diagnosis of MS during the observation time of the study.

Relationship between cNfL, MS diagnostic 
parameters and ON severity

Non-converters had significantly lower cNfL compared 
to early MS-converters fulfilling the 2017 McDonald cri-
teria at ON onset (676 [352, 1290] vs. 1390 [903, 1850], 
p = 0.00077, Mann–Whitney U test) and late MS-convert-
ers (676 [352, 1290] vs. 1590 [1300, 1820], p = 0.009, 
Mann–Whitney U test) (Table 1 and Fig. 1a). In a linear 
regression model with log-transformed cNfL as depend-
ent variable and age and diagnosis as independent vari-
ables, MS converters had 97% (45%–169%) higher cNfL 
(p = 3.6 × 10–5) than non-converters and cNfL increased by 
2% (0.3%-3.8%) for each additional year of age (p = 0.020). 
cNfL correlated with age in non-converters (Spearman’s 
ρ = 0.46, p = 0.0097) and late MS-converters (Spearman’s 
ρ = 0.74, p = 0.024), but not in early MS-converters (Spear-
man’s ρ = 0.0081, p = 0.96).

To investigate which MS-related diagnostic parameters 
were associated with cNfL, we plotted the unadjusted rela-
tionships with MRI criteria for DIS (Fig. 1b), brain CE-
lesions (Fig. 1c) and OCB (Fig. 1d). Interestingly, fulfill-
ing 0 MRI criteria for DIS was associated with 52% lower 
(25%-69%) cNfL compared to 1 MRI criterion for DIS 
(p = 0.0016, linear regression adjusted for age). However, 
having dissemination in more than 1 CNS site was not asso-
ciated with further increases in cNfL. Subgroup analysis 
revealed that non-converters with 1 MRI criterion for DIS 
also had higher cNfL compared to non-converters with 0 
MRI criteria for DIS (1274 [845–1487] vs. 523 [280–1172], 
p = 0.048, Mann–Whitney U test). Brain CE-lesions were 
only present in MS-converters (Fig. 1c) and MS-converters 
with brain CE-lesions had increased cNfL when compared 
to MS-converters without brain CE-lesions (1839 [1507, 
1894] vs. 1188 [839, 1759], p = 0.018, Mann–Whitney 

U test). Similarly, only two MS converters did not have 
OCB at ON onset (Fig. 1d). When solely examining non-
converters, there was only a trend towards higher cNfL in 
non-converters with OCB compared to non-converters with-
out OCB (892 [660, 1492] vs. 418 [265, 1188], p = 0.064, 
Mann–Whitney U test). Co-occurrence of OCB and 1 MRI 
criterion for DIS was observed in 16.7% of non-converters.

We hypothesized that part of the remaining variation in 
cNfL could potentially be explained by differences in the 
degree of axonal damage occurring at the optic nerve. In 
the acute phase of ON, increased inter-eye differences in 
RNFL can be observed, illustrating the presence of edema 
in the RNFL of the affected eye [27]. Inter-eye differences in 
RNFL did indeed correlate with cNfL (Spearman’s ρ = 0.46, 
p = 8 × 10–5). When examined according to the timing of MS 
diagnosis, we observed that the correlation between inter-
eye differences in RNFL and cNfL was strongest among 
non-converters (Spearman’s ρ = 0.66, p = 0.00021, Fig. 1e) 
compared to early MS-converters (Spearman’s ρ = 0.35, 
p = 0.049, Fig. 1e) and late MS-converters (Spearman’s 
ρ = 0.075, p = 0.85, Fig. 1e). In a multivariate linear regres-
sion model based on non-converters only, with log-trans-
formed cNfL as dependent variable and inter-eye differences 
in RNFL, age, fulfilment of 1 MRI criterion for DIS (yes/
no) and presence of OCB as independent variables, cNfL 
increased by 1.3% (0.3%–2.2%) for each additional µm in 
inter-eye RNFL difference (p = 0.013).

cNfL and risk of MS

In a logistic regression model with MS diagnosis at the end 
of the observation time as dependent variable and log2-
transformed cNfL and age as independent variables, a dou-
bling of cNfL was associated with 207% (74%–514%) higher 
odds of MS (OR = 3.07, 95% CI (1.74–6.14), p = 0.00042, 
AIC = 88.30) (Fig. 2). When further adding the presence 
of ≥ 2 MRI criteria for DIS as an independent variable (yes/
no) to the above model, the respective ROC analysis reached 
an AUC of 0.971 (95% CI (0.942–1), AIC = 37.24). As a 
comparison, the logistic regression model representing the 
2017 McDonald criteria with the presence of ≥ 2 MRI crite-
ria for DIS (yes/no) and OCB as independent variables had 
an AUC of 0.955 (95% CI (0.917–0.994), AIC = 38.00). To 
evaluate whether incorporation of cNfL has the potential to 
improve the 2017 McDonald criteria, we created a multivari-
ate logistic regression model with MS diagnosis at the end of 
the observation time as dependent variable and the presence 
of ≥ 2 MRI criteria for DIS (yes/no), OCB, log2-transformed 
cNfL and age as independent variables. This last model had 
an AUC of 0.976 (95% CI (0.950–1), AIC = 36.95), however 
its comparison to the model representing the 2017 McDon-
ald criteria did not reach statistical significance (p = 0.0755, 
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DeLong’s test for two correlated ROC curves). An overview 
of ROC analyses is presented in Fig. 2.

Next, we examined how different scenarios of incorpo-
rating cNfL into the 2017 McDonald criteria would affect 
their sensitivity, specificity and accuracy (Table 2). As our 
dataset was not large enough to identify age-specific cut-off 
values, we defined a universal optimal cut-off for cNfL at 
906 pg/mL corresponding to the value with the maximum 
Youden’s index (0.83) in a multivariate model with cNfL, 

OCB and presence of ≥ 2 MRI criteria for DIS (yes/no) as 
independent variables. cNfL values were equal to or above 
the selected threshold in 59.5% of all ON patients (77.8% 
of late MS converters, 74.3% of early MS-converters and 
36.7% of non-converters). Inclusion of cNfL ≥ 906 pg/mL 
as a substitute for DIT in patients with ≥ 2 MRI criteria for 
DIS resulted in minor increases in sensitivity and accuracy 
without affecting the specificity of the 2017 McDonald 
criteria (Table 2). However, when cNfL ≥ 906 pg/mL was 

Fig. 1   cNfL concentrations in patients with ON according to the 
timing of MS diagnosis (a), the number of fulfilled MRI criteria 
for dissemination in space (b), the presence of brain CE-lesions (c), 
the presence of OCB (d) and in correlation with inter-eye differ-
ence in RNFL (e) at ON onset. Statistical analyses were performed 
using Mann–Whitney U test and Spearman’s correlation. Datapoints 
are colored according to timing of MS diagnosis: green = “not MS”, 
red = “early MS”, orange = “late MS”. The term “not MS” refers to 
patients with idiopathic ON who did not fulfill the 2017 McDonald 

criteria for MS during the observation time of the study (minimum 
2  years). “Early MS” refers to ON patients who received the diag-
nosis of MS at ON onset. “Late MS” refers to ON patients who did 
not receive the diagnosis of MS at ON onset but fulfilled the 2017 
McDonald criteria within the observation time of the study. CE con-
trast-enhancing, cNfL cerebrospinal fluid neurofilament light chain, 
DIS dissemination in space, MRI magnetic resonance imaging, MS 
multiple sclerosis, OCB oligoclonal bands, ON optic neuritis, RNFL 
retinal nerve fiber layer
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Fig. 2   Receiver operating 
characteristic curves of logistic 
regression models with MS 
diagnosis (2017 McDonald cri-
teria) by the end of the observa-
tion time as dependent variable. 
Independent variables comprise 
log2-transformed cNfL, age, 
OCB and MRI criteria for DIS 
(categoric variable: ≥ 2 or < 2) 
at ON onset. AUC​ area under 
the curve, cNfL cerebrospinal 
fluid neurofilament light chain, 
DIS dissemination in space, 
MRI magnetic resonance imag-
ing, MS multiple sclerosis, OCB 
oligoclonal bands

Table 2   Sensitivity, specificity 
and accuracy estimates 
of different scenarios for 
incorporating cNfL into the 
2017 McDonald criteria

a All patients with history of neurologic symptoms had either ≥ 2 MRI DIS and OCB or 0 MRI DIS and 
no OCB. Furthermore, all patients with brain contrast-enhancing lesions had OCB. Therefore, the 2017 
McDonald criteria can accurately be represented by ≥ 2 MRI DIS and OCB in this cohort of patients with 
verified ON and no better explanation for the clinical presentation
cNfL cerebrospinal fluid neurofilament light chain, DIS dissemination in space, DIT dissemination in time, 
MRI magnetic resonance imaging, OCB oligoclonal bands

Sensitivity Specificity Accuracy

Univariate
  ≥ 1 MRI DIS 95.5% 76.7% 87.8%
  ≥ 2 MRI DIS 81.8% 100% 89.2%
 OCB 95.5% 63.3% 82.4%
 cNfL ≥ 906 pg/mL 79.5% 63.3% 70.3%

Multivariate
 2017 McDonald criteriaa:
 ≥ 2 MRI DIS AND OCB

79.6% 100% 87.8%

 cNfL as substitute for DIT:
 ≥ 2 MRI DIS AND (OCB OR cNfL ≥ 906 pg/mL)

81.8% 100% 89.2%

 cNfL as substitute for 1 MRI DIS:
(≥ 2 MRI DIS AND OCB) OR
(≥ 1 MRI DIS AND OCB AND cNfL ≥ 906 pg/mL)

88.6% 93.3% 90.5%

 cNfL as substitute for 1 MRI DIS or DIT:
 ≥ 2 MRI DIS AND (OCB OR cNfL ≥ 906 pg/mL) OR
(≥ 1 MRI DIS AND OCB AND cNfL ≥ 906 pg/mL)

90.9% 93.3% 91.9%
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incorporated as a substitute for 1 MRI criterion of DIS in 
patients with OCB, specificity was reduced to 93.3%. In a 
combinatorial approach, use of cNfL ≥ 906 pg/mL as a sub-
stitute for either DIT or 1 MRI criterion of DIS increased 
the accuracy of the 2017 McDonald criteria from 87.8% to 
91.9% (Table 2).

Discussion

In this study including ON as the only form of CIS, we found 
that patients who fulfilled the 2017 McDonald criteria at 
ON onset had higher cNfL compared to patients who did 
not fulfil the 2017 McDonald criteria within the observation 
time of the study being minimum 2 years. More importantly, 
late MS-converters who did not fulfill the 2017 McDon-
ald criteria at ON onset, also had higher cNfL compared to 
non-converters and their levels were equivalent to those of 
early MS-converters. The observed difference in cNfL levels 
between MS-converters and non-converters has previously 
been demonstrated in some [8, 11, 15–18] but not all [9, 10, 
12, 13] studies of patients with CIS. Use of different MS 
diagnostic criteria, different follow-up times with regards 
to MS diagnosis, different methodologies to quantify cNfL 
as well as different sample sizes are potential explanations 
for this variation.

Additionally, we hypothesize that levels of cNfL may be 
higher in non-converters with CIS affecting the brain and/
or the spinal cord compared to non-converters with ON. 
Although we did not have data from patients with other 
forms of CIS to explore this hypothesis, we did see that ON 
non-converters fulfilling 1 MRI criterion for DIS had higher 
cNfL compared to ON non-converters with 0 MRI criteria 
for DIS. Furthermore, we observed a moderate to strong 
correlation between inter-eye differences in RNFL thickness 
and cNfL in ON non-converters which was less pronounced 
in MS-converters. This could suggest that axonal damage 
in the optic nerve is probably the primary source of cNfL 
in most ON non-converters with other co-occurring mecha-
nisms being considerable contributors in MS-converters. 
The relationship between cNfL and inter-eye RNFL thick-
ness in the acute phase of ON has not been documented 
before, however, in a previous study from our clinic, baseline 
cNfL predicted visual outcome and inter-eye difference in 
RNFL thickness at six months follow-up after ON [28].

Our observation that 77.8% of late MS converters had 
OCB but did not demonstrate the necessary minimum of 2 
MRI criteria for DIS suggests that—at least in ON—there 
is a greater need for biomarkers predictive of future DIS 
than DIT. Surprisingly, although fulfilment of ≥ 1 MRI cri-
terion was associated with higher cNfL, we observed no 
dose–response relationship between cNfL and the number 
of MRI criteria for DIS. Biologically, this could suggest 

that older lesions which developed subclinically prior to 
ON onset are no longer contributing to the pool of cNfL. 
When examining the relationship between cNfL and OCB, 
non-converters with OCB did not have significantly higher 
cNfL than non-converters without OCB. Although, lack 
of statistical significance could be due to smaller sample 
sizes in subgroups, any potential contributions of intrathecal 
antibody synthesis to the pool of cNfL would still be much 
smaller than that of CNS lesions and RNFL swelling.

cNfL was a weaker individual predictor of MS than OCB 
and MRI criteria for DIS. However, when combined with 
the presence of ≥ 2 MRI criteria for DIS, cNfL was at least 
as strong a predictor of MS as OCB. Addition of cNfL and 
age to the logistic regression model representing the 2017 
McDonald criteria, non-significantly increased the AUC of 
the respective ROC curve by 0.021. Although the increase is 
rather small in a statistical setting, it could still be of clinical 
relevance when considering that incorporation of OCB into 
the McDonald criteria had a considerable clinical impact, 
while addition of OCB to ≥ 2 MRI criteria for DIS only 
increased the AUC by 0.046 in our dataset.

Fulfilment of ≥ 2 MRI criteria for DIS had a specificity 
of 100% for MS diagnosis and using cNfL ≥ 906 pg/mL as 
a substitute for DIT slightly increased sensitivity without 
affecting the specificity of the 2017 McDonald criteria. 
On the contrary, using cNfL ≥ 906 pg/mL as a substitute 
for 1 MRI criterion for DIS, increased sensitivity and accu-
racy but also reduced specificity. It is well-established that 
increased cNfL is not specific for MS [29, 30]. Notably, 
when examined as individual predictors of MS in our data-
set, the specificity of cNfL ≥ 906 pg/mL was identical to that 
of OCB which were present in 36.7% of non-converters. This 
is in line with the 2017 McDonald criteria having higher 
sensitivity and lower specificity than the 2010 McDonald 
criteria [5].

This study was performed on baseline data from consecu-
tively recruited patients with verified ON participating in a 
clinical trial. Although, the inclusion and exclusion criteria 
of the trial were largely aligned with the target population 
of this study, we cannot rule out the possibility of a slight 
selection bias related to patients’ willingness to participate 
in a clinical trial which is more demanding than participa-
tion in observational biomarker studies. Low sample size is 
a weakness of this study and hindered us from determining 
age-specific cut-off values for cNfL. The positive correlation 
between age and cNfL in non-converters but not in early 
MS-converters suggests that the diagnostic value of cNfL 
may be highest in younger populations of acute ON. This 
could be evaluated in larger multicenter studies.

In conclusion, our data support that age, presence of 
lesions in at least one CNS site, presence of brain CE-lesions 
and increased inter-eye RNFL thickness are important con-
tributors to the pool of cNfL in acute ON. Inclusion of cNfL 
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as a substitute for DIT and/or 1 MRI criterion for DIS has 
the potential to increase the sensitivity and accuracy of the 
2017 McDonald criteria in ON, however, this may also be 
associated with a loss of specificity. Until more precise spec-
ificity estimates have been provided by larger cohorts, we 
suggest that cNfL is used clinically to identify ON patients 
with increased risk of MS where more frequent monitor-
ing would be sensible. Development of age-specific cut-offs 
could further increase the clinical value of cNfL measured in 
diagnostic lumbar punctures of patients with ON.

Acknowledgements  We would like to thank Ms. Helle J. Simonsen for 
her help with performance and analysis of MRI scans. Likewise, we 
appreciate the work of Ms. Asma I. Ali, MD Josefine Britze and MD 
Mathias F. Schmidt in performing clinical examinations of patients 
in our clinic. Lastly, we would like to thank all participating patients 
as well as the Danish Multiple Sclerosis Society for their support in 
enabling us to perform this study.

Funding  Open access funding provided by National Hospital. This 
study was funded by the Danish Multiple Sclerosis Society (grant nr. 
A38270, A40110 & A42545). The funding source had no role in the 
design of the study, the collection, analysis and interpretation of the 
data or the preparation of this manuscript.

Data availability  The anonymized data used in this study can be pro-
vided by the corresponding author upon reasonable request.

Declarations 

Conflicts of interest  The authors have no conflicts of interest related to 
this study. M. Passali received funding from the Danish Multiple Scle-
rosis Society. I. Galea received funding from Merck-Serono, Novartis 
and The Binding Site. M.H. Knudsen received funding from Sanofi 
Genzyme and the Danish Multiple Sclerosis Society and non-financial 
support from Merck. S.P. Cramer received funding from Sanofi Gen-
zyme and the Danish Multiple Sclerosis Society. J. Frederiksen served 
on scientific advisory boards for and received funding for travel related 
to these activities as well as honoraria from Merck Serono, Sanofi-
Aventis, Roche, Novartis and Chiesi.

Ethics approval  The study was conducted in accordance with the 1964 
Declaration of Helsinki and its later amendments. Participants signed 
written informed consent form before study participation in the clini-
cal trial with protocol number H-17019986 and our biomarker study 
with protocol number H-4–2014-095. Both protocols were approved by 
Copenhagen’s Regional Committee on Health Research Ethics.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Filippi M, Amato MP, Centonze D, Gallo P, Gasperini C, Inglese 
M, Patti F, Pozzilli C, Preziosa P, Trojano M (2022) Early use of 
high-efficacy disease-modifying therapies makes the difference 
in people with multiple sclerosis: an expert opinion. J Neurol 
269:5382–5394. https://​doi.​org/​10.​1007/​s00415-​022-​11193-w

	 2.	 Cobo-Calvo A, Tur C, Otero-Romero S, Carbonell-Mirabent P, 
Ruiz M, Pappolla A, Alvarez JV, Vidal-Jordana A, Arrambide 
G, Castilló J, Galan I, Rodríguez Barranco M, Midaglia LS, Nos 
C, Rodriguez Acevedo B, Zabalza de Torres A, Mongay N, Rio 
J, Comabella M, Auger C, Sastre-Garriga J, Rovira A, Tintore 
M, Montalban X (2023) Association of very early treatment 
initiation with the risk of long-term disability in patients with a 
first demyelinating event. Neurology 101:e1280–e1292. https://​
doi.​org/​10.​1212/​wnl.​00000​00000​207664

	 3.	 Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee 
T, Comi G, Correale J, Fazekas F, Filippi M, Freedman MS, 
Fujihara K, Galetta SL, Hartung HP, Kappos L, Lublin FD, 
Marrie RA, Miller AE, Miller DH, Montalban X, Mowry EM, 
Sorensen PS, Tintoré M, Traboulsee AL, Trojano M, Uitdehaag 
BMJ, Vukusic S, Waubant E, Weinshenker BG, Reingold SC, 
Cohen JA (2018) Diagnosis of multiple sclerosis: 2017 revisions 
of the McDonald criteria. Lancet Neurol 17:162–173. https://​
doi.​org/​10.​1016/​S1474-​4422(17)​30470-2

	 4.	 Sørensen TL, Frederiksen JL, Brønnum-Hansen H, Petersen HC 
(1999) Optic neuritis as onset manifestation of multiple sclero-
sis. Neurology 53:473–478

	 5.	 Filippi M, Preziosa P, Meani A, Dalla Costa G, Mesaros S, 
Drulovic J, Ivanovic J, Rovira A, Tintorè M, Montalban X, 
Ciccarelli O, Brownlee W, Miszkiel K, Enzinger C, Khalil M, 
Barkhof F, Strijbis EMM, Frederiksen JL, Cramer SP, Fainardi 
E, Amato MP, Gasperini C, Ruggieri S, Martinelli V, Comi G, 
Rocca MA, de Stefano N, Palace J, Kappos L, Sastre-Garriga 
J, Yousry T (2022) Performance of the 2017 and 2010 revised 
mcdonald criteria in predicting ms diagnosis after a clinically 
isolated syndrome: a MAGNIMS study. Neurology 98:E1–E14. 
https://​doi.​org/​10.​1212/​WNL.​00000​00000​013016

	 6.	 Khalil M, Teunissen CE, Lehmann S, Otto M, Piehl F, Ziemssen 
T, Bittner S, Sormani MP, Gattringer T, Abu-Rumeileh S, The-
bault S, Abdelhak A, Green A, Benkert P, Kappos L, Comabella 
M, Tumani H, Freedman MS, Petzold A, Blennow K, Zetterberg 
H, Leppert D, Kuhle J (2024) Neurofilaments as biomarkers in 
neurological disorders—towards clinical application. Nat Rev 
Neurol. https://​doi.​org/​10.​1038/​s41582-​024-​00955-x

	 7.	 Kulczyńska-Przybik A, Dulewicz M, Doroszkiewicz J, Boraw-
ska R, Litman-Zawadzka A, Arslan D, Kułakowska A, Kochano-
wicz J, Mroczko B (2022) Comparative analysis of neurodegen-
eration and axonal dysfunction biomarkers in the cerebrospinal 
fluid of patients with multiple sclerosis. J Clin Med 11:4122. 
https://​doi.​org/​10.​3390/​jcm11​144122

	 8.	 van der Vuurst de Vries RM, Wong YYM, Mescheriakova JY, 
van Pelt ED, Runia TF, Jafari N, Siepman TAM, Melief MJ, 
Wierenga-Wolf AF, van Luijn MM, Samijn JP, Neuteboom RF, 
Hintzen RQ (2019) High neurofilament levels are associated 
with clinically definite multiple sclerosis in children and adults 
with clinically isolated syndrome. Mult Scler J 25:958–967. 
https://​doi.​org/​10.​1177/​13524​58518​775303

	 9.	 Olesen MN, Soelberg K, Debrabant B, Nilsson AC, Lillevang 
ST, Grauslund J, Brandslund I, Madsen JS, Paul F, Smith TJ, 
Jarius S, Asgari N (2019) Cerebrospinal fluid biomarkers for 
predicting development of multiple sclerosis in acute optic neu-
ritis: a population-based prospective cohort study. J Neuroin-
flamm 16:1–12. https://​doi.​org/​10.​1186/​s12974-​019-​1440-5

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00415-022-11193-w
https://doi.org/10.1212/wnl.0000000000207664
https://doi.org/10.1212/wnl.0000000000207664
https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.1212/WNL.0000000000013016
https://doi.org/10.1038/s41582-024-00955-x
https://doi.org/10.3390/jcm11144122
https://doi.org/10.1177/1352458518775303
https://doi.org/10.1186/s12974-019-1440-5


Journal of Neurology	

	10.	 Khalil M, Enzinger C, Langkammer C, Ropele S, Mader A, 
Trentini A, Vane MLG, Wallner-Blazek M, Bachmaier G, 
Archelos JJ, Koel-Simmelink MJA, Blankenstein MA, Fuchs 
S, Fazekas F, Teunissen CE (2013) CSF neurofilament and 
N-acetylaspartate related brain changes in clinically isolated 
syndrome. Mult Scler J 19:436–442. https://​doi.​org/​10.​1177/​
13524​58512​458010

	11.	 Teunissen CE, Iacobaeus E, Khademi M, Brundin L, Norgren N, 
Koel-Simmelink MJA, Schepens M, Bouwman F, Twaalfhoven 
HAM, Blom HJ, Jakobs C, Dijkstra CD (2009) Combination of 
CSF N-acetylaspartate and neurofilaments in multiple sclerosis. 
Neurology 72:1322–1329. https://​doi.​org/​10.​1212/​WNL.​0b013​
e3181​a0fe3f

	12.	 Fialová L, Bartos A, Švarcová J, Zimova D, Kotoucova J, Malbo-
han I (2013) Serum and cerebrospinal fluid light neurofilaments 
and antibodies against them in clinically isolated syndrome and 
multiple sclerosis. J Neuroimmunol 262:113–120. https://​doi.​org/​
10.​1016/j.​jneur​oim.​2013.​06.​010

	13.	 Avsar T, Korkmaz D, Tütüncü M, Demirci NO, Saip S, Kamasak 
M, Siva A, Turanli ET (2012) Protein biomarkers for multiple 
sclerosis: semi-quantitative analysis of cerebrospinal fluid candi-
date protein biomarkers in different forms of multiple sclerosis. 
Mult Scler J 18:1081–1091. https://​doi.​org/​10.​1177/​13524​58511​
433303

	14.	 Novakova L, Axelsson M, Malmeström C, Imberg H, Elias O, 
Zetterberg H, Nerman O, Lycke J (2018) Searching for neurode-
generation in multiple sclerosis at clinical onset: diagnostic value 
of biomarkers. PLoS One 13:1–14. https://​doi.​org/​10.​1371/​journ​
al.​pone.​01948​28

	15.	 Martínez MAM, Olsson B, Bau L, Matas E, Calvo ÁC, Andreas-
son U, Blennow K, Romero-Pinel L, Martínez-Yélamos S, Zet-
terberg H (2015) Glial and neuronal markers in cerebrospinal fluid 
predict progression in multiple sclerosis. Mult Scler J 21:550–561

	16.	 Modvig S, Degn M, Roed H, Sørensen TL, Larsson HBW, Lang-
kilde AR, Frederiksen JL, Sellebjerg F (2015) Cerebrospinal fluid 
levels of chitinase 3-like 1 and neurofilament light chain predict 
multiple sclerosis development and disability after optic neuritis. 
Mult Scler 21:1761–1770

	17.	 Arrambide G, Espejo C, Eixarch H, Villar LM, Alvarez-Cermeño 
JC, Picón C, Kuhle J, Disanto G, Kappos L, Sastre-Garriga J, 
Pareto D, Simon E, Comabella M, Río J, Nos C, Tur C, Castilló J, 
Vidal-Jordana A, Galán I, Arévalo MJ, Auger C, Rovira A, Mon-
talban X, Tintore M (2016) Neurofilament light chain level is a 
weak risk factor for the development of MS. Neurology 87:1076–
1084. https://​doi.​org/​10.​1212/​WNL.​00000​00000​003085

	18.	 Håkansson I, Tisell A, Cassel P, Blennow K, Zetterberg H, Lun-
dberg P, Dahle C, Vrethem M, Ernerudh J (2017) Neurofilament 
light chain in cerebrospinal fluid and prediction of disease activity 
in clinically isolated syndrome and relapsing–remitting multiple 
sclerosis. Eur J Neurol 24:703–712. https://​doi.​org/​10.​1111/​ene.​
13274

	19.	 Bittner S, Steffen F, Uphaus T, Muthuraman M, Fleischer V, Sal-
men A, Luessi F, Berthele A, Klotz L, Meuth SG, Bayas A, Paul 
F, Hartung HP, Linker R, Heesen C, Stangel M, Wildemann B, 
Then Bergh F, Tackenberg B, Kuempfel T, Weber F, Zettl UK, 
Ziemann U, Tumani H, Groppa S, Mühlau M, Lukas C, Hem-
mer B, Wiendl H, Gold R, Zipp F (2020) Clinical implications of 
serum neurofilament in newly diagnosed MS patients: a longitu-
dinal multicentre cohort study. EBioMedicine. https://​doi.​org/​10.​
1016/j.​ebiom.​2020.​102807

	20.	 R Core Team (2021) R: a language and environment for statistical 
computing

	21.	 Wickham H, Bryan J (2023) readxl: read excel files. R package 
version 143

	22.	 Wickham H, François R, Henry L, Müller K, Vaughan D (2023) 
dplyr: a grammar of data manipulation. R package version 114

	23.	 Rich B (2023) table1: tables of descriptive statistics in HTML. R 
package version 143

	24.	 Wickham H (2016) ggplot2: elegant graphics for data analysis
	25.	 Kassambara A (2023) ggpubr: “ggplot2” based publication ready 

plots. R package version 060
	26.	 Turck N, Vutskits L, Sanchez-Pena P, Robin X, Hainard A, Gex-

Fabry M, Fouda C, Bassem H, Mueller M, Lisacek F, Puybasset 
L, Sanchez J-C (2011) pROC: an open-source package for R and 
S+ to analyze and compare ROC curves. BMC Bioinformatics 
8:12–77

	27.	 Petzold A, Fraser CL, Abegg M, Alroughani R, Alshowaeir D, 
Alvarenga R, Andris C, Asgari N, Barnett Y, Battistella R, Behbe-
hani R, Berger T, Bikbov MM, Biotti D, Biousse V, Boschi A, 
Brazdil M, Brezhnev A, Calabresi PA, Cordonnier M, Costello F, 
Cruz FM, Cunha LP, Daoudi S, Deschamps R, de Seze J, Diem R, 
Etemadifar M, Flores-Rivera J, Fonseca P, Frederiksen J, Frohman 
E, Frohman T, Tilikete CF, Fujihara K, Gálvez A, Gouider R, Gra-
cia F, Grigoriadis N, Guajardo JM, Habek M, Hawlina M, Mar-
tínez-Lapiscina EH, Hooker J, Hor JY, Howlett W, Huang-Link 
Y, Idrissova Z, Illes Z, Jancic J, Jindahra P, Karussis D, Kerty E, 
Kim HJ, Lagrèze W, Leocani L, Levin N, Liskova P, Liu Y, Maiga 
Y, Marignier R, McGuigan C, Meira D, Merle H, Monteiro MLR, 
Moodley A, Moura F, Muñoz S, Mustafa S, Nakashima I, Noval 
S, Oehninger C, Ogun O, Omoti A, Pandit L, Paul F, Rebolleda 
G, Reddel S, Rejdak K, Rejdak R, Rodriguez-Morales AJ, Rou-
gier MB, Sa MJ, Sanchez-Dalmau B, Saylor D, Shatriah I, Siva 
A, Stiebel-Kalish H, Szatmary G, Ta L, Tenembaum S, Tran H, 
Trufanov Y, van Pesch V, Wang AG, Wattjes MP, Willoughby E, 
Zakaria M, Zvornicanin J, Balcer L, Plant GT (2022) Diagnosis 
and classification of optic neuritis. Lancet Neurol 21:1120–1134. 
https://​doi.​org/​10.​1016/​S1474-​4422(22)​00200-9

	28.	 Modvig S, Degn M, Sander B, Horwitz H, Wanscher B, Sellebjerg 
F, Frederiksen JL (2016) Cerebrospinal fluid neurofilament light 
chain levels predict visual outcome after optic neuritis. Mult Scler 
22:590–598. https://​doi.​org/​10.​1177/​13524​58515​599074

	29.	 Bridel C, Van Wieringen WN, Zetterberg H, Tijms BM, Teunissen 
CE, Alvarez-Cermeño JC, Andreasson U, Axelsson M, Bäckström 
DC, Bartos A, Bjerke M, Blennow K, Boxer A, Brundin L, Bur-
man J, Christensen T, Fialová L, Forsgren L, Frederiksen JL, Giss-
lén M, Gray E, Gunnarsson M, Hall S, Hansson O, Herbert MK, 
Jakobsson J, Jessen-Krut J, Janelidze S, Johannsson G, Jonsson M, 
Kappos L, Khademi M, Khalil M, Kuhle J, Landén M, Leinonen 
V, Logroscino G, Lu CH, Lycke J, Magdalinou NK, Malaspina 
A, Mattsson N, Meeter LH, Mehta SR, Modvig S, Olsson T, Pat-
erson RW, Pérez-Santiago J, Piehl F, Pijnenburg YAL, Pyykkö 
OT, Ragnarsson O, Rojas JC, Romme Christensen J, Sandberg L, 
Scherling CS, Schott JM, Sellebjerg FT, Simone IL, Skillbäck T, 
Stilund M, Sundström P, Svenningsson A, Tortelli R, Tortorella 
C, Trentini A, Troiano M, Turner MR, Van Swieten JC, Vågberg 
M, Verbeek MM, Villar LM, Visser PJ, Wallin A, Weiss A, Wik-
kelsø C, Wild EJ (2019) Diagnostic value of cerebrospinal fluid 
neurofilament light protein in neurology: a systematic review and 
meta-analysis. JAMA Neurol 76:1035–1048. https://​doi.​org/​10.​
1001/​jaman​eurol.​2019.​1534

	30.	 Arslan B, Arslan GA, Tuncer A, Karabudak R, Dinçel AS (2022) 
Evaluation of cerebrospinal fluid neurofilament light chain levels 
in multiple sclerosis and non-demyelinating diseases of the cen-
tral nervous system: clinical and biochemical perspective. Bosn J 
Basic Med Sci 22:699–706. https://​doi.​org/​10.​17305/​bjbms.​2021.​
7326

https://doi.org/10.1177/1352458512458010
https://doi.org/10.1177/1352458512458010
https://doi.org/10.1212/WNL.0b013e3181a0fe3f
https://doi.org/10.1212/WNL.0b013e3181a0fe3f
https://doi.org/10.1016/j.jneuroim.2013.06.010
https://doi.org/10.1016/j.jneuroim.2013.06.010
https://doi.org/10.1177/1352458511433303
https://doi.org/10.1177/1352458511433303
https://doi.org/10.1371/journal.pone.0194828
https://doi.org/10.1371/journal.pone.0194828
https://doi.org/10.1212/WNL.0000000000003085
https://doi.org/10.1111/ene.13274
https://doi.org/10.1111/ene.13274
https://doi.org/10.1016/j.ebiom.2020.102807
https://doi.org/10.1016/j.ebiom.2020.102807
https://doi.org/10.1016/S1474-4422(22)00200-9
https://doi.org/10.1177/1352458515599074
https://doi.org/10.1001/jamaneurol.2019.1534
https://doi.org/10.1001/jamaneurol.2019.1534
https://doi.org/10.17305/bjbms.2021.7326
https://doi.org/10.17305/bjbms.2021.7326

	Cerebrospinal fluid neurofilament light chain in acute optic neuritis and its predictive ability of multiple sclerosis
	Abstract
	Background 
	Objectives 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Study participants
	CSF analyses
	Magnetic resonance imaging
	Optical coherence tomography
	Statistics

	Results
	Patient characteristics
	Relationship between cNfL, MS diagnostic parameters and ON severity
	cNfL and risk of MS

	Discussion
	Acknowledgements 
	References


