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Advances in Neuroimaging

Introduction
Monitoring the neuroinflammatory and chronic 
neurodegenerative component of multiple sclero-
sis (MS) pathology is crucial for individualized 
patient treatment decisions and development of 
new treatment paradigms. These pathological 
changes can be assessed by magnetic resonance 
imaging (MRI) of the brain, but also regionally by 
optical coherence tomography (OCT) of the eye. 
OCT is a valuable technique to study tissue alter-
ations within the central nervous system (CNS).

The visual system offers a unique and easily 
accessible window into the CNS of MS patients, 
allowing researchers to monitor inflammatory 
activity within the retina and to measure neuro-
axonal loss of intra-retinal layers by OCT on a 
microscopic scale.1,2 Swelling of intra-retinal 
 layers such as transient thickening of the inner 
nuclear layer (INL) and outer plexiform layer 
(OPL) has been associated with inflammation,3 
whereas atrophy of selected layers; for example, 
macular retinal nerve fiber layer (mRNFL) or 
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Abstract
Background: Serum neurofilament light chain (sNfL) and distinct intra-retinal layers are both 
promising biomarkers of neuro-axonal injury in multiple sclerosis (MS). We aimed to unravel 
the association of both markers in early MS, having identified that neurofilament has a distinct 
immunohistochemical expression pattern among intra-retinal layers.
Methods: Three-dimensional (3D) spectral domain macular optical coherence tomography 
scans and sNfL levels were investigated in 156 early MS patients (female/male: 109/47, mean 
age: 33.3 ± 9.5 years, mean disease duration: 2.0 ± 3.3 years). Out of the whole cohort, 110 
patients had no history of optic neuritis (NHON) and 46 patients had a previous history of optic 
neuritis (HON). In addition, a subgroup of patients (n = 38) was studied longitudinally over 
2 years. Support vector machine analysis was applied to test a regression model for significant 
changes.
Results: In our cohort, HON patients had a thinner outer plexiform layer (OPL) volume 
compared to NHON patients (B = −0.016, SE = 0.006, p = 0.013). Higher sNfL levels were 
significantly associated with thinner OPL volumes in HON patients (B = −6.734, SE = 2.514, 
p = 0.011). This finding was corroborated in the longitudinal subanalysis by the association of 
higher sNfL levels with OPL atrophy (B = 5.974, SE = 2.420, p = 0.019). sNfL levels were 75.7% 
accurate at predicting OPL volume in the supervised machine learning.
Conclusions: In summary, sNfL levels were a good predictor of future outer retinal thinning in 
MS. Changes within the neurofilament-rich OPL could be considered as an additional retinal 
marker linked to MS neurodegeneration.
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ganglion cell and inner plexiform layer (GCIPL) 
thinning, has been linked to neurodegeneration.4

The strength of the visual system as a marker of 
MS disease activity or progression lays in the fact 
that it is frequently and early affected in MS 
patients.5 The majority of MS patients in post 
mortem studies exhibited an affected optic nerve.6,7 
Marked thinning of the inner retinal layers, such 
as mRNFL and GCIPL, driven by retrograde 
neuro-axonal degeneration, has been shown to 
correlate with poor visual outcome and the prior 
presence of optic neuritis (ON)8 even in the case 
of clinically asymptomatic ON in clinically iso-
lated syndrome (CIS).9 Furthermore, due to 
demyelinating lesions in the optic radiation and 
the visual cortex, retrograde trans-synaptic 
changes are traceable in the retina.10

Besides this imaging marker with good spatial 
resolution, serum neurofilament light chain 
(sNfL) is an emerging fluid biomarker of neuro-
axonal injury primarily independent of the under-
lying cause.11 In the case of MS patients, sNfL is 
elevated during relapses12 and correlates with an 
increase in T2-hyperintensive lesion load and 
new gadolinium-enhancing lesions on MRI.13 
Although it was found only weakly to predict the 
progression from CIS to relapsing–remitting mul-
tiple sclerosis (RRMS)14 or the transition from 
RRMS to secondary progressive multiple sclero-
sis (SPMS),15 a significant decrease in sNfL was 
found in MS patients after starting immunothera-
peutic treatment.13,16 Thus, sNfL represents a 
marker for acute inflammatory activity (accompa-
nied by prompt neuronal loss) as well as (post-)
inflammatory neurodegeneration over longer 
observation periods.17,18

Taken together, the value of sNfL in monitoring 
and predicting disease evolution in MS and its 
association with clinical and structural MRI 
markers of activity confirms the usefulness of this 
measure as a serum biomarker. Here, we aimed to 
unravel the association between this blood-
derived biomarker and volumetric changes within 
the retina likewise reflecting axonal loss and neu-
rodegeneration in MS. In a first step, we utilized 
an animal model to investigate the histopatholog-
ical expression pattern of neurofilament in the 
murine retina. Then, in a clinical study, we aimed 
to assess whether sNfL levels in early MS patients 
are associated with volumetric changes of specific 
intra-retinal layers by using high-resolution 

spectral domain OCT, enabling a detailed detec-
tion of all intra-retinal structures.

Methods

Participants
In total, 177 MS patients underwent OCT meas-
urement at the outpatient clinic of the Department 
of Neurology, at the University Medical Center in 
Mainz (Germany) between October 2010 and 
November 2018 (Figure 1). Three patients were 
excluded due to differential diagnosis: neoplasm of 
the optic nerve, bilateral uveitis and a congenital 
amblyopia. Three patients were excluded because 
of insufficient OCT quality based on OSCAR-IB 
quality criteria.19,20 Finally, as it would have been 
impossible to control for the dynamics of retinal 
alterations resulting from ON attacks at varying 
time points before the measurements,21,22 15 
patients were excluded because of an ON within 
6 months prior to the OCT measurement.

Therefore, 156 patients with early-stage MS were 
included in the final study cohort. Four of these 
had CIS, while the remaining 152 patients had 
RRMS as diagnosed according to the 2017 
revised McDonald diagnostic criteria.23 The 
mean disease duration of all patients was 
2.0 ± 3.3 years at study entry.

On inclusion, serum was collected to determine 
sNfL levels; OCT was performed 1.9 ± 1.7 years 
after study inclusion. The cohort was divided into 
patients with and without a history of ON [history 
of optic neuritis (HON) and no history of optic 
neuritis (NHON), respectively] as intra-retinal 
volume patterns significantly differ between these 
groups, as previously shown.1 HON was defined 
by medical history and patient interviews. Out of 
the whole cohort, 110 patients had NHON (mean 
time between blood draw and OCT 1.6 ± 1.7 years) 
and 46 patients had a previous HON (mean time 
between blood draw and OCT 2.4 ± 1.7 years). 
The mean time of the previous ON was 
3.9 ± 4.1 years prior to the OCT measurement. A 
subgroup of 38 patients (15 of whom had a previ-
ous HON) was studied longitudinally with OCT 
(baseline OCT at blood draw and follow-up OCT 
after 2.1 ± 1.4 years). NHON and HON patients 
were combined in this analysis as most (although 
not all)1 studies suggest longitudinal atrophy 
occurs irrespective of previous ON episodes (if 
their ON was more than 6 months prior to the 
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OCT).24 Patients with an ON during the follow-
up, however, were excluded.

Each patient was clinically assessed by an experi-
enced neurologist and their Expanded Disability 
Status Scale (EDSS) score was determined at 
study entry, along with demographic data. Ocular 
exclusion criteria according to the OSCAR-IB 
criteria were ruled out based on the OCT exam 
and medical history.19

Study protocol for OCT measurement
The Advised Protocol for OCT Study 
Terminology and Elements (APOSTEL) recom-
mendations were applied.25 This included a qual-
ity control for the raw OCT scans complying with 
the OSCAR-IB criteria.19,20 Patients with other 
diseases affecting the optic nerve, such as neuro-
myelitis optica spectrum disorder or chronic 
relapsing inflammatory optic neuropathy, were 
excluded in advance. None of the patients had a 
history of glaucoma, refraction anomalies 
(⩾−6 dpt), retinopathy or other neurological dis-
orders (besides CIS or RRMS).

OCT image acquisition and scanning protocol
An experienced operator performed OCT image 
acquisition following a unified standard acquisi-
tion protocol using a spectral domain (SD) OCT 
(Heidelberg Spectralis, Heidelberg Engineering, 
Germany) with Heidelberg Eye Explorer software 
(HEYEX, version 1.10.2.0). The measurements 
were acquired in a shaded room at ambient light 
without pupillary dilation. Intra-retinal layers of 
the macula were gauged by a standardized scan 
comprising 61 vertical or horizontal B-scans while 
focusing on the fovea at a scanning angle of 
30° × 25° and a resolution of 768 × 496 pixels. 
Automatic real time was set to nine at high speed 
scanning mode. Confocal scanning laser ophthal-
moscopy was performed in parallel and revealed 
no evidence of pathology. No further fundoscopic 
imaging was carried out.

Post-acquisition data selection and analysis
To account for inter-eye within-patient depend-
encies, we calculated the mean of NHON eyes in 
NHON patients and the mean of HON eyes in 
HON patients with bilateral ON, as long as both 
measurements were available and of good scan 
quality. In HON patients with a unilateral ON, 

we only used the OCT scan of the affected eye. 
Hence, the main statistical analysis was per-
formed at a per-patient level. Detailed statistical 
approaches are described below.

Automatic intra-retinal segmentation
All B-scans were automatically segmented (fol-
lowed by manual correction by a trained rater) 
using segmentation beta-software (Spectralis 
Viewing Module version 6.9.5.0) of the 
Heidelberg Eye Explorer (version 1.10.2.0) pro-
vided by the manufacturer. The segmentation 
lines indicate the following retinal layers: mRNFL, 
GCIPL, INL, OPL and outer nuclear layer 
(ONL), see Figure 2A. The mean volume of the 
individual retinal layers was computed in an area 
of a radius of 3.45 mm around the fovea including 
the fovea using the Early Treatment of Diabetic 
Retinopathy Study (ETDRS) grid.

Serum neurofilament measurements
Serum samples were collected by treating physi-
cians at the University Medical Center Mainz a 

Figure 1. Flow chart of MS patients included in the study.
HON, history of optic neuritis; MS, multiple sclerosis; NHON, no history of optic 
neuritis; OCT, optical coherence tomography; sNfL, serum neurofilament light chain.
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mean 11.5 ± 25.6 months after a relapse. Samples 
were processed at room temperature within 2 h. 
Serum samples were spun at 2000g at room tem-
perature for 10 min, aliquoted in polypropylene 
tubes and stored at −80°C. sNfL concentrations 
were measured in duplicate via single molecule 
array on a SiMoA HD-1 (Quanterix, USA) follow-
ing the manufacturer’s instructions using the 
NF-Light Advantage Kit (Quanterix) as previously 
described.26 The mean intra-assay coefficient of 
variation (CV) of duplicate determinations for 
concentration was 11%. Inter-assay CV was 13% 
for our control sample with a mean concentration 
of 13.8 pg/ml. Measurements were performed a 
second time for the few samples in which the first 
run resulted in a CV above 20%. All measure-
ments were performed in a blinded fashion with 
regard to diagnosis and clinical status of patients.

Histological stainings
To determine the immunohistopathological 
expression pattern of neurofilament in the retina 
in a preclinical mouse model, we used the retinas 
of 6 to 8-week-old female C57BL/6J mice 
(Charles River Laboratories; USA). Eyeballs were 
isolated from lethally anaesthetized mice after 
transcardial perfusion. The tissue was post-fixed, 

cryoprotected and embedded; 10 µm slices were 
prepared on a cryostat. The slices were incubated 
with appropriate dilutions of primary antibodies 
(chicken polyclonal anti-68 kDa neurofilament, 
1:400, Abcam, UK; mouse anti-NeuN [A60], 
1:1000, Merck, Germany) at 4°C overnight. 
Corresponding fluorochrome-conjugated sec-
ondary antibodies (goat anti-chicken 488 and 
goat anti-mouse 647, 1:1000, both Thermo 
Fisher Scientific, USA) were incubated with the 
slices for 3 h at room temperature. Nuclei were 
counterstained with 4′,6-Diamidin-2-phenylindol 
(DAPI; 1:10,000; Thermo Fisher Scientific, 
USA). The control staining without the primary 
antibodies revealed no non-specific binding of the 
secondary antibodies used.

Statistical analysis
Statistical analysis was done using SPSS 23 
 software (SPSS, Chicago, IL, USA). First, the 
Shapiro–Wilk test was performed for the clinical 
and demographic variables that showed non- 
normality. Continuous (age and disease duration) 
and ordinal (EDSS) variables were compared 
using a Mann–Whitney U test. Categorical 
 variables (sex) were compared using a Pearson’s 
chi-square test.

Figure 2. NfL and its expression pattern within the intra-retinal layers. A. One representative human OCT image 
with the boundaries between the intra-retinal layers is shown. B. The retinal OCT image is juxtaposed to a C57BL/6J 
mouse retina. The mouse retina is depicted by H&E staining. C. One representative retinal cross-section from a 
mouse unveils a predominant expression of neurofilament (green) in the RNFL, GCIPL and OPL. The nuclear and 
cytosolic antigen NeuN (red) is commonly used to identify neurons. For a better separation of the individual intra-
retinal layers the nuclei were counterstained with DAPI (blue) a fluorescent dye strongly binding to DNA.
Scale bars 50 µm. DAPI, 4′,6-Diamidin-2-phenylindol; GCIPL, ganglion cell and inner plexiform layer; H&E, hematoxylin 
and eosin; NeuN, neuronal nuclear antigen; NfL, neurofilament light chain; OCT, optical coherence tomography; OPL, outer 
plexiform layer.
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To compare differences in intra-retinal volumes 
between NHON and HON patients we calculated 
statistical significance for cross-sectional analyses 
using a multiple linear regression model adjusting 
for age, sex, EDSS and disease duration.

The value of sNfL was log-transformed to achieve 
approximate normality. Then sNfL values were 
compared with the volume of intra-retinal layers 
by multiple linear regressions in HON as well as 
NHON patients adjusted for age, sex, EDSS, dis-
ease duration and relapses within 180 days of 
sNfL draw. In addition, sNfL was compared with 
atrophy of the intra-retinal layers in a longitudinal 
OCT setting also adjusting for age, sex, EDSS, 
disease duration and relapses within 180 days of 
sNfL draw. Results from the linear regression 
model are given with regression coefficient (B) 
and standard error (SE).

Support vector machine regression model
The support vector machine (SVM) was applied 
to test for significant changes observed in the lin-
ear regression. SVM analysis is a powerful 
machine learning tool for classification and 
regression.27 Here, we performed a SVM regres-
sion analysis representing a multiple regression 
method that can associate the observed and 
trained values and present the regression coeffi-
cient for the accuracy of the prediction. In this 
study, a data-driven regression model was imple-
mented without explicitly stating a functional 
form indicating a non-parametric technique. The 
dependent variable was sNfL and the independ-
ent variables were OPL volume in the first model 
and OPL atrophy in the second model.

Briefly, the algorithm looks for an optimally sepa-
rating threshold between the two datasets by 
maximizing the margin between the classes’ clos-
est points. The points lying on the boundaries are 
called support vectors, and the middle of the mar-
gin is the optimal separating threshold. In most 
cases, the linear separator is not ideal so a projec-
tion into a higher-dimensional space is performed 
where the data points effectively become linearly 
interrelated. Here, we have used the radial basis 
function kernel for this projection due to its good 
performance.27 We used a grid search (min = 1; 
max = 10) to find the optimal input parameters, 
namely R (type of regression algorithm; 1–1000) 
and gamma (0.25). The selection was checked by 
10-fold cross-validation by taking 75% of the data 

for training and 25% for testing. A soft-margin 
classifier of the calculated independent variables 
(OPL volume and OPL atrophy) was used for 
every parameter, and spurious correlations were 
weighted by a penalty constant, P. In order to 
optimize regression accuracy, this was calculated 
for every regressor. The validation scheme was 
used to assess whether the included independent 
variables (OPL volume and OPL atrophy) sur-
vived in the linear regression. For the SVM 
regression, we corrected for age, sex, EDSS, dis-
ease duration and relapses within 180 days of 
sNfL draw.

Results

Retinal neurofilament expression
To understand better the expression of neurofila-
ment in the retina, we first looked at murine eyes. 
In Figure 2, H&E staining of the mouse retina 
(Figure 2B) can be compared to the OCT image 
of the human retina (Figure 2A). Within the 
mouse retina, we observed ex vivo that neurofila-
ment has a specific expression pattern among the 
intra-retinal layers. Immunohistochemical stain-
ing of the retina revealed that the RNFL, GCIPL 
and OPL predominantly expressed neurofilament 
in comparison to the other layers (Figure 2C).

Clinical characteristics of study cohort
An overview of the demographic and clinical data 
of the investigated cohort is shown in Table 1. 
The mean (±SD) age of the included 156 patients 
was 33.3 ± 9.5 years. The mean disease duration 
was 2.0 ± 3.3 years and the median disability 
(quantified with the EDSS score) was 1.0 (range: 
0.0−6.0). After dividing the groups into HON 
and NHON patients, there was no difference in 
age, sex, disease duration or EDSS (all p-values 
>0.05); the groups only differed in the time 
between blood draw and OCT measurement 
(p = 0.002). Clinical and demographic data of the 
MS patients in the longitudinal OCT subanalysis 
is provided in Table 2.

Three-dimensional OCT data comparisons
The segmented intra-retinal layer volumes for 
NHON and HON patients were compared 
(Table 3). A lower volume of the mRNFL 
(B = −0.029, SE = 0.004, p < 0.001), GCIPL 
(B = −0.121, SE = 0.018, p < 0.001), as well as 
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lower total macular volume (TMV; B = −0.135, 
SE = 0.030, p < 0.001) was detected in HON 
patients in comparison to NHON patients. 
Furthermore, between-group analyses based on 
the intra-retinal layer volumes obtained via auto-
mated three-dimensional (3D) segmentation 
revealed lower OPL volumes (B = −0.016, 
SE = 0.006, p = 0.013) in HON patients (Table 3). 
INL and ONL were not significantly different 
between groups (all p-values >0.05).

Association of intra-retinal volumes with  
sNfL levels
The volumes of the intra-retinal layers measured 
by OCT were compared to the logarithmic value 
of sNfL at baseline in a linear regression model. 
This was done separately for HON and NHON 
patients due to the distinct retinal changes after 
an ON (Tables 4 and 5). All analyses were 
adjusted for age, sex, disease duration and EDSS.

A significant correlation was only seen between 
high sNfL levels and low OPL volume in HON 
patients (B = −6.734, SE = 2.514, p = 0.011) 
(Figure 3A and Table 4). The other intra-retinal 
layers showed no significant correlation with 
sNfL levels in HON patients (all p-values >0.05). 
Moreover, no significant linear regressions were 
found for sNfL and OCT measures in NHON 
patients (all p-values >0.05, Table 5).

Association of longitudinal retinal atrophy with 
sNfL levels
A follow-up OCT measurement was available 
for 38 patients so that the atrophy of the retinal 
layers over time could be measured (follow-up 
time 2.1 ± 1.4 years). For the analysis of change 
rates, we did not distinguish between HON and 
NHON patients, as no eyes with ON during the 
observational period were included and the 
HON was at least 6 months before the first OCT 

Table 1. Clinical and demographic characteristics of early MS patients at baseline, divided into patients with 
(HON patients) and without (NHON patients) a history of optic neuritis.

MS patients NHON patients HON patients p-Value

Number 156 110 46 –

Age (mean ± SD) 33.3 ± 9.5 years 33.5 ± 9.9 years 32.9 ± 8.6 years 0.795a

Disease duration (mean ± SD) 2.0 ± 3.3 years 1.6 ± 2.8 years 2.9 ± 4.2 years 0.566a

EDSS [median (range)] 1.0 (0–6.0) 1.0 (0–6.0) 1.0 (0–3.5) 0.436a

Sex

 Male (n/%) 47/30% 33/30% 14/30% 0.957b

 Female (n/%) 109/70% 77/70% 32/70%

DMT 0.012b

 No DMT (n/%) 88/56% 61/55% 27/59%

 First line (n/%) 55/35% 44/40% 11/24%

 Second line (n/%) 13/8% 5/5% 8/17%

Time between sNfL and OCT measure 
(mean ± SD)

1.9 ± 1.7 years 1.6 ± 1.7 years 2.4 ± 1.7 years 0.002c

ap-Value derived from Mann–Whitney U test for HON versus NHON patients.
bp-Value derived from Pearson’s chi-square test for HON versus NHON patients.
cp-Value derived from Mann–Whitney U test for HON versus NHON patients.
DMT, disease-modifying treatment; EDSS, Expanded Disability Status Scale; HON, history of optic neuritis; MS, multiple 
sclerosis; n, number; NHON, no history of optic neuritis; OCT, optical coherence tomography; SD, standard deviation; sNfL, 
serum neurofilament light chain.
a) first-line: glatiramer acetate, interferon-beta, teriflunomide, dimethyl fumarate.
b) second-line: natalizumab, fingolimod, alemtuzumab.
Bold values indicate statistical significance at the p < 0.05 level.
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measurement, thus changes due to ON were 
expected to be negligible for these patients (see 
Syc et al.).21 Baseline sNfL correlated with a sig-
nificant absolute OPL atrophy between baseline 
and follow-up (B = 5.974, SE = 2.420, p = 0.019) 
(Figure 3B and Table 6). There was no signifi-
cant difference over time for any of the other 
intra-retinal layers (all p-values >0.05).

Support vector machine regression model
To assess the accuracy of sNfL levels for predict-
ing OPL thickness and atrophy, we employed an 
SVM regression analysis. First, we analyzed the 
predictive power of sNfL for OPL thickness in 
HON eyes, and found an overall regression coef-
ficient of −0.75 (p < 0.001), indicating that higher 
sNfL was associated with lower OPL thickness. 
In the SVM approach, sNfL levels were 75.7% 
accurate at predicting OPL volume (Figure 3A). 
The training and testing accuracies were 75.9% 
and 76.2%, respectively.

To assess the accuracy of sNfL levels for predict-
ing OPL atrophy between baseline and follow-
up, we found an overall regression coefficient of 
−0.72 (p < 0.001), indicating that higher sNfL 
was associated with increased atrophy of OPL. In 
the SVM approach, sNfL levels were 72.1% 
accurate at predicting OPL atrophy between 
baseline and follow-up. Training (72.5%) and 
testing (71.8%) accuracies are also illustrated in 
Figure 3B.

Discussion
Our first finding is that neurofilament is preferen-
tially expressed in the RNFL, GCIPL and OPL 
of the murine retina. In our subsequent clinical 
study, we demonstrated that sNfL levels meas-
ured in early-stage MS patients are associated 
with a reduced volume of the OPL in HON 
patients after a mean of 2.4 years. Notably, the 
longitudinal approach revealed that sNfL levels 
were also associated with a concomitant decrease 
in OPL thickness in MS patients over a mean 
time of 2.1 years, suggesting the merit of sNfL for 
predicting post-inflammatory driven neurodegen-
eration. This was further corroborated by the 
observation that OPL was significantly thinner in 
HON patients compared to NHON patients. The 
inner retinal layers, namely the mRNFL and 
GCIPL, were indeed also significantly thinner in 
HON than NHON patients. However, there was 

unexpectedly no association between the thick-
ness of these layers and sNfL levels in our early 
MS cohort. A likely reason is that while the atro-
phy of the inner retinal layers provides informa-
tion about the previous disease activity and HON, 
sNfL is a marker for the current disease activity, 
which may differ significantly from the previous 
activity of disease, especially after initiation of 
therapy.

Two previous studies reported only a moderate 
increase in neurofilament in the cerebrospinal 
fluid (CSF) of patients with acute ON.28–30 In 
particular, one study showed that neurofilament 

Table 2. Clinical and demographic characteristics of early MS patients at 
sNfL measurement in the longitudinal OCT approach.

MS patients longitudinal

Number 38

Age (mean ± SD) 35.6 ± 9.4 years

Disease duration (mean ± SD) 2.4 ± 3.7 years

EDSS [median (range)] 2.0 (0–5.5)

Sex

 Male (n/%) 9/24%

 Female (n/%) 29/76%

DMT (baseline)

 No DMT (n/%) 20/53%

 First line (n/%) 15/39%

 Second line (n/%) 3/8%

DMT (follow-up)

 No DMT (n/%) 10/26%

 First line (n/%) 18/47%

 Second line (n/%) 10/26%

Time between sNfL and 1. OCT measure 
(mean ± SD)

4.7 ± 5.7 months

Time between 1. and 2. OCT measure 
(mean ± SD)

2.1 ± 1.4 years

DMT, disease-modifying treatment; EDSS, Expanded Disability Status Scale; MS, 
multiple sclerosis; OCT, optical coherence tomography; SD, standard deviation; 
sNfL, serum neurofilament light chain.
a) first-line: glatiramer acetate, interferon-beta, teriflunomide, dimethyl fumarate.
b) second-line: natalizumab, fingolimod, alemtuzumab.
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in the CSF at the time point of ON predicted 
RNFL and GCIPL atrophy.30 Since neurofila-
ment in the CSF has been shown to correlate well 

with levels in the serum, we would expect similar 
results for sNfL.31 In fact, sNfL has been shown 
to correlate with atrophy of the pRNFL.32

Table 3. Comparison of the intra-retinal layers between NHON (n = 110) and HON patients at baseline (n = 46).

Intra-retinal layer volume NHON versus HON patients

 NHON patients 
(mean ± SD)

HON patients 
(mean ± SD)

Ba SEb p-Valuec

TMV (mm3) 3.10 ± 0.16 2.95 ± 0.19 −0.135 0.030 <0.001

mRNFL (mm3) 0.22 ± 0.02 0.18 ± 0.02 −0.029 0.004 <0.001

GCIPL (mm3) 0.79 ± 0.09 0.65 ± 0.12 −0.121 0.018 <0.001

INL (mm3) 0.36 ± 0.03 0.36 ± 0.03 0.005 0.006 0.386

OPL (mm3) 0.31 ± 0.04 0.30 ± 0.02 −0.016 0.006 0.013

ONL (mm3) 0.67 ± 0.07 0.68 ± 0.07 0.020 0.013 0.129

aRegression coefficient (B) derived from linear regression.
bStandard error derived from linear regression.
cp-Value derived from linear regression adjusted for age, sex, EDSS and disease duration.
B, regression coefficient; EDSS, Expanded Disability Status Scale; GCIPL, ganglion cell and inner plexiform layer; HON, history 
of optic neuritis; INL, inner nuclear layer; mRNFL, macular retinal nerve fiber layer; NHON, no history of optic neuritis; ONL, 
outer nuclear layer; OPL, outer plexiform layer; SD, standard deviation; SE, standard error; TMV, total macular volume.
Bold values indicate statistical significance at the p < 0.05 level.

Table 4. Correlation of sNfL and intra-retinal layer volumes of HON patients (n = 46) with OCT measurement 
2.4 years after sNfL draw.

Intra-retinal layer volume Log sNfL versus intra-retinal layer volumes in HON patients

 HON patients 
(mean ± SD)

Ba SEb p-Valuec

TMV (mm3) 2.95 ± 0.19 0.387 0.378 0.312

mRNFL (mm3) 0.18 ± 0.02 4.939 2.795 0.085

GCIPL (mm3) 0.65 ± 0.12 1.018 0.530 0.062

INL (mm3) 0.36 ± 0.03 –1.448 2.052 0.485

OPL (mm3) 0.30 ± 0.02 –6.734 2.514 0.011

ONL (mm3) 0.68 ± 0.07 0.215 1.005 0.831

sNfL (pg/ml) 16.8 ± 27.4  

aRegression coefficient (B) derived from linear regression.
bStandard error derived from linear regression.
cp-Value derived from linear regression adjusted for age, sex, EDSS, disease duration and relapses within 180 days of sNfL draw.
B, regression coefficient; EDSS, Expanded Disability Status Scale; GCIPL, ganglion cell and inner plexiform layer; HON, 
history of optic neuritis; INL, inner nuclear layer; mRNFL, macular retinal nerve fiber layer; OCT, optical coherence 
tomography; ONL, outer nuclear layer; OPL, outer plexiform layer; SD, standard deviation; SE, standard error; sNfL, serum 
neurofilament light chain; TMV, total macular volume.
Bold values indicate statistical significance at the p < 0.05 level.
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Although the retina is devoid of myelin,33 the 
involvement of the retina in MS pathology is much 
more widespread than changes of the RNFL sug-
gest. In particular, histopathological studies show 
widespread inflammatory involvement not only of 
the retinal ganglion cells but also in the INL with 
infiltration of different immune cells as well as 
enhanced perivascular involvement.34 In OCT, 
swelling of the INL and OPL were linked to the 
formation of microcystic macular edema (MME), 
which has been shown to correlate with disease 
activity and EDSS progression,3 reflecting inflam-
matory activity and secondary neurodegeneration. 
Interestingly, although not specific for MS, the 
formation of MME is more likely to happen after 
ON.35 Indeed, INL and OPL thickness increase 
has been reported at 4 months after ON in the 
affected eye.36 Conversely, a decrease in OPL and 
INL is verifiable in patients in the progressive 
phase of the disease.37,38 Taken together, the INL 
demonstrates a complex spectrum of abnormali-
ties in MS, including microcystic pathology, 
increased thickness in association with inflamma-
tory activity and atrophy in the later disease stages. 
These findings suggest that the changes within the 
INL appear to be non-uniform throughout the 
disease course.3,39–42 This might also be true for 

OPL alterations. Thus, the observed decrease in 
OPL in HON patients in our study possibly 
reflects secondary neurodegeneration due to ear-
lier inflammatory disease activity and this is mir-
rored by high sNfL levels.

In animal models, neurofilament in rabbits has 
been shown to be especially abundant in the OPL 
compared with other retinal layers.43 Moreover, 
our initial ‘kick-off’ experiment revealed that neu-
rofilament is not homogeneously expressed 
among the retinal layers and that in particular 
RNFL and GCIPL, but also OPL, contain much 
of the neuronal cytoskeleton neurofilament. 
Hence, OPL degeneration could have preferen-
tially contributed to higher sNfL levels. However, 
caution has to be exercised when translating or 
comparing murine observations to humans as we 
have done in our initial experiment. Even though 
the anatomy of murine and primate eyes shares a 
fundamental plan,44 slight variations exist to sat-
isfy unique requirements in visual function in 
each species.45,46 This fact could also explain a 
lack of association between sNfL, mRNFL and 
GCIPL, all of them expressing neurofilament in 
our murine retina in the immunohistochemistry 
providing qualitative data (Figure 2C).

Table 5. Correlation of sNfL and intra-retinal layer volumes of NHON patients (n = 110) with OCT measurement 
1.6 years after sNfL draw.

Intra-retinal layer volume Log sNfL versus OCT in NHON patients

 NHON patients 
(mean ± SD)

Ba SEb p-Valuec

TMV (mm3) 3.10 ± 0.16 0.401 0.304 0.189

mRNFL (mm3) 0.22 ± 0.02 1.016 2.203 0.646

GCIPL (mm3) 0.79 ± 0.09 0.151 0.551 0.784

INL (mm3) 0.36 ± 0.03 1.352 1.585 0.396

OPL (mm3) 0.31 ± 0.04 −0.488 1.294 0.707

ONL (mm3) 0.67 ± 0.07 1.222 0.623 0.053

sNfL ( pg/ml) 19.0 ± 33.1  

aRegression coefficient (B) derived from linear regression.
bStandard error derived from linear regression.
cp-Value derived from linear regression adjusted for age, sex, EDSS, disease duration and relapses within 180 days of sNfL draw.
B, regression coefficient; EDSS, Expanded Disability Status Scale; GCIPL, ganglion cell and inner plexiform layer; INL, 
inner nuclear layer; mRNFL, macular retinal nerve fiber layer; NHON, no history of optic neuritis; OCT, optical coherence 
tomography; ONL, outer nuclear layer; OPL, outer plexiform layer; SD, standard deviation; SE, standard error; sNfL, serum 
neurofilament light chain; TMV, total macular volume.
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Given the positive finding for a layer that has not 
been designated in many studies as the primary 
layer of interest (as opposed to the RNFL or 
GCIPL) and has not been investigated in associa-
tion with sNfL so far, we acknowledge the explor-
atory nature of our study. Indeed, the only two 
studies on sNfL and OCT measures up to now 
have not investigated the OPL at all.47,48

To our knowledge, data of isolated macular OPL 
measures are scarce. In some studies, the OPL is 
roughly merged and measured together with the 

INL or ONL, so data on isolated OPL changes 
are reserved for studies with high-contrast OCT 
and high spatial resolution as well as advanced 
analysis algorithms. Balk et al. reported a thinner 
peripapillary OPL in HON compared to NHON 
eyes,49 although the reported changes were rela-
tively small. However, these findings support our 
conclusion that changes in the OPL might pri-
marily reflect ‘post optic neuritis’ retinal damage. 
Notably, the relationship between sNfL levels 
and OPL volumes observed in our study was not 
only detected in the cross-sectional approach but 

Figure 3. sNfL level predicts OPL thickness and atrophy in MS patients. Scatterplot for Log of sNfL and A. OPL 
volume and B. OPL atrophy. A. OCT was measured at a mean of 2.4 years after sNfL. The sNfL/OPL regression 
model was calculated to determine the accuracy of OPL thickness prediction by sNfL levels. B. OCT was 
measured after a mean of 0.4 years after sNfL sampling with a mean OCT follow-up of 2.1 years. The sNfL/OPL 
regression model was calculated to determine the accuracy of OPL atrophy prediction by sNfL levels.
Log, logarithmic value; OPL, outer plexiform layer; OCT, optical coherence tomography; sNfL, serum neurofilament light chain.
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was also reproducible in the longitudinal study. 
In our supervised learning model, this relation-
ship achieved a moderate accuracy of sNfL levels 
for predicting OPL thickness and atrophy, respec-
tively. However, the moderate accuracy also 
implies that there are certainly additional factors 
(beyond sNfL and the included covariates) driv-
ing OPL atrophy.

Our study has some limitations. In the cross-
sectional cohort, time between sNfL sampling 
and subsequent OCT was different between 
HON and NHON patients. Moreover, the sNfL 
measurements at single time points can be sub-
ject to fluctuations and are therefore suboptimal 
due to lack of intra-individual reproduction.13 In 
particular, studies are needed clearly to identify 
variables independent of disease-related factors 
that modify sNfL levels.50 Furthermore, data 
were collected as part of the clinical routine in 
patients with various immunotherapeutic agents. 
These therapeutics and – even more so – changes 
to the therapeutic regimen and clinical relapses 
within the study (other than ON) were an una-
voidable consequence of the real-world setting 
and may have had a significant influence on dis-
ease activity and hence on both the retina and 
sNfL levels.39

Taken together, our 3D OCT data in early MS 
revealed that, besides RNFL and GCIPL, OPL 
thinning discriminated between patients with and 
without a HON. Most notably, lower volume as 
well as increased atrophy of the neurofilament-
rich OPL over time correlated with elevated sNfL 
levels. The fact that sNfL levels can predict OPL 
thinning in patients with HON strengthens its 
value as a liquid biomarker of inflammation-driven 
neuro-axonal damage. Furthermore, considering 
that advances in OCT techniques now offer excel-
lent spatial resolution, changes within the OPL 
may be considered as a potential additional retinal 
marker for MS-associated or ON-associated 
neurodegeneration.
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