
https://doi.org/10.1177/13524585211032801

https://doi.org/10.1177/13524585211032801

MULTIPLE
SCLEROSIS MSJ
JOURNAL

journals.sagepub.com/home/msj 1

Multiple Sclerosis Journal

 1 –11

DOI: 10.1177/ 
13524585211032801

© The Author(s), 2021. 

 
Article reuse guidelines:  
sagepub.com/journals-
permissions

Introduction
Visual system damage is common in multiple sclero-
sis (MS) and neuromyelitis optica spectrum disorders 
(NMOSD).1–3 The resulting visual function loss is 
assessed by visual acuity, contrast sensitivity, and 
visual fields.4 Structural neuro-axonal visual system 
damage can be quantified by retinal optical coherence 
tomography (OCT) and demyelination of the afferent 
visual pathway by visual evoked potentials (VEP).5,6

An alternative and intriguing concept for assessing 
visual system damage is the measurement of dynamic 

functions, such as motion perception.7,8 Motion per-
ception begins in the retina where the signal is trans-
ferred through the magnocellular cells past the lateral 
geniculate nucleus to the middle temporal visual area 
to be cortically processed.9,10 Deficits in motion per-
ception were previously described in patients with 
MS and optic neuritis (ON).11 These could be relevant 
for visual difficulties in executing everyday tasks.12

There are competing concepts regarding the cause of 
motion perception deficits in MS and ON. Worse motion 
perception was associated with increased VEP latencies, 
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and both persisted after recovery of static visual function 
following acute ON.13 Impaired motion perception 
might thus be the clinical correlate to prolonged VEP or 
side-discrepant latencies reflecting optic nerve demyeli-
nation.13 Based on these findings, studies in MS sug-
gested motion perception as a marker for visual 
dysfunction and demyelination.13,14 However, motion 
perception changes are not specific for ON and are also 
altered in primary open-angle glaucoma,15 Alzheimer’s 
disease16 and in autism.17 This suggests that motion per-
ception deficits could originate from different levels of 
the visual system and involve higher cortical function. 
Especially cognitive deficits could be relevant con-
founders in MS, since patients regularly present with 
cognitive dysfunction and motion perception testing 
requires a certain ability of information processing.18

Thus, the aim of our study was (a) to confirm the 
association of motion perception with VEP-assessed 
visual pathway myelination status in MS, (b) to 
explore associations with structural retinal damage 
and cognition and (c) to first-time investigate motion 
perception in patients with NMOSD.

Materials and methods

Patient and controls
Inclusion criteria for this prospective, cross-sectional 
study were an age between 18 and 70 years and a diag-
nosis of relapsing-remitting multiple sclerosis (RRMS) 
according to the 2017 revised McDonald criteria,1 clini-
cally isolated syndrome (CIS), NMOSD according to 
the 2015 International Consensus Diagnostic Criteria2 
or – for healthy controls (HC) – being free of neurologi-
cal diseases. Exclusion criteria were any comorbidities 
influencing vision or the retina. Patients and HC were 
recruited from ongoing prospective observational 
cohort studies at Charité – Universitätsmedizin Berlin 
and at Macquarie University, Sydney. Berlin patients 
were clinically assessed and scored using the Expanded 
Disability Status Scale (EDSS)19 and underwent the 
Symbol Digit Modalities Test (SDMT), a test for infor-
mation processing speed and concentration.20

This study was approved by the local ethics commit-
tees in Berlin and Sydney and conducted in accord-
ance with the Declaration of Helsinki in its applicable 
version and applicable local laws. All participants 
gave written informed consent.

Motion perception
Motion perception, specifically numbers from motion 
(NFM), was tested monocularly under habitual visual 

acuity (personal eye ware, if applicable) on a computer 
screen at a distance of 50 cm, using a revised testing soft-
ware developed by the Functional Magnetic Re- 
sonance Imaging (fMRI) Unit, Neurology Department, 
Hadassah.7 The test presents moving pixels revealing 
camouflaged three-digit numbers, based on the motion 
perception test assessed by Regan et al.11 and is pro-
grammed to output an automatically calculated score 
ranging from 0 (worst) to 140 (best).7 Prior to the test, all 
subjects underwent a short binocular training session. In 
two ON eyes of two MS patients and one NMOSD eye, 
NFM assessment was not possible due to low visual 
function. Those eyes were excluded from all analyses.

Visual function
In Berlin, high contrast VA (HCVA) and low contrast 
letter acuity (LCLA) were acquired monocularly with 
best refraction correction. HCVA was assessed by the 
use of retro-illuminated ETDRS charts in 4 m dis-
tance and converted into logMAR units. LCLA was 
tested with 2.5% contrast retro-illuminated Sloan 
charts in 2 m distance. As reported by a recent study, 
the use of the motion tool might be limited in patients 
with low VA, therefore a supplementary analysis of a 
subgroup including only patients with HCVA ≤ 0.1 
logMAR was performed.21 For this analysis, one eye 
with lower HCVA from the main MS cohort and three 
eyes from the NMOSD cohort were excluded.

In Berlin, full-field VEP was measured under best 
refraction correction using the RETI-port/scan 21 
device (Roland Consult GmbH, Brandenburg, 
Germany) with gold-cup electrodes and the DantecTM 
Keypoint VEP system (Natus Europe GmbH, Planegg, 
Germany).8 We analysed measurements of the differ-
ent VEP devices separately and had to exclude MS 
and NMOSD patients’ VEP measurements from 5 
eyes due to insufficient VEP signal. We therefore ana-
lysed a subset of 47 eyes of 24 MS patients and 23 
eyes of 12 NMOSD patients measured on the first 
device and a subset of 23 eyes of 12 MS (ON/NON 
eyes: 4/19) patients measured on the second device.

In Sydney, multifocal VEP (mfVEP) were tested 
under best corrected conditions using the VisionSearch 
1 system (VisionSearch, Sydney, NSW, Australia) 
with four gold-disc electrodes (Grass, West Warwick, 
RI, US).22 The mean mfVEP latency of the 56 seg-
ments was used for statistical analysis.

Optical coherence tomography
All participants underwent retinal examination using a 
spectral domain OCT (Spectralis SD-OCT; Heidelberg 
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Engineering, Heidelberg, Germany). We acquired a 
ring scan for peripapillary retinal nerve fibre layer 
thickness (pRNFL) and a 6 mm diameter macular vol-
ume scan for combined ganglion cell and inner plexi-
form layer (GCIP) and inner nuclear layer (INL) 
volume. Detailed OCT methods–in line with the 
APOSTEL recommendations23 and including segmen-
tation8,24 and quality control25 can be found elsewhere. 
Eight scans from seven subjects had to be excluded due 
to insufficient quality.

Statistical analysis
Statistical analyses were performed with R version 
3.4.2 including geepack package 1.2-1 and ggplot2 
version 3.1.0.26 All results are given as mean ± stand-
ard deviation (SD), unless indicated differently. 
Generalized estimating equation (GEE) models with 
working correlation matrix ‘exchangeable’ and cor-
rected for age were used for associations involving 
eye-related measurements accounting for within-sub-
ject inter-eye effects and for group comparisons. GEE 
results are given with regression coefficient (B) and 
standard error (SE). Linear regression models includ-
ing each eye as an individual case were applied when 
including only one eye per subject. Statistical signifi-
cance was established at p < 0.05. Due to the explora-
tory nature of the study, no correction for multiple 
testing was performed.

Data availability
The datasets for this manuscript will be shared by 
request from any qualified investigator.

Results
In Berlin, 33 patients with RRMS, 5 patients with CIS 
(of those, 2 with unilateral ON and 3 with other symp-
toms), 13 patients with NMOSD (Anti-Aquaporin 4 
antibody +/−: 11/2), and 33 HC were included. 
Patients with RRMS and CIS were pooled and 
referred to as ‘MS’. One eye of a MS patient was 
excluded due to amblyopia, and one eye of a NMOSD 
patient was excluded due to a branch retinal artery 
occlusion. A demographic and clinical overview is 
given in Table 1, exclusions are shown in Figure 1. 
From Sydney, 43 RRMS patients (male/female (n) = 
16/27, mean age (years) ± SD = 42.36 ± 9.03, 24 
with a unilateral ON history) were included. Main 
results from both centres are shown in Table 2.

Motion perception in healthy controls
The mean NFM score in HC was 126.6 ± 12.3 and 
did not differ between female and male HCs (126.5 ± 
12.4 vs 127.1 ± 12.4, B = −2.75, SE = 4.32, p = 
0.524) (Figure 2(a)). Lower NFM scores were associ-
ated with older age (B = −0.698, SE = 0.171, p < 
0.001; Figure 2(b)) in HC.

Table 1. Demographic and clinical cohort description.

Berlin Cohort Sydney Cohort

 MS NMOSD HC MS

Participants Npatients 38 13 33 43

Sex Male/female 
(Npatients)

11/27 1/12 9/24 16/27

Age/years Mean ± SD 
(range)

36.56 ± 9.95 
(20–61)

47.86 ± 15.36** 
(21–66)

37.37 ± 
15.85 (21–70)

42.72 ± 10.02 
(19–65)

None/Unilateral/
Bilateral ON

Npatients 16/18/4 6/1/6 19/24/0

Eyes with previous ON yes/no (Neyes) 22/54 13/12 31/55

Time from last ON/years Mean ± SD 
(range)

5.56 ± 8.51 
(0.08–28.75)

5.88 ± 3.64 
(1.17–12.92)

 

Disease duration/years Mean ± SD 
(range)

3.46 ± 3.61 
(0.08–17.67)

5.67 ± 3.33 
(0.33–12.75)

 

EDSS Median (range) 1.5 (0–4.5) 3.5 (1.5–6.0)  

SDMT Mean ± SD 
(range)

63.42 ± 
13.65 (34–94) 
(n = 33)

51.15 ± 4.12 
(45–57) (n = 
13)

 

MS: multiple sclerosis; NMOSD: neuromyelitis optica spectrum disorders; HC: healthy controls; SD: standard deviation; ON: 
optic neuritis; EDSS: expanded disability status scale; SDMT: symbol digit modalities test.
Significant difference to HC marked by asterisks: *p = 0.05, **p ⩽ 0.01, ***p ⩽ 0.001.
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Motion perception in multiple sclerosis
MS patients in the Berlin cohort had an NFM score of 
114.8 ± 23.2, which was lower than in HC (B = 
−12.374, SE = 3.285, p < 0.001). NFM scores did 
not differ between ON and non-ON eyes (B = −7.965, 
SE = 5.823, p = 0.171). Further, NFM was associ-
ated with HCVA (B = −139.4, SE = 29.7, p < 0.001), 
LCLA (B = 0.99, SE = 0.32, p = 0.002), pRNFL (B 
= 1.0, SE = 0.2, p < 0.001) and GCIP (B = 64.8, SE 
= 14.3, p < 0.001) (Figure 3(a)–(d)). In contrast, INL 
(B = −64.4, SE = 43.0, p = 0.152, Figure 3(e)) and 
P100 latency (B = −0.4, SE = 0.5, p = 0.400, Figure 
3(f)) were not associated with NFM score. In a subset 
with no missing VEP measurements of the first 
device, associations of pRNFL and GCIP with NFM 
were still significant. Similar results were obtained 
when excluding the eye with HCVA > 0.1 logMAR.

In an analysis including only ON eyes (in case of ON 
in both eyes, only the eye with worse NFM was 
included), NFM score was associated with pRNFL (B 
= 1.464, SE = 0.349, r2 = 0.545, p < 0.001, n = 18 
eyes) and GCIP (B = 139.739, SE = 34.554, r2 = 
0.544, p = 0.001, n = 17 eyes) but not with P100 
latency (B = −0.846, SE = 0.803, r2 = 0.114 p = 
0.317, n = 13 eyes). When performing asymmetry 
analysis in patients with unilateral ON, inter-eye 
NFM score was associated with inter-eye pRNFL  

(B = −1. 149, SE = 0.260, r2 = 0.610, p < 0.001, n 
= 16), inter-eye GCIP (B = −77.588, SE = 15.362, 
r2 = 0.688, p < 0.001, n = 15) but not with inter-eye 
P100 latency (B = −0.227, SE = 0.706, r2 = 0.027, 
p = 0.756, n = 11). NFM was not associated with 
EDSS (B = 2.147, SE = 2.488, p = 0.390), but with 
SDMT score (B = 0.396, SE = 0.188, p = 0.035). 
After the exclusion of one eye with a recent ON epi-
sode (27 days before the visit) similar results were 
obtained, except for the association of NFM with 
SDMT (B = 0.221, SE = 0.197, p = 0.260). Similar 
results were also obtained after excluding the outliers 
with a NFM below 50 (Supplemental Figure 1). In a 
separate analysis of the VEP measurements from the 
second device, we found no association between 
NFM and P100 latency (B = 0.497, SE = 0.894, p = 
0.580), excluding one eye with HCVA > 0.1 log-
MAR (Supplemental Figure 2).

In the Sydney cohort, a lower NFM score was like-
wise associated with thinner pRNFL (B = 1.351, SE 
= 0.276, p < 0.001). In contrast to the Berlin MS 
cohort, NFM score in the Sydney cohort was signifi-
cantly lower in ON (92.92 ± 41.21) than in non-ON 
eyes (113.74 ± 20.77, B = −24. 955, SE = 6.911,  
p < 0.001) and was inversely associated with mfVEP 
latencies (B = −1.159, SE = 0.296, p < 0.001). In a 
multivariable analysis (NFM~pRNFL + P100) the 

Figure 1. Exclusion flow chart for the Berlin MS/NMOSD and the Sydney MS cohorts.
Flow chart showing the exclusions in the three main cohorts in this study.
MS: multiple sclerosis; NMOSD: neuromyelitis optica spectrum disorders; NP: number of patients; NE: number of eyes; NVEP: number of 
VEP measurements.
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influence of pRNFL on NFM (B = 0.987, SE = 
0.293, p < 0.001) was more pronounced than of 
mfVEP latencies (B = −0.533, SE = 0.309, p = 
0.085). When only ON eyes were analysed, the asso-
ciation between NFM and pRNFL (B = 2.120, SE = 
0.594, r2 = 0.367, p = 0.002) was found to be stronger 
than between NFM and mfVEP latencies (B = −1.097, 
SE = 0.531, r2 = 0.187, p = 0.051). Asymmetry 
analysis in unilateral ON patients demonstrated a sig-
nificant association of decreased NFM in ON eyes 
with thinner pRNFL (B = −1.409, SE = 0.532, r2 = 
0.242, p = 0.015), but only a trend towards an asso-
ciation with longer mfVEP latency (B = −1.128, SE 
= 0.572, r2 = 0.150, p = 0.062). Similar results were 
obtained after excluding the outliers with a NFM 
below 20 (Supplemental Figure 3).

Motion perception in neuromyelitis optica 
spectrum disorders
NFM score in patients with NMOSD was 91.1 ± 39.6 
and lower than in HC (B = −34.5, SE = 10.4, p < 
0.001). NFM score was lower in ON eyes than in non-
ON eyes (Table 2, B = −30.9, SE = 15.1, p = 0.041) 
and NFM score in non-ON eyes was still lower than in 
HC (B = −21.04, SE = 5.9, p < 0.001). There was an 
association between NFM score and HCVA (B = −77.2, 

Figure 2. Numbers from motion score in healthy controls 
(a) boxplots comparing the numbers from motion (NFM) 
scores between female and male, healthy controls and 
(b) scatterplot showing the association of NFM scores 
measurements with age in healthy controls.

SE = 5.2, p < 0.001), LCLA (B = 1.6, SE = 0.3, p < 
0.001), pRNFL (B = 0.92, SE = 0.38, p = 0.016) and 
GCIP (B = 79.5, SE = 28.7, p = 0.006) (Figure 4(a)–
(d)). INL (B = −55.4, SE = 63.5, p = 0.383) and P100 
latency (B = −0.786, SE = 0.713, p = 0.270) were not 
associated with NFM score (Figure 4(e) and (f)). NFM 
was neither associated with EDSS (B = 0.819, SE = 
3.502, p = 0.815) nor with SDMT score (B = 0.355, SE 
= 0.593, p = 0.550). When excluding the eyes with 
HCVA > 0.1 logMAR (3 eyes from 2 patients) similar 
results were obtained but for the association between 
NFM and pRNFL (B = 0.360, SE = 0.284, p = 0.205). 
When excluding the outliers with a NFM score of 0 the 
influence of pRNFL (B = 0.293, SE = 0.157, p = 
0.062 on NFM was, though not significantly, still more 
pronounced than of P100 latencies (B = 0.008, SE = 
0.286, p = 0.977). Trends towards the previous associa-
tions remained (Supplemental Figure 4).

Discussion
The results of this study (a) support an association of 
motion perception with VEP-assessed visual pathway 
myelination status in MS, (b) reveal impaired motion 
perception in NMOSD, (c) demonstrate association of 
motion perception with neuro-axonal visual system 
damage and reduced HCVA, and (d) suggests that 
motion perception is associated with cognitive defi-
cits in MS but not NMOSD.

In earlier studies on early-stage MS and acute cases of 
ON, impaired motion perception was associated with 
longer VEP latencies in ON eyes.7,13 Therefore motion 
perception, as a dynamic visual function, was hypoth-
esized to rely on a rapid transmission of visual infor-
mation reflecting myelination levels of the visual 
pathway.13

In our study both cohorts demonstrated a strong asso-
ciation between NFM score and pRNFL and GCIP 
loss, suggesting that neuro-axonal damage of the ret-
ina and optic nerve is one of the main drivers behind 
reduced motion perception in autoimmune inflamma-
tory optic neuropathies.

While our study demonstrated no association between 
motion perception and VEP latencies from the main 
and second device in the Berlin cohort, the Sydney 
cohort found correlations of lower NFM score with 
mfVEP latency delay in its entire cohort and in ON 
eyes specifically. This may be explained by the larger 
sample size and multifocal mfVEP used in Sydney, 
which is more sensitive to demyelination damage than 
typical full-field VEP,3 as well as by more pronounced 
neuro-axonal damage in terms of pRNFL thickness in 
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ON eyes of the Sydney cohort compared to the Berlin 
cohort. Furthermore, the mean P100 latency being only 
slightly delayed in the Berlin cohort, one could hypoth-
esize whether motion perception is only affected by 
severely delayed latencies. A future analysis of binocu-
lar motion perception testing in unilateral ON patients 
might yield clarification.

Weaker correlation between NFM score and VEP 
latencies (in comparison to pRNFL) is also apparent 
in the asymmetry analysis of patients with unilateral 
ON history, which is less susceptible to high inter-
individual range of measurements. Thus, while 
ON-related neuro-axonal damage, as represented by 
inter-eye pRNFL and GCIP thinning, is associated 
with inter-eye motion perception impairment, it does 

not correlate with full-field VEP latency of the main 
cohort and only shows trend in the confirmatory 
cohort. These findings indicate that prolonged visual 
input transmission is not the only driver of impaired 
motion perception in our cohorts. Thus, we suggest an 
additional underlying pathophysiological process:

The processing of motion perception is considered to 
begin in the retina.27 Previous studies found that a 
retinal circuit based on direction selective cells is at 
the origin of retinal motion encoding.28–30 This circuit 
is focused around the interaction of various subtypes 
of bipolar, amacrine and ganglion cells, especially 
motion sensitive parasol ganglion cells.31 The neurites 
of these cells stratify in the inner plexiform layer.29 
Our study showed that impaired motion perception 

Figure 3. Association of numbers from motion (NFM) scores with functional and structural visual parameters in 
the main multiple sclerosis cohort (a) high contrast visual acuity (HCVA), (b) low contrast letter acuity (LCLA), (c) 
peripapillary retinal nerve fibre layer (pRNFL) thickness, (d) ganglion cell/inner plexiform layer (GCIP) volume; (e) 
INL: inner nuclear layer (INL) volume and (f) P100 latency; Red points represent optic neuritis eyes, turquoise points 
non-optic neuritis eyes.
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was associated with pRNFL and GCIP thinning. GCIP 
and pRNFL thinning was shown to occur in MS and 
NMOSD patients with and without prior ON.5,6,32 
Therefore, we suggest that motion perception relies 
on the structural integrity of the retina and represents 
a clinical correlate of neuro-axonal damage. The fact 
that we reproduced the association of motion percep-
tion impairment with pRNFL and GCIP thinning in 
NMOSD supports this idea, as the effect of axonal 
loss was shown to be stronger in NMOSD than in 
MS.6,22 This concept would also explain motion per-
ception impairment in non-demyelinating diseases 
such as glaucoma, which features RNFL and GCIP 
damage as a consequence of increased intraocular 
pressure.15,33 Motion perception impairment in 
Alzheimer’s disease, however, might be caused by 

magnocellular pathway damage in the primary visual 
cortex.16 In this context, it would be interesting to 
investigate an association of cortical damage with 
worsened motion perception in MS and NMOSD.

Our study is – to the best of our knowledge – the first 
describing motion perception in NMOSD. A recent 
study demonstrated different patterns of ON damage in 
MS and NMOSD, showing that ON damage in MS, 
while being less severe, might primarily be caused by 
demyelination, whereas in NMOSD, ON damage was 
more severe and axonal loss presented itself as the main 
pathological factor.22 Motion perception in NMOSD 
was markedly reduced in comparison to controls, and 
more severely impaired in ON than in non-ON eyes, 
which could be explained by the strong ON-related 

Figure 4. Association of NFM scores with functional and structural visual parameters in the neuromyelitis optica 
spectrum disorders cohort (a) high contrast visual acuity (HCVA), (b) low contrast letter acuity (LCLA), (c) peripapillary 
retinal nerve fibre layer (pRNFL) thickness, (d) ganglion cell/inner plexiform layer (GCIP) volume; (e) INL: inner 
nuclear layer (INL) volume (f) P100 latency; Red points represent optic neuritis eyes, turquoise points non-optic neuritis 
eyes.
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neuro-axonal damage in NMOSD. Notably, even in 
NMOSD non-ON eyes, motion perception was worse 
compared with controls, even in a similar range as MS 
ON eyes. This suggests a role of microstructural visual 
system changes for motion perception.34 However, also 
the higher age in the NMOSD cohort might account for 
the lower NFM scores.

As also MS non-ON eyes showed decreased NFM in 
comparison to controls, motion perception impair-
ment might occur attack-independent, reflecting 
chronic neurodegeneration in MS.

Motion perception in our study was also associated 
with HCVA and LCLA. Visual loss is associated with 
pRNFL and GCIP thinning.5 It can therefore be ques-
tioned whether visual loss directly impairs motion 
perception. Motion perception testing was suggested 
to rely on normal VA. We therefore performed a sub-
group analysis on patients with best-corrected HCVA 
≤ 0.1 logMAR. The results did not differ from the 
initial results in our Berlin MS cohort.

However, the cohort differences between our study 
and the previous studies of motion perception in MS 
must also be taken into consideration. While our 
cohorts represented a heterogeneous group of MS 
patients in a stable phase of the disease, previous 
studies of motion perception in MS focused on 
patients with either early-stage MS, acute ON or pro-
gressive MS. In early-stage MS and acute ON, acute 
inflammation plays a crucial role, therefore results 
could be influenced by stronger effects of acute demy-
elination. Of note, VEP/mfVEP latencies of ON eyes 
in both our MS cohorts were only to a small degree 
prolonged in comparison to non-ON eyes (Table 2), 
indicating only subtle ON-related visual pathway 
demyelination and/or subclinical demyelination in the 
non-ON eyes.

Furthermore, most studies on motion perception in 
MS used OCT measurements only for cohort charac-
terization, therefore missing the opportunity to study 
whether motion perception was affected by neuro-
axonal damage.14 One recent study featuring progres-
sive MS patients showed no association between 
motion perception and OCT measurements,21 
although motion perception impairment in non-ON 
eyes of progressive MS was thought to possibly rely 
on axonal loss.21 This finding could be explained with 
a different statistical approach.

We also show that motion perception was associated 
with SDMT, a commonly used test for measuring 
information processing speed and cognition in MS.20 

The motion tool used in our study relied on numbers 
being recognized, the task being directly associated 
with cognitive capacities is possible. Alternatively, 
SDMT score may be directly influenced by demyeli-
nation and thus reduced information processing speed 
in the afferent visual system.35 This finding is how-
ever limited by a small sample size. Nevertheless, 
cognitive impairment does not seem to be a driver for 
motion perception impairment in our NMOSD cohort.

In MS, eye movement disorders, especially delayed 
saccadic latency, due to damage along the pathways 
of the visual system are observed and shown to be 
associated with impaired visual functioning in daily 
life.36 Our motion perception test being based on fast 
moving pixels, delayed saccades might contribute to 
its impairment.

In healthy controls we found motion perception to be 
associated with age. This is in accordance with a study 
that reported motion perception to be impaired in older 
people due to a deficit in contrast sensitivity.37

This study is subject to limitations. The small sample 
size, especially for our NMOSD subgroup, might lead 
to subtle effects being overlooked, or significant 
effects could be overinterpreted. In fact, we were not 
able to reproduce all results when we excluded outli-
ers. Due to the small sample size in our NMOSD sub-
group, we chose not to exclude two patients with 
negative anti-aquaporin 4 antibodies. In our main 
cohort, VEP measurements of the main device were 
only available for a smaller subset of patients, and the 
subset of patients with VEP measurements of the sec-
ond device had mostly no history of ON, which could 
explain why the association of motion perception to 
P100 latencies missed significance in this these 
groups. Motion perception testing was performed 
under habitual VA and uncorrected refraction errors 
might have influenced the results. As we performed a 
cross-sectional study, we cannot report on the devel-
opment of motion perception over time. Furthermore, 
the heterogeneity of our main cohort regarding disease 
stages, especially with regards to the time since ON, 
might complicate the comparison to previous studies.

To conclude, our study suggests that motion percep-
tion impairment is likely to be a result of both visual 
pathway neuro-axonal damage and demyelination in 
MS and NMOSD. In the light of the past and current 
effort to study the neural circuits of motion process-
ing, early motion encoding in the retina was found to 
play an important role. Motion perception impairment 
in MS and NMOSD might therefore present itself as a 
suitable human model for further investigations.
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