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Introduction
Neurofilament light (NfL) protein is a biomarker of 
axonal damage and neurodegeneration. In multiple 
sclerosis (MS), it mainly reflects disease activity 
but may also predict disease severity1 and response 
to treatment.2–4 Thus, high NfL concentrations in 
cerebrospinal fluid (CSF) and serum are associated 
with relapses, lesion formation on magnetic reso-
nance imaging (MRI), and disease worsening.5–7 
Over recent years, serum NfL (sNfL) measurements 
have been investigated extensively, and sNfL has 
become an outcome measure in several clinical tri-
als.8,9 However, the utility of monitoring sNfL 
changes in individual patients warrants further 

investigation. Although age and body mass index 
(BMI) adjustments have been applied to absolute 
sNfL reference values,10,11 and fixed cut-offs for 
pathology have been suggested,10,12–14 sNfL has not 
yet become a tool for individual monitoring of 
relapsing-remitting multiple sclerosis (RRMS). 
There is a need for standardization of the sNfL assay 
and for prospective studies with a high frequency of 
repeated sampling.15 We have previously investi-
gated the range of sNfL levels during natalizumab 
treatment in patients with no evidence of disease 
activity (NEDA-3).16 The current study aimed to 
evaluate the utility of sNfL for monitoring individ-
ual patients with active RRMS.
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Materials and methods

Study population and sampling
This was a prospective single-center study at the MS 
center, Sahlgrenska University Hospital in 
Gothenburg, Sweden. Inclusion criteria were RRMS17 
or clinically isolated syndrome (CIS)18 with a current 
relapse with or without one or more contrast-enhanc-
ing lesions (CELs) on MRI, or patients with RRMS 
with CELs without symptoms of clinical relapse. 
They could be treated with disease-modifying thera-
pies (DMTs) or untreated. The baseline was defined 
as the first serum sampling after relapse or MRI with 
CEL. Exclusion criteria were other neurological dis-
eases. Patients were consecutively included between 
September 2017 and January 2021. A relapse was 
defined as a demyelinating event with neurological 
disturbance lasting more than 24 hours without an 
alternative explanation.19 At the physician’s discre-
tion, a relapse was treated with high-dose methylpred-
nisolone 1000 mg intravenously (i.v.) for 3 days. 
Patients underwent clinical assessments with 
Expanded Disability Status Scale (EDSS)20 and MRI 
brain scans at baseline, 24, and 48 weeks. MRI was 
done according to a standard protocol for MS, with 
T1- and T2-weighted and fluid-attenuated inversion 
recovery sequences. A standard dose of i.v. gadolin-
ium was applied, followed by T1-weighted imaging. 
Spinal MRI was done in patients with symptoms sug-
gestive of possible myelitis, or in patients with CIS or 
onset of RRMS. Serum was collected at weeks 0, 2, 4, 
8, 16, 24, and 48, to determine sNfL concentrations. 
The study timeline is presented in Figure 1.

Natalizumab-treated RRMS patients (N = 66) from a 
previous study16 served as controls. They had repeated 
sNfL measurements for 12 months (median number of 
measurements; 10, interquartile range (IQR); 4–10). 
All achieved NEDA-3, defined as a lack of relapse, no 
new or enlarging lesions detected on MRIs, and no 
significant progression during the study period.21

Biomarker analysis
sNfL concentration was measured using the Single 
molecule array NF-light™ Advantage Kit on an 
HD-X Analyzer (Quanterix, Billerica, Massachusetts), 
as previously described.22 The intra-assay and inter-
assay coefficients of variance (CVs) were below 10%.

For age- and BMI-adjusted normative values and 
sNfL concentration comparisons between groups, 
Z-scores were derived from the online application 
created by Benkert et al.10 The Z-score value describes 
how an individual patient’s sNfL concentration is 
related to the age- and BMI-adjusted mean level in a 
large group of healthy controls, and is measured in 
terms of standard deviations from the mean. When 
BMI data were missing (n = 5 in controls, and n = 15 in 
the study cohort), a value of 25 was used as proposed 
by the application.

Because the study cohort was younger than the 
control group, and age is a confounding factor, we 
only included patients under the age of 50 in calcu-
lations pertaining to baseline raw absolute sNfL 
concentrations.

Figure 1. The study timeline.
The black arrow indicate the number of weeks. The red arrows indicate study visits. CIS: clinically isolated syndrome; EDSS: Expanded 
Disability Status Scale; NfL: neurofilament light; RRMS: relapsing-remitting multiple sclerosis; MRI: magnetic resonance imaging.
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Statistics
Statistical analysis was done using SPSS Statistics 
software version 27, GraphPad Prism 9.4, and 
Microsoft Excel 365. A visual inspection of the data 
and the Shapiro–Wilk normality test showed a non-
normal age distribution and sNfL data. Hence, non-
parametric tests were used. The Mann–Whitney U 
test corrected for ties was applied for unpaired data, 
and the Wilcoxon signed-rank test corrected for ties 
was used for paired data. Spearman’s rank-order cor-
relation coefficient corrected for ties was applied to 
determine the monotonic relations between NfL and 
clinical and demographic variables. The receiver 
operating characteristic (ROC) curve was used for 
classification in sensitivity and specificity calcula-
tion. Points closest to the left upper corner were cho-
sen as cut-off values. Logistic regression was 
performed to determine how different sNfL variables 
(predictors, i.e. biomarkers) affected a patient’s odds 
ratio (OR) for having inflammatory disease activity 
(being part of the study cohort vs. controls). A p-value 
of ⩽0.05 was considered statistically significant.

Ethical standards
All patients and controls participated voluntarily, and 
informed consent was obtained after providing oral 
and written information. The study conformed to the 
Code of Ethics of the World Medical Association 
(Declaration of Helsinki). The Regional Ethics 
Review Board in Gothenburg, Sweden approved the 
study (Dnr 1133-16).

Results
Out of 56 patients, 8 participants did not fulfill the 
inclusion criteria due to symptoms or disorders that 

were not suggestive of CIS or RRMS (neuromyelitis 
optica spectrum disorder, atypical white matter dis-
ease, meningioma, secondary progressive MS, 
Charcot–Marie–Tooth neuropathy, Ehlers–Danlos 
syndrome, spinal nerve injury, fever illness). Four 
participants dropped out from the study after inclu-
sion, resulting in a study cohort of 44 participants at 
baseline: 40 RRMS and 4 CIS. Inclusion subgroups 
were: 13 patients with a relapse but no CEL (30%), 27 
patients with a relapse and CEL(s) (61%), and 4 
patients with CEL(s) but no relapse (9%). 
Demographics and clinical characteristics are pre-
sented in Tables 1 and 2. Nine patients had signs of 
new disease activity during follow-up: three patients 
with new CELs, four with new T2 lesions, and two 
with new sensory symptoms (see Supplemental 
Figure 1 for sNfL trajectories).

The influence of disease activity on individual 
sNfL
Individual sNfL concentrations for all patients in the 
study cohort are shown in Figure 2. The median sNfL 
increased from 12.4 ng/L (IQR; 8.1–26.1) at baseline to 
14.6 ng/L (IQR; 9.3–31.6) 2 weeks after baseline, fol-
lowed by a slow but steady decrease until the end of the 
study. The nadir sNfL level was reached at 48 weeks 
(9.1 ng/L, IQR; 5.5–15.0) equivalent to the median 
sNfL for controls (9.1 ng/L, IQR; 7.4–12). The concen-
trations of sNfL increased between baseline and week 2 
(median increase 1.69, p = 0.001), and decreased 
between baseline and week 48 (median decrease –3.2, 
p = 0.003). In patients with a clinical relapse (N = 40), 
the sNfL concentration peaked at median 5.5 weeks 
(IQR; 4–9) after the clinical onset of relapse symp-
toms (see Supplemental Figure 2 for sNfL trajecto-
ries).The delay in reaching peak sNfL was not 

Table 1. Baseline demographic and clinical characteristics

CIS/RRMS study cohort
(N = 44)

NEDA-3 controls
(N = 66)

 

Age, median (IQR) 35 (27–40) 45 (37–52) p < 0.001

Sex, female, N (%) 31 (71) 54 (82) p = 0.165

Years since MS diagnosis, median 
(IQR)

0 (0–8) 10 (6–16) p < 0.001

Time in days from relapse onset or 
CEL detection to sampling, mean (SD)

22 (20) NA  

Body mass index (kg/m2), median 
(IQR)

24 (21–30)N = 29 25 (19–56)N = 60 p = 0.746

EDSS, median (IQR) 2.0 (1.5–3.5)N = 44 2.0 (1.0–2.5)N = 66 p = 0.121

CIS: clinically isolated syndrome; RRMS: relapsing-remitting multiple sclerosis; NEDA-3: no evidence of disease activity;  
CEL: contrast-enhancing lesion; EDSS: Expanded Disability Status Scale; IQR: interquartile range; NA: not applicable; SD: 
standard deviation; MS: multiple sclerosis.
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significantly different (p = 0.866) when excluding 
patients with post-baseline inflammatory disease activ-
ity, or comparing patients with or without high-dose 
methylprednisolone (p = 0.939) or highly effective 
DMT (not including platform therapies) at baseline 
(p = 0.819). Three participants in the study cohort had a 
second increase in sNfL after their primary peak in 
sNfL concentration post-baseline, and they were all 
among the nine patients with clinical or radiological 
evidence of new disease activity during follow-up. 
There was no statistically significant difference in sNfL 
concentrations at any timepoint between patients who, 
at baseline, received and did not received high-dose 
methylprednisolone (p > 0.3) or highly effective DMT 
(not including platform therapies; p > 0.1).

Individual mean sNfL was significantly higher in 
patients with relapse and concomitant CELs than in 
patients with relapse but without CELs at baseline 
(median difference 5.3 ng/L, p = 0.045), and only 
those with relapse and concomitant CELs had a sig-
nificant change in sNfL level at follow-up 
(Supplemental Figure 3).

Table 2. Clinical characteristics at baseline and follow-up.

CIS/RRMS study cohort Timepoints

Baseline 24 weeks 48 weeks

EDSS, median (IQR) 2.0 (1.5–3.5)
N = 44

2.0 (1.0–3.5)
N = 21

1.5 (0.0–2.0)*p = 0.076

N = 42

Relapse at timepoint, N 39 (89%) 2 (5%) 1 (2%)

Steroid treatment at relapse, N (%) 30 (68) 2 (5) 1 (2)

Cerebral MRI, N (%) 44 (100) 36 (82) 42 (95)

 With CELs, N (%) 23 (52) 3 (8) 0 (0)

  Number of CELs, median (IQR) 1 (1–3) 2 (1–5)  0

Spinal cord MRI, N (%) 23 (52) 8 (18) 6 (14)

 With CELs 9 (39%) 1 (13%) 0 (0%)

  Number of CELs, median (IQR) 1 (1–3) 1  0

DMT, N (%) 12 (27) 40 (91) 39 (89)*p < 0.001

 Platform therapies 4 1 0

 Teriflunomide 0 1 1

 Fingolimod 3 2 2

 Alemtuzumab 4 4 5

 Cladribine 0 4 4

 Ocrelizumab 0 1 1

 Rituximab 1 7 10

 Dimethyl fumarate 0 4 2

 Natalizumab 0 16 14*p < 0.001

 None 32 (73%) 4 (9%) 5 (11%)

CIS: clinically isolated syndrome; RRMS: relapsing-remitting multiple sclerosis; CEL: contrast-enhancing lesion; EDSS: Expanded 
Disability Status Scale; DMT: disease-modifying treatment; MRI: magnetic resonance imaging; IQR: interquartile range.
*Comparison to baseline.

Figure 2. Individual sNfL concentration (ng/L) 
trajectories in the study cohort (N = 44). Patients with 
relapsing-remitting multiple sclerosis or clinically isolated 
syndrome had relapse and/or contrast-enhancing lesions at 
baseline.
Baseline (week 0) is first serum sampling. Blue lines indicate 
individual patients without disease activity during follow-up, and 
red lines indicate individuals with disease activity during follow-
up. sNfL: serum neurofilament light.
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Exploring different cut-off levels for detecting 
disease activity
We examined the sensitivity and specificity of differ-
ent cut-off levels that were based on sNfL concentra-
tions, individual variability of sNfL concentrations, 
and the Z-score, which takes into account age and 
BMI as confounding factors for sNfL (Table 3). The 
variability of sNfL was significantly higher in the 
study cohort than in stable controls, as the median 
individual sNfL range in patients sampled twice or 
more in the study cohort (N = 39) was 9.1 ng/L (IQR; 
4.2–25.8) versus 3.6 ng/L (IQR; 2.3–4.9) in controls 
(N = 66; p < 0.001), and the CV was 33% and 16%, 
respectively (p < 0.001). The median baseline Z-score 
in active patients as compared to stable controls was 
1.77 (IQR; 1.17–2.65) and 0.76 (IQR; 0.36–1.37, 
p < 0.001). The Z-score was 2.05 (IQR; 1.44–3.04) at 
5.5 weeks after relapse onset. See Supplemental 
Figure 4 for individual sNfL ranges.

We used ROC curves to find optimal cut-off values 
for sNfL, sNfL range, and Z-score (Figure 3). Based 
on area under the curve (AUC) values, the overall 
sensitivity and specificity were highest using Z-score. 
Although the specificity and OR are highest for sNfL 
range, it was at the expense of sensitivity. Accuracy, 
ORs, and sensitivity remained significant and similar 
after excluding patients with disease activity during 

follow-up. ORs and AUC values remained significant 
and similar in subgroups with or without high-dose 
methylprednisolone treatment or highly effective 
DMT (not including platform therapies) at baseline, 
except for non-significant ORs for the predictor vari-
able sNfL range in subgroups without steroid treat-
ment (OR; 1.11, 95% confidence interval (CI); 
0.99–1.25) or with DMT at baseline (OR; 1.13, 95% 
CI; 0.98–1.29).

Discussion
The aim of this study was to evaluate the utility of 
sNfL for monitoring individual patients with active 
RRMS. We assessed the sNfL kinetics in a prospec-
tive study of patients with disease activity and ana-
lyzed different sNfL variables and their corresponding 
sensitivity and specificity to detect disease activity.

Our data are consistent with previous studies that 
show a robust correlation between disease activity 
and sNfL concentration at the group level.7,23–26 Most 
participants in our study reached the peak concentra-
tion of sNfL 2–12 weeks (median 5.5) after the relapse 
onset, with a slow decline thereafter, confirming pre-
vious reports on the temporal change of NfL levels in 
serum and CSF that reflect disease activity.5,12,27–29 
We showed that the median individual sNfL range in 

Table 3. Serum neurofilament light (sNfL) variables and corresponding sensitivity, specificity, and odds ratios for disease activity. 

sNfL variable AUC Cut-off Sensitivity Specificity PPV NPV OR (95% CI)a

Cut-off used as 
dichotomous 
factor variable

Per unit of 
measurement

Raw absolute sNfL 
at baselineb

0.72
(p = 0.0010)

>10.0 ng/L 60% 82% 77% 71% 2.8
(1.3–6.4)

1.1
(1.0–1.1)

sNfL range across 
the study period

0.76
(p = 0.0001)

>7.7 ng/L 59% 93% 82% 79% 17.5
(5.7–53.4)

1.2
(1.1–1.3)

Z-score at baselineb 0.78
(p < 0.0001)

>1.1 81% 70% 64% 85% 10.0
(4.0–26.0)

3.4
(2.0–5.8)

Z-score at week 5.5 
after relapseb,c

0.84
(p < 0.0001)

>1.3 82% 71% 63% 87% 11.3
(4.3–30.0)

4.7
(2.5–8.9)

Z-score at baseline 
in patients with 
CELsb

0.81
(p < 0.0001)

>1.1 83% 70% 56% 90% 11.5
(3.9–34.4)

3.8
(2.1–6.8)

Z-score at baseline 
in patients with 
relapse but no CELs

0.72
(p = 0.0140)

>0.8 77% 54% 26% 94% 5.8
(1.2–28.4)

2.9
(1.2–7.1)

AUC: area under the curve; sNfL: serum neurofilament light; PPV: positive predictive value; NPV: negative predictive value; OR: odds ratio; CI: confidence 
interval; CEL: contrast-enhancing lesion.
If not specified otherwise, all patients in the study cohort and all controls were included in the analyses.
aOdds ratio for a patient being part of the study cohort with inflammatory disease activity versus controls.
bIn controls, the individual mean sNfL was used to calculate the state variable.
cIn patients with a clinical relapse (N = 40).
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active RRMS/CIS patients was 9.1 ng/L (IQR; 4.2–
25.8), that is 2.5 times higher than in patients with 
stable disease,16 and the individual sNfL CV was 
33%, which was twice that of stable RRMS controls. 
A similar CV was found in a post hoc analysis of 
repeated measurements of sNfL from patients with 
evidence of disease activity.12 However, in their 
patients with NEDA, CV was 25% which was signifi-
cantly higher than in our stable patients. This discrep-
ancy was likely due to differences in the selection of 
patients and treatment. Although their patients 
achieved NEDA, they were treated with placebo/
peginterferon beta, whereas our patients with NEDA 
were exposed to natalizumab treatment, a highly 
effective DMT.

It is important to recognize the delay between relapse 
onset and the peak of sNfL concentration. The tempo-
ral change in sNfL is probably due to physiological 

metabolic and elimination processes5,30 and the extent, 
intensity, and length of relapses and MRI lesion activ-
ity.25 Suspect relapses with symptoms that are not 
confirmed in the neurological examination or with an 
increase of the functional score or EDSS may be sup-
ported by an increase in sNfL. However, this assumes 
that there is a baseline sNfL concentration and that 
repeated sampling is performed. According to our 
data, there is still a risk of false-negative results, but 
the chance of detecting ongoing axonal damage 
increases if sNfL determinations are performed 
5.5 weeks (range 2–12) after relapse onset.

The chance of having elevated sNfL is higher during 
periods with CELs on MRI.28,31,32 At the group level, 
patients with CELs were the only subgroup with sig-
nificantly increased sNfL during follow-up in our 
study cohort. Similar increase of sNfL variability and 
temporal association between sNfL levels and MRI 

Figure 3. ROC curves for variables (a) absolute sNfL concentration (ng/L) at baseline in those less than 50 years old, (b) 
sNfL range (ng/L), (c) Z-score at baseline sNfL level, (d) Z-score at 5.5 weeks after relapse symptom onset, and Z-score 
at baseline (e) in those with MRI activity and (f) in those with relapse but no MRI activity. In controls, individual mean 
sNfL was used to calculate Z-scores in (c–f), and individual mean sNfL in controls aged less than 50 years old were used 
to calculate (a).
ROC: receiver operating characteristic; sNfL: serum neurofilament light; MRI: magnetic resonance imaging.
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activity have previously been demonstrated.33 In the 
current study cohort, patients with relapse and no 
CELs had lower sNfL than relapsed patients with 
CELs, which may imply that relapses without MRI 
activity are primarily demyelinating and give rise to 
less axonal injury. However, this result should be 
interpreted with caution, as only 23 patients had a spi-
nal MRI at baseline, 6 of whom were classified as 
having no CEL at baseline. Therefore, some patients 
could have had undetected spinal CEL. It is also pos-
sible that some patients had new or worsening symp-
toms that were not related to inflammatory activity 
and without CELs on MRI. Despite the limitations, 
we were able to calculate the sensitivity and specific-
ity values for sNfL to detect MRI activity. Our find-
ings suggest that sNfL has a moderate accuracy in 
predicting MRI activity, as sensitivity was 83% and 
specificity 70% (AUC; 0.81) when we used an age- 
and BMI-adjusted baseline sNfL variable (Z-score).10 
This sensitivity level was in line with, or slightly bet-
ter than results from other studies,31,32 although previ-
ous studies have had different designs and comparisons 
between studies should be done with caution. In the 
APLIOS ofatamumab treatment trial, 284 patients 
were individually profiled and sNfL trajectories were 
assessed. A ROC curve analysis showed that age-
adjusted models with baseline or time-matched 
dichotomized sNfL (⩽9.1 ng/L) as predictors of MRI 
activity resulted in a moderate accuracy (AUC range; 
0.64–0.73).31 Higher proportion of sub-clinical MRI 
activity or the use of dichotomized predictors and 
absolute sNfL concentrations may be reasons for a 
lower accuracy compared to our current study. 
Another recent study similarly showed that sNfL had 
only moderate sensitivity for detecting CELs.32

Only about two-thirds of patients in our cohort had 
increased sNfL concentrations at the peak level when 
compared to common upper normal reference limits,11 
despite clinical or radiological evidence of disease 
activity. Therefore, we analyzed different sNfL varia-
bles to compare their accuracy to detect disease activ-
ity. We used a previous stable natalizumab-treated 
RRMS cohort with NEDA as controls and calculated 
cut-offs for the detection of disease activity. We 
applied the recently developed Z-score online appli-
cation10 and found that age- and BMI-adjusted normal 
reference values are valuable tools that allow com-
parisons between study populations. On the other 
hand, the sNfL range as a parameter does not seem to 
correlate with age or BMI either. The advantage of 
sNfL range is the use of absolute raw sNfL concentra-
tions, and our data show that a high range is very rare 
in stable RRMS patients. Thus, the specificity of sNfL 
range is higher than for Z-score (93% vs. 70%) but at 

the expense of sensitivity (59% vs. 81%). Overall, the 
accuracy, the clinical applicability, and the possibility 
to compare populations accounting for confounding 
factors seem to be better with the use of Z-score com-
pared to sNfL range.

In this prospective study, active RRMS had repeated 
determinations of sNfL at intervals that are feasible 
for assessment of disease activity in clinical practice. 
We confirmed the temporal aspects of sampling, sug-
gesting serum sampling 2–12 weeks from relapse 
onset or close to the appearance of CELs on MRI. We 
found that the Z-score was the most accurate measure 
for assessing disease activity with sNfL. Still, one out 
of five patients showed no increase of sNfL during 
disease activity. Our data do not support that sNfL can 
replace clinical and MRI measures for monitoring 
disease activity. However, in RRMS patients who 
achieved NEDA under highly effective DMT, sNfL 
concentrations were low and stable, suggesting a 
potential role for sNfL for long-term monitoring of 
inflammatory disease activity.16 The utility of Z-score 
from sNfL determinations in clinical practice war-
rants further validation.

Acknowledgements
The authors would like to thank the staff and patients 
at Sahlgrenska University Hospital’s Multiple 
Sclerosis Clinic for their invaluable contributions, 
which made this study possible.

Author Contributions
Significant contribution to: conception and design of 
the study (JL, LN, MA), acquisition and analysis of 
data (JL, LN, MA, MJ, TS, HF, CM, IR, SS, TS, HZ, 
KB), participation in drafting a significant portion of 
the manuscript or figures (MJ, TS, JL, MA, LN). All 
authors approved the final version of the manuscript.

Data Availability Statement
The datasets generated and/or analyzed during the 
current study are available from the corresponding 
author on reasonable request.

Declaration of Conflicting Interests
The author(s) declared the following potential con-
flicts of interest with respect to the research, author-
ship, and/or publication of this article: CM has 
received compensation for lectures and serving on 
advisory board for Novartis, Sanofi-Aventis, Roche, 
and Merck. HZ has served at scientific advisory 
boards and/or as a consultant for Abbvie, Acumen, 
Alector, Alzinova, ALZPath, Annexon, Apellis, 
Artery Therapeutics, AZTherapies, Cognito 
Therapeutics, CogRx, Denali, Eisai, Merry Life, 

https://journals.sagepub.com/home/msj


M Johnsson, YT Stenberg et al.

journals.sagepub.com/home/msj 671

Nervgen, Novo Nordisk, Optoceutics, Passage Bio, 
Pinteon Therapeutics, Prothena, Red Abbey Labs, 
reMYND, Roche, Samumed, Siemens Healthineers, 
Triplet Therapeutics, and Wave; has given lectures 
in symposia sponsored by Alzecure, Biogen, 
Cellectricon, Fujirebio, Lilly, and Roche; and is a 
co-founder of Brain Biomarker Solutions in 
Gothenburg AB (BBS), which is a part of the GU 
Ventures Incubator Program (outside submitted 
work). IR has received compensation for lectures 
from Biogen, Novartis, and Sanofi, and has served 
on advisory boards for Sanofi. JL has received travel 
support and/or lecture honoraria and has served on 
scientific advisory boards for Alexion, Almirall, 
Biogen, Bristol Myers Squibb, Celgene, Janssen, 
Merck, Novartis, Roche, and Sanofi; and has 
received unconditional research grants from Biogen 
and Novartis, and financial support from Sanofi for 
an investigator-initiated study. KB has served as a 
consultant and at advisory boards for Acumen, 
ALZPath, AriBio, BioArctic, Biogen, Eisai, Lilly, 
Moleac Pte. Ltd, Novartis, Ono Pharma, Prothena, 
Roche Diagnostics, and Siemens Healthineers; has 
served at data monitoring committees for Julius 
Clinical and Novartis; has given lectures, produced 
educational materials and participated in educational 
programs for AC Immune, Biogen, Celdara Medical, 
Eisai, and Roche Diagnostics; and is a co-founder of 
Brain Biomarker Solutions in Gothenburg AB 
(BBS), which is a part of the GU Ventures Incubator 
Program, outside the work presented in this paper. 
LN has received lecture honoraria from Biogen, 
Novartis, Teva, Sanofi, and Merck and has served on 
advisory boards for Merck, Janssen, and Sanofi. MA 
has received compensation for lectures and/or advi-
sory boards from Biogen, Genzyme, and Novartis. 
SS has received compensation for lectures and/or 
advisory board membership from Merck. HF has 
nothing to declare. MJ has nothing to declare. TS has 
nothing to declare.

Funding
The author(s) disclosed receipt of the following finan-
cial support for the research, authorship, and/or publi-
cation of this article: This work was supported by 
grants from the Swedish Federal Government [LUA/
ALF agreement]; the Research Foundation of the 
Multiple Sclerosis Society of Gothenburg/NEURO 
Gothenburg; the Edit Jacobson Foundation; NEURO 
Sweden; the Rune and Ulla Amlövs Foundation for 
Neurological Research; Göteborg Foundation for 
Neurological Research. HZ is a Wallenberg Scholar 
supported by grants from the Swedish Research 
Council (grant nos. 2023-00356, 2022-01018, and 
2019-02397), the European Union’s Horizon Europe 

research and innovation program (grant no. 
101053962), Swedish State Support for Clinical 
Research (grant no. ALFGBG-71320), the Alzheimer 
Drug Discovery Foundation (ADDF), USA (grant no. 
201809-2016862), the AD Strategic Fund and the 
Alzheimer’s Association (grant nos. ADSF-21-
831376-C, ADSF-21-831381-C, and ADSF-21-
831377-C), the Bluefield Project, Cure Alzheimer’s 
Fund, the Olav Thon Foundation, the Erling-Persson 
Family Foundation, Stiftelsen för Gamla Tjänarinnor, 
Hjärnfonden, Sweden (grant no. FO2022-0270), the 
European Union’s Horizon 2020 research and innova-
tion program under the Marie Skłodowska-Curie 
(grant no. 860197; MIRIADE), the European Union 
Joint Program—Neurodegenerative Disease Research 
(grant no. JPND2021-00694), the National Institute 
for Health and Care Research University College 
London Hospitals Biomedical Research Center, and 
the UK Dementia Research Institute at UCL (grant 
no. UKDRI-1003).

ORCID iDs
M Johnsson  https://orcid.org/0000-0001-7151- 
201X
S Sandgren  https://orcid.org/0000-0001-6206- 
3339
I Rosenstein  https://orcid.org/0000-0002-5078- 
9690
J Lycke  https://orcid.org/0000-0002-7891-8466
L Novakova  https://orcid.org/0000-0001-7899- 
6395

Supplemental Material
Supplemental material for this article is available 
online.

References
 1. Salzer J, Svenningsson A and Sundström P. 

Neurofilament light as a prognostic marker 
in multiple sclerosis. Mult Scler 2010; 16(3): 
287–292.

 2. Gunnarsson M, Malmeström C, Axelsson M, et al. 
Axonal damage in relapsing multiple sclerosis is 
markedly reduced by natalizumab. Ann Neurol 2011; 
69(1): 83–89.

 3. Kuhle J, Disanto G, Lorscheider J, et al. Fingolimod 
and CSF neurofilament light chain levels in relapsing-
remitting multiple sclerosis. Neurology 2015; 84: 
1639–1643.

 4. Piehl F, Kockum I, Khademi M, et al. Plasma 
neurofilament light chain levels in patients with MS 
switching from injectable therapies to fingolimod. 
Mult Scler 2018; 24(8): 1046–1054.

https://journals.sagepub.com/home/msj
https://orcid.org/0000-0001-7151-201X
https://orcid.org/0000-0001-7151-201X
https://orcid.org/0000-0001-6206-3339
https://orcid.org/0000-0001-6206-3339
https://orcid.org/0000-0002-5078-9690
https://orcid.org/0000-0002-5078-9690
https://orcid.org/0000-0002-7891-8466
https://orcid.org/0000-0001-7899-6395
https://orcid.org/0000-0001-7899-6395


Multiple Sclerosis Journal 30(6)

672 journals.sagepub.com/home/msj

 5. Lycke JN, Karlsson JE, Andersen O, et al. 
Neurofilament protein in cerebrospinal fluid: A 
potential marker of activity in multiple sclerosis. J 
Neurol Neurosurg Psychiatry 1998; 64(3): 402–404.

 6. Malmeström C, Haghighi S, Rosengren L, et al. 
Neurofilament light protein and glial fibrillary acidic 
protein as biological markers in MS. Neurology 2003; 
61: 1720–1725.

 7. Novakova L, Zetterberg H, Sundström P, et al. 
Monitoring disease activity in multiple sclerosis using 
serum neurofilament light protein. Neurology 2017; 
89: 2230–2237.

 8. Hauser SL, Bar-Or A, Cohen JA, et al. Ofatumumab 
versus teriflunomide in multiple sclerosis. N Engl J 
Med 2020; 383: 546–557.

 9. Kuhle J, Kappos L, Montalban X, et al. Evobrutinib, 
a Bruton’s tyrosine kinase inhibitor, decreases 
neurofilament light chain levels over 2.5 years of 
treatment in patients with relapsing multiple sclerosis. 
Mult Scler Relat Disord 2023; 71: 104357.

 10. Benkert P, Meier S, Schaedelin S, 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(3): 
246–257.

 11. Simrén J, Andreasson U, Gobom J, et al. 
Establishment of reference values for plasma 
neurofilament light based on healthy individuals 
aged 5-90 years. Brain Commun 2022; 4(4): 
fcac174.

 12. Calabresi PA, Arnold DL, Sangurdekar D, et al. 
Temporal profile of serum neurofilament light 
in multiple sclerosis: Implications for patient 
monitoring. Mult Scler 2021; 27(10): 1497–1505.

 13. Håkansson I, Tisell A, Cassel P, et al. Neurofilament 
levels, disease activity and brain volume during 
follow-up in multiple sclerosis. J Neuroinflammation 
2018; 15: 209.

 14. Kuhle J, Kropshofer H, Haering DA, et al. Blood 
neurofilament light chain as a biomarker of MS 
disease activity and treatment response. Neurology 
2019; 92: e1007–e1015.

 15. Sen MK, Hossain MJ, Mahns DA, et al. Validity 
of serum neurofilament light chain as a prognostic 
biomarker of disease activity in multiple sclerosis. J 
Neurol 2023; 270: 1908–1930.

 16. Johnsson M, Farman HH, Blennow K, et al. No 
increase of serum neurofilament light in relapsing-
remitting multiple sclerosis patients switching from 
standard to extended-interval dosing of natalizumab. 
Mult Scler 2022; 28(13): 2070–2080.

 17. Thompson AJ, Banwell BL, Barkhof F, et al. 
Diagnosis of multiple sclerosis: 2017 revisions of the 
McDonald criteria. Lancet Neurol 2018; 17: 162–173.

 18. Lublin FD, Reingold SC, Cohen JA, et al. Defining 
the clinical course of multiple sclerosis: The 2013 
revisions. Neurology 2014; 83: 278–286.

 19. Polman CH, Reingold SC, Banwell B, et al. 
Diagnostic criteria for multiple sclerosis: 2010 
revisions to the McDonald criteria. Ann Neurol 2011; 
69(2): 292–302.

 20. Kurtzke JF. Rating neurologic impairment in multiple 
sclerosis: An expanded disability status scale (EDSS). 
Neurology 1983; 33(11): 1444–1452.

 21. Giovannoni G, Turner B, Gnanapavan S, et al. Is it 
time to target no evident disease activity (NEDA) 
in multiple sclerosis. Mult Scler Relat Disord 2015; 
4(4): 329–333.

 22. Sandgren S, Novakova L, Nordin A, et al. A five-year 
observational prospective mono-center study of the 
efficacy of alemtuzumab in a real-world cohort of 
patients with multiple sclerosis. Front Neurol 2023; 
14: 1265354.

 23. Calabresi PA, Arnold DL, Kinkel RP, et al. Serum 
neurofilament light (NfL): Towards a blood test 
for prognosis and disease/treatment monitoring in 
multiple sclerosis patients (S24.003). Neurology 
2018; 90: S24003.

 24. Barro C, Benkert P, Disanto G, et al. Serum 
neurofilament as a predictor of disease worsening and 
brain and spinal cord atrophy in multiple sclerosis. 
Brain 2018; 141: 2382–2391.

 25. Disanto G, Barro C, Benkert P, et al. Serum 
neurofilament light: A biomarker of neuronal damage 
in multiple sclerosis. Ann Neurol 2017; 81: 857–870.

 26. Kuhle J, Barro C, Disanto G, et al. Serum 
neurofilament light chain in early relapsing remitting 
MS is increased and correlates with CSF levels and 
with MRI measures of disease severity. Mult Scler 
2016; 22(12): 1550–1559.

 27. Bergman J, Dring A, Zetterberg H, et al. 
Neurofilament light in CSF and serum is a sensitive 
marker for axonal white matter injury in MS. Neurol 
Neuroimmunol Neuroinflamm 2016; 3(5): e271.

 28. Hyun JW, Kim Y, Kim G, et al. Longitudinal analysis 
of serum neurofilament light chain: A potential 
therapeutic monitoring biomarker for multiple 
sclerosis. Mult Scler 2020; 26: 659–667.

 29. Huss A, Senel M, Abdelhak A, et al. Longitudinal 
serum neurofilament levels of multiple sclerosis 
patients before and after treatment with first-line 
immunomodulatory therapies. Biomedicines 2020; 8: 
312.

https://journals.sagepub.com/home/msj


M Johnsson, YT Stenberg et al.

journals.sagepub.com/home/msj 673

 30. Norgren N, Sundström P, Svenningsson A, et al. 
Neurofilament and glial fibrillary acidic protein in 
multiple sclerosis. Neurology 2004; 63: 1586–1590.

 31. Bar-Or A, Montalban X, Hu X, et al. Serum 
neurofilament light trajectories and their relation to 
subclinical radiological disease activity in relapsing 
multiple sclerosis patients in the APLIOS trial. 
Neurol Ther 2023; 12(1): 303–317.

 32. Bose G, Healy BC, Barro C, et al. Accuracy of serum 
neurofilament light to identify contrast-enhancing 
lesions in multiple sclerosis. Mult Scler 2023; 
29(11–12): 1418–1427.

 33. Rosso M, Gonzalez CT, Healy BC, et al. Temporal 
association of sNfL and gad-enhancing lesions in 
multiple sclerosis. Ann Clin Transl Neurol 2020; 7(6): 
945–955.

Visit SAGE journals online 
journals.sagepub.com/
home/msj

 journals

https://journals.sagepub.com/home/msj
https://journals.sagepub.com/home/msj
https://journals.sagepub.com/home/msj

