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Visual function resists early neurodegeneration in the
visual system in primary progressive multiple sclerosis
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ABSTRACT

Background Neurodegeneration in multiple sclerosis
(MS) affects the visual system but dynamics and
pathomechanisms over several years especially in primary
progressive MS (PPMS) are not fully understood.
Methods We assessed longitudinal changes in visual
function, retinal neurodegeneration using optical
coherence tomography, MRI and serum NfL (sNfL)

levels in a prospective PPMS cohort and matched
healthy controls. We investigated the changes over time,
correlations between outcomes and with loss of visual
function.

Results We followed 81 patients with PPMS (mean
disease duration 5.9 years) over 2.7 years on average.
Retinal nerve fibre layer thickness (RNFL) was reduced in
comparison with controls (90.1 vs 97.8 pm; p<0.001).
Visual function quantified by the area under the log
contrast sensitivity function (AULCSF) remained stable
over a continuous loss of RNFL (0.46 pm/year, 95% Cl
0.10 to 0.82; p=0.015) up until a mean turning point

of 91 pm from which the AULCSF deteriorated. Intereye
RNFL asymmetry above 6 pm, suggestive of subclinical
optic neuritis, occurred in 15 patients and was related to
lower AULCSF but occurred also in 5 out of 44 controls.
Patients with an AULCSF progression had a faster
increase in Expanded Disability Status Scale (beta=0.17/
year, p=0.043). sNfL levels were elevated in patients
(12.2pg/mL vs 8.0 pg/mL, p<0.001), but remained stable
during follow-up (beta=—0.14 pg/mLiyear, p=0.291) and
were not associated with other outcomes.

Conclusion Whereas neurodegeneration in the anterior
visual system is already present at onset, visual function
is not impaired until a certain turning point. sNfL is not
correlated with structural or functional impairment in the
visual system.

l M) Check for updates

© Author(s) (or their
employer(s)) 2023. No
commercial re-use. See rights
and permissions. Published
by BMJ.

To cite: Rosenkranz SC,
Gutmann L, Has Silemek AC
et al. J Neurol Neurosurg
Psychiatry Epub ahead of
print: [please include Day
Month Year]. doi:10.1136/
jnnp-2023-331183

INTRODUCTION

Accumulation of disability in multiple sclerosis (MS)
is driven by chronic inflammation leading to gradual
neurodegeneration. The latter is considered a hall-
mark of progressive MS, being especially pertinent
in primary progressive MS (PPMS)." Understanding
and counteracting neurodegenerative processes are
major unmet needs for all MS subrtypes and studies in
PPMS may help to mechanistically understand them.
However, it is still challenging to detect ongoing neuro-
degeneration as it often precedes clinical worsening.

WHAT IS ALREADY KNOWN ON THIS TOPIC

= The visual system is of high interest to
study neurodegeneration and repair in
multiple sclerosis (MS). However, espedally
in primary progressive MS (PPMS), where
neurodegeneration is more prominent,
there is a lack of multimodal longitudinal
studies integrating advanced visual system
outcomes with other biomarkers such as serum
neurofilament light chain (sNfL) levels.

WHAT THIS STUDY ADDS

= Despite substantial and continuous subclinical
visual system neurodegeneration in PPMS,
it seems that visual impairment occurs only
later in the disease course when neuronal loss
crosses a certain threshold.

= Interestingly, these changes are independent
from elevated sNfL levels and moderately
related to suspected subclinical optic neuritis.
Advanced vision testing seems a promising
prognostic marker in the clinical context as it
was associated with disability progression in
our cohort.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Multimodal assessment of the visual system
including advanced computer adaptive testing
of the area under the log contrast sensitivity
function, optical coherence tomography, MRI
and sNfL seems to be a patient-centred and
scientifically valuable biomarker for future
disease progression.

= The evidence seems sufficient to provide a
visual system framework for future phase II
studies of neuroprotective agents in progressive
MS and to develop this approach towards a

personalised medicine.

Longitudinal neurodegenerative biomarkers in MS
which predict clinical progression are required. Visual
system biomarkers might serve as an attractive source
for longitudinal neurodegenerative biomarkers as
they have a direct link to a specific clinical outcome
and are easy to access without causing any harm to
the patients.

BM)
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Multiple sclerosis

Visual impairment is one of the most prevalent symptoms of
MS, has high impact on quality of life* and is therapeutically
approached.’ Optical coherence tomography (OCT) can quan-
tify integrity of the retinal nerve fibre layer (RNFL), the ganglion
cell and inner plexiform layer (GCIPL) as well as the inner
nuclear layer (INL) with high precision* and might also serve
as a diagnostic tool in MS.* A reduction in RNFL and GCIPL
has been observed in all subtypes of MS,” is rather independent
from inflammatory disease activity and seems to be accelerated
in progressive MS.” Retinal layer atrophy has been associated
with high-contrast visual acuity (HCVA), low-contrast visual
acuity, cortical atrophy® and cognitive impairment.” In progres-
sive MS, reduced RNFL also seems to predict an increased risk
of disability progression.® Thus, based on current knowledge,
the visual system might be tightly associated with overall neuro-
degeneration in MS. While most of the studies analysing the
visual system included individuals with relapsing-remitting MS
(RRMS), there are only few reported studies on PPMS, often with
low participant numbers.® ' '! Moreover, most previous studies
focused on specific outcomes such as single retinal layers and
their correlations. To characterise and understand the dynamics
of neurodegenerative processes and their impact on disability,
multimodal longitudinal analysis of the visual system especially
in patients with progressive MS are urgently warranted.

Another biomarker that might represent neurodegeneration
in MS is neurofilament light chain (NfL). NfL is one of the main
components of the axonal cytoskeleton and axonal damage leads
to a release into the cerebrospinal fluid and, to a lesser extent, into
the serum where it can be measured with a single molecule army.'l
Many studies revealed that serum NfL (sNfL) levels are elevated
in neurological diseases with neuroaxonal damage'® and correlate
with MRI activity and relapse rate in patients with MS.'* Although
several studies show that sNfL levels are associated with indicators
of disease worsening such as optic neuritis" and brain atrophy,'®
it is still a marter of debate whether sNfL levels can predict long-
term disability,'” especially in patients with progressive MS, where
inflammatory activity is barely present.'® It has been shown that
the presence of both an elevated sNfL level and a reduced GCIPL
volume presents a stronger risk factor for future disease activity
than the presence of each marker individually'” and that elevated
sNfL levels are associated with higher retinal neuroaxonal loss in
patients with RRMS but not in patients with progressive Ms.*
However, associations between visual outcomes and sNfL. levels
in patients with progressive MS have not been explored, but are
highly required to understand the MS disease-specific mechanisms
in the visual system.“

We hypothesise that visual systems biomarkers could serve as
a prediction tool for clinical worsening in patients with PPMS
and are more precise than currently used predictive biomarkers
as sNfL. In a large, longitudinal, observational cohort study on
individuals with PPMS, we here report for the first time on a
multimodal analysis of advanced visual function outcomes,
OCT, MRI and sNFL levels in patients, together with a cross-
sectional comparison with healthy controls.

MATERIALS AND METHODS

Participants

We included patients with PPMS from two observational cohorts
between 2012 and 2018. Patients were either recruited at the
MS outpatient clinic at the University Medical Centre Hamburg-
Eppendorf (UKE), or at the NeuroCure Clinical Research Center,
Charité - Universititsmedizin Berlin, both Germany. Patients
were eligible if they were diagnosed with PPMS according to the

McDonald criteria 2010, had a maximum Expanded Disability
Status Scale (EDSS) of 7.0 and were between 18 and 65 years
old. Patients were excluded if they had major medical problems
other than MS or a contraindication for MRIL. Age-matched
healthy controls were recruited at the UKE.

Procedures

Patients in Hamburg were evaluated annually with the EDSS, the
Timed 25 Foot Walk Test (T2SFWT), the Symbol Digit Modalities
Test (SDMT) and the Nine Hole Peg Test (NHPT). Visual func-
tion was assessed on each eye separately using HCVA charts at §
m and the complete contrast sensitivity function (CSF) measured
by the quantitative CSF approach, which is a computerised test
using a Bayesian adaptive method to assess the full CSE.** Several
features were calculated from the CSF, including the area under
the log CSF (AULCSF), the CSF acuity (the point estimate at full
contrast) and contrast sensitivities at individual spatial frequencies
(1.5, 3, 6, 12 and 18 cycles per degree (CPD)). Additionally, serum
samples were collected at each visit. Healthy controls underwent
a cross-sectional assessment including OCT, MRI and visual func-
tion without biosampling. Thus, an independent matched cohort of
controls from the UKE biobank was used for comparison of sNfL.
levels. Patients in Berlin were assessed on an annual basis for up to
4years and only HCVA, OCT and EDSS were examined.

OCT protocol and processing

OCT scans were performed with the Spectralis SD-OCT
(Heidelberg Engineering, Heidelberg, Germany, pupils not
dilated, eye tracking). For measurement of the peripapillary
retinal nerve fibre layer thickness (RNFL), we used a ring scan
around the optic nerve head (12° 1536 A-scans, 16 <Automatic
Real-Time (ART) averaging =100) using the device-internal
segmentation module 6.0.14.0. Ring scans in Hamburg before
2015 were performed with a slightly higher diameter (~3.5 vs
~3.4mm) and excluded from the RNFL thickness analyses. A
macular volume scan (25°x30° 61 B-scans, 768 A-scans per
B-scan, 12=ART =15) quantified the retinal volume, GCIPL and
the INL. Scans not meeting the OSCAR-IB consensus criteria®
were excluded. The SAMIRIX pipeline’® was used for intra-
retinal layer segmentation of the macula scans and volumes
were extracted in a 3 mm diameter cylinder around the fovea.
Layer segmentation was manually corrected by two experienced
graders. Subclinical optic neuritis (SON) might be an important
covariate and we defined an intraindividual RNFL thickness
difference above 6 um as suggestive for sON.

MRI protocol and processing

The MRI protocol was performed for all subjects in the same
scanner (Siemens Skyra 3T) and included a three-dimensional
T1-weighted magnetisation-prepared rapid acquisition with
gradient echo (repetition time (TR)=1900 ms; echo time
(TE)=2.46 ms; flip angle (FA)=9°; voxel size=0.9mm?), a
T2-weighted sequence (TR=2800 ms; TE=18 ms; FA=160°%
voxel size=0.5x0.5x3mm’), a diffusion tensor imaging scan
(single-shell, 20 directions with non-collinear diffusion gradi-
ents (b=1000s/mm?) and a non-diffusion-weighted b0 image
(1.9%1.9%2.0mm). Diffusion data were only available in 42
patients. We used the FreeSurfer software (surfer.nmr.mgh.
harvard.edu) for calculating brain and grey matter volume
adjusted for total intracranial volume. The TractSeg pipeline™
was used for segmentation of four white matter bundles associ-
ated with the processing of visual stimuli: optic radiation (OR),
parieto-occipital-pontine tract (POPT), superior longirudinal
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WBuAdoo Aq pajosioid
‘BinquieH 1un waysAssyeyiolqig 1& £202 ‘62 AINf uo fwoo fwq duulj:dyy woy pepeojumoq ‘€Z0Z AINF L1 U0 £811LE€-6202-duul9g L L 0L se paysiqnd js1y :Aneyofsd Binsoinan joinap




Multiple sclerosis

Table 1 Descriptive statistics

Patients with PPMS (n=81) Healthy controls vision (n=52) Healthy controls sNfL (n=52)
Sex (femaleimale) n (%) 24)57 (29.7/70.3) 36416 (69.2/30.8), p<0.001 25/27 (48.1/51.9), p=0338
Age (years) 51.8 (36.0-69.0; SD 7.7) 50.2 (37.0-63.0;5D 7.6), p=0.244 50.2 (31.0-63.0; 5D 7.2), p=0.025
Disease duration since diagnosis (years) 5.9(0-20.2;5D 5.8)
Centre (Hamburg/Beslin) {n) 8an7
Fallow-up (years) 2.7(0-62;5D1.7)
Nusmber of visits per patient
Hamburg median (range) 4(2-6)
Berkin median (range) (-7
EDSS median {range) 35(20-7.0)
T25FWT (s) 5.9(3.2-143;5022)
NHPT {s) 259 (17.1-55.8,50 7.7)
SDMT correct answers 47.7 (17-80; 5D 122)
SDMT SD -057 (-3.0-2.5;5D 1.24)
Immunotherapies at baseline Ocrelizumabe n=1
Mitaxantrone: n=1
B-interferons: n=2

New immunotherapies during follow-up
and n=3 after 4 years
Cladribine: n=1 after 2 years

indicated. SD in comparison with 2

Data are presented as means (range; SD) unless oth

RituximabvOorelizumab: n=1 after 1 year

ive cohort of healthy individuals.

EDSS, Expanded Disability Status Scalle; NHPT, Nine Hole Peg Test; PPMS, primary progressive MS; SDMT, Symbol Digit Medalities Test; T2SPWT, Timed 25 Foot Walk Test.

fascicle II (SLF_II) and thalamo-occipital tract (T_OCC). We
extracted mean diffusivity (MD) values averaged over each tract
as a proxy for structural integrity.

sNfL measurement

Blood samples were collected in standard serum tubes, aliquoted
and stored at —80°C. All samples were shipped at -80°C to
the University Hospital Basel, Switzerland. sNfL levels were
determined using the single-molecule array (Simoa; Quanterix,
Lexington, Massachusetts, USA) assay.”® We compared sNfL raw
values in pg/mL from patients with PPMS with healthy controls.
sNfL. z-scores based on healthy controls were calculated as
described previously.”

Statistical analysis

Descriptive statistics are presented as mean with SD, median with
range or frequencies. Group differences and associations were
evaluated with linear mixed effect (LME) models adjusted for
repeated measurements and with random intercepts. All models
were adjusted for age, sex, sON and, when examining RNFL
thickness, the OCT protocol. To describe the rate of abnor-
mality, we computed percentile ranks based on the normative
dara from the control cohorts. To determine putative collapsing
points of structural outcomes for visual function, we used
segmented regression adjusted for age, sex and sON. Finally,
we defined groups of patients with any and without any loss of
visual function (AULCSF) during follow-up and we used analysis
of variance to investigate a time Xgroup interaction adjusted for
age, sex and sON for outcomes. P values <0.05 were consid-
ered staustically significant. All statistical analysis was performed
with Statistics in R V.4.2.1.

RESULTS

Patients with PPMS show retinal neuroaxonal loss, high sNfL
serum levels and impaired visual functions despite a lack of
clinical optic neuritis

Eighty-one patients with PPMS and two control cohorts (each
n=52) were enrolled in this study (table 1). Patients had a
moderate disability level with a median EDSS of 3.5 (range

2.0-7.0). None of the participants reported a previous optic
neuritis but 15 of 79 patients with values from both eyes (19%%;
95% CI 11% to 29%) and 5 of 44 controls (11%; 95% CI 4%
to 26%; p=0.399) had a RNFL difference between eyes above
6 um which is suggestive of SON. The rate of sON in controls
is compatible with the original cut-off definition based on the
959 CI of intereye differences from a previously published
dataset including 31 healthy subjects.’ Exploring density plots
of eye differences for vision and OCT outcomes showed over
all very similar distributions for patients and controls. Only
retinal volume and RNFL showed a shift towards more asym-
metry suggesting that a higher RNFL cut-off of 10 pym might
be more suitable in PPMS (see online supplemental figure SF1).
The mean follow-up time of patients was 2.7 years (SD 1.7; up
to 6 years). RNFL asymmetry increased during the follow-up in
the entire cohort (+0.4 um/year, p=0.003) with a faster increase
in those patients with an asymmetry at baseline (+ 1.0 pm/year,
p=0.005).

First, we compared differences of visual system biomarkers
and sNfL between patients and controls (table 2 and figure 1).
Patients with PPMS had an impaired visual function with reduced
AULCSF and CSF acuity, while HCVA differences did not reach
significance (figure 1A-C). We noticed a tendency of higher spatial
frequencies to be statistically significantly impaired despite a prob-
able floor effect at very high spatal frequencies (figure 1D and
CPD results in table 2). We observed lower thickness of RNFL
and GCIPL in the OCT of patents with PPMS (figure 1E-H).
Brain parenchymal fractions were not significantly reduced
(figure 11-]), while sNfL values were higher in patients with PPMS
than in controls (figure 1K). Eyes suggestive for sON showed
worse visual functioning (AULCSF and CSF acuity) and had lower
retinal layer volumes (table 2). In PPMS, sON was also associated
with increased MD values in the thalamo-occipital tracts, indi-
cating a loss of structural tract integrity (figure 1L-O and table 2).
However, sON was not related to sNfL values (table 2). Ageing
was associated with a decrease in HCVA, total macula volume,
GCIPL and INL thickness as well as in brain parenchymal frac-
tions whereas NfL values increased with age (table 2, figure 1).
Brain volume seemed to decrease faster in patients than in controls
over the age range, what can be considered as a proxy of disease
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=
Table 2 Comparison of vision, retinal layers and MRI parameters in patients with PPMS and healthy controls =
Patients with PPMS (n=81) Healthy controls (n=52) Z
153 eyes 91 eyes s
Cohort effect: estimate (95%Cl)  Cohort effect: estimate (95% CI)  Effects Estimate  95%CI P value g
Vision <
PPMS -0.092 -0.197 10 0.012 0.084 &
HCVA S
Age -0.078 -0.134 10 -0.022 0.006* o
n=123 0.80 (0.75 to 0.85) 0.89 (0.80 to 0.98) =
Obsesvations=531 Male 0.034 ~0.061 10 0.130 0.479 o
SON -0.026 ~0.105 10 0.053 0523 -3
PPMS -0.095 ~0.190 10 -0.001 0.047* =
"
AULCSF Age -0.002 ~0.053 10 0.049 0.939 -~
n=104 117 (1.1 10 1.22) 126(1.19 10 1.33) z
Observations=430 Male 0.031 -0.059 10 0.121 0.502 3
ON -0.062 -0.117 10 -0.007 0.027* @
- o
PPMS -0.075 -0.131 10 -0.020 0.007* 2
CSF acuity Age 0.005 -0.025 10.0.035 0.754
n=104 129(1.26t0 1.32) 137 (13210 1.41) 8
Observations=430 Male 0.007 ~0.046 10 0.059 0.79 o
ON -0.045 ~0.080 10 -0.010 0.012* i’
PPMS -0.029 -0.099 10 0.042 0.428 >
Contrast sensitivity at 1.5 CPD Age -0.014 -0.053 100.024 0.469 2
n=104 133(1.29101.37) 1.36 (1.31 10 1.41) -
Ohsercations=430 Male 0.028 -0.039 100.095 0.405 3
sON -0.038 ~0.083 10 0.007 0.100 .8
PPMS -0.047 -0.128100.033 0.249 S
Contrast sensitivity at 3 CPD Age —0.004 -0.048 10 0.039 0.844 w
n=104 138(1.33 10 1.43) 1.42 (13710 1.49) w
Observations=430 Male 0.022 ~0.055 10 0.099 0.569 @
sON -0.0&2 ~0.090 10 0.005 0.079 >
PPMS -0.105 ~0.209 10 -0.000 0.049* ‘:
Contrast sensitivity at 6 CPD Age 0.0 ~0.045 10 0.067 0.700 =
n=104 1.18(1.12 10 1.24) 1.29(1.2110137) o=
Observations=430 Male 0.028 -0.072100.127 0.581 o3
SON -0.080 ~0.140 10 -0.020 0.010° 2 1=
PPMS 01483 ~0.256 10 -0.030 0.014* %":,
Contrast sensitivity at 12 CPD Age Z0.006 0,068 10.0.055 0.838 ao
n=104 064 (0.58 10 0.71) 0.78 (0.70 10 0.87) e g n
Ohaeationsatan Mal 0032 -0.075100.139 0.562 ¢
sON -0.075 -0.152 10 0.003 0.058 § o
PPMS -0.114 -0.203 10 -0.024 0.013* = g
Contrast sensitivity at 18 CPD Age 0020  -0070100029 0.417 Q g
n=104 024 (0.19 t0 0.29) 0.36 (0.29t0 0.42) =
Obsenvations=430 Male 0.042 -0.043 10 0.126 0332 Q
sON -0.039 ~0.104 10 0.025 0232 g
ocr 3
PPMS -6.647 -11.24910 -2.045 0.005 2-
Peripapillary RNFL thickness (pm) Age -2.183 -4294 10 -0.072 0.043* g
n=110 90.6 (87.9 10 93.3) 97.3 (93.710 100.8) o
Observations=402 Male -2.015 -6.491 10 2.462 0377 =
sON -8.590 -9.697 10 -7.483 <0.001* =
PPMS -0.039 ~0.088 10 0.010 0.116 g
Retinal volume (3 men drde macula) {mm®) Age —0.0%0 _0.059 10 -0.022 <0.001* 3
=28 235(2.32102.37) 238(2.35102.42) p
Observations=436 Male 0.036 -0.012 10 0.083 0.137 8
SON -0.028 -0.03910 -0.017 <0.001* 3
PPMS -0.057 ~0.086 10 -0.027 <0.001* =}
GCIPL volume (3 mm circle macula) (mm') ‘Q -0.012 -0.023 10 -0.000 0.041* o
n=115 056 (0.54 10 0.57) 061 (0.59 to 0.64) c
Obsesvations=539 Male 0.002 ~0.026 10 0.030 0.902 <
SON -0.029 ~0.036 10 -0.022 <0.001* »
PPMS 0.008 -0.001 10 0.017 0.078 8
3
INL volume (3 men dircle macula) {mm’) hge -0.007 -0.011 10 -0.003 0.001* ~
n=114 0298 (0.293 to 0.303) 0290 (0.282 t0 0.297) w
Obsesvations=533 Male 0.005 -0.004 10 0.013 0273 o
SON 0.005 0.002 to 0.008 0.002* @
SON: yesino 1 (%) 1564 (19.071.0%) /39 (11.4/88.6%) =4
MRI B
PPMS -0.007 -0.025 10 0.012 0.468 o
Brain parenchymal fraction Age -0.015 -0.022 10 -0.008 <0.001* ]
n=77 0.755 (0.746 to 0.763) 0.762 (0.746 10 0.777) Ml o001 ~0017 B00TS YT r
Observations=211 . . : . T
SON -0.001 -0.007 10 0.005 0.759 3
. c
Continued ~3
3
=
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Table 2 Continued

Patients with PPMS (n=81) Healthy controls (n=52)

153 eyes 91 eyes

Cohort effect: estimate (95%Cl)  Cohort effect: estimate (95% CI)  Effects Estimate  95%CI P value

PPMS 0.010 ~0.003 10 0.023 019
Grey matter fraction Age -0.012 -0.017 10 -0.007 <0.001*
n=77 0.419 (0.413 10 0.425) 0,409 (0.397 10 0.420)
Ohsencationsm211 Male ~0.008 ~0.019 10 0.004 0.198
SON 0.000 ~0.004 10 0.004 0.855

Optic radiation (OR) (MD) Age 0023 ~0.016 10 0.061 0.245
=84 0.791 (0.568 10 1.014) Male ~0.000 ~0.074 10 0.074 0.996
Observations=87 <ON 0.028 ~0.007 10 0.063 om
Paretooccipital pontine (POPT) (MD) Age 0015 ~0.006 10 0.036 0.155
=39 0.735 (0.615 10 0.855) Male 0.008 ~0.026 10 0.042 0.628
Observations=73 SON 0.010 ~0.019 10 0.039 0.507
Superior longitudinal fascicle Il (SLF_II) {MD) Age 0.010 -0.002 10 0.022 0112
=% 0.700 (0.630 t0 0.771) Male -004 ~0.036 10 0.009 0234
Observations=38 SON 0.007 ~0.007 10 0.020 0342
Thalamo-occlpital (T_0CC) (WD) Age 0.031 ~0.009 10 0.070 0127
=25 0.753 (0.524 10 0.981) Male 0.019 ~0.054 10 0.092 0.603
sl SON 0.050 0.010 10 0.091 0.015*
NiL
ML (poyml) PPMS 351 1.749 10 5.39% <0.001*
=116 12.0 (1.0 t0 13.0) 84(69109.9)t Age 1942 0.785 t0 3.099 0.001°
Observations=296 SON 1041 -1.190103272 0.359
SNfL 2-scoves PPMS 0923 0535101312 <0.001*
n=116 0.99 (0.75 t0 1.24) 007 (-0.23 10 037)t
sl PO SON 0291 ~0.039 10 0621 0.083
SNiL percentiles PPMS 2m 11.219 10 31.004 <0.001*
n=116 743 (68.0 t0 80.6) 53.2 (45.6 to 60.3) -
st <ON 5833 2.192 10 13.858 0.154

Overview of altered visual system outcomes in PPMS compared with healthy controls. Effects and their 95% Cl are from linear mixed effects models with cohort, age, sex and sON as explanatory variables. For major

brain tracts, data from controks were not availsble.

Brain and grey matter volumes are divided by the ial volume peoviding parenchymal fractis
* indicates a pvakoe below 0.05.
tindependent healthy control cobort for sNIL comparison. Esti of age effects reported a5 changes per decade.

AULCSF, aces under the log contrast sensitivity function; CPD, cycles per degree; CSF, contrast sensitivity function; GCIPL, combimed ganglion cell and innes plexiform layes; HCVA, high-contrast visual acuity; INL, inner

nuclear Layer; MD, mean diffusivity in 10" xmm’/s; number of eyes, number of svailable RNFL values at basel
layes; <NiL, serum neurafilsment light chain; sON, subcinical optic neuritis.

duration in our cohort, but the interaction groupxage did not
reach significance (p=0.069).

Disease duration is not associated with visual function tests
but with retinal neuronal layer loss

Next, we were interested how these parameters were related to
disease duration (figure 2). We observed no significant associ-
ation for the three visual function tests (figure 2A-C): HCVA
(p=0.412), AULCSF (p=0.198) and CSF acuity (p=0.531).
Absolute sNfL levels were nort correlated with disease duration
(beta=—0.15, 95%CI —0.42 to 0.11, p=0.291, figure 2D) but
z-scores tended to decrease by 0.04/year (95%CI 0 to 0.08,
p=0.050).

The RNFL thickness decreased with disease duration by 0.55
pm/year (9526 CI 0.13 to 0.96; p=0.010; figure 2E), the retinal
volume by 0.006 mm/year (95% CI 0.002 to 0.010; p=0.007;
figure 2F) and the GCIPL volume by 0.004 mm’/year (95% CI
0.001 to 0.007, p=0.002; figure 2G). The change in INL volume
did not reach significance (p=0.700; figure 2H). MD increased
in T_OCC by 0.06x 10" mm?s for each year of disease dura-
tion (95%CI 0 to 0.12, p=0.037; figure 2]), whereas there was
no association in the OR (p=0.124, figure 2I), POPT (p=0.369;
figure 2K) and SLF_II (p=0.484; figure 2L). Due to the co-lin-
earity berween age and disease duration, we recomputed all
models withour age as a covariate. However, this did not change
the results relevantly.

OCT optical coh

graphy; PPMS, primary progressive multiple sclerosis; RNFL, retinal nerve fibee

We visualised the loss in average percentile rank in comparison
with controls in figure 2M. Only sNfL levels and INL volume were
elevated at time of diagnosis while CSF acuity, RNFL thickness
and GCIPL volume were already clearly reduced. GCIPL showed
the most constant and clear decline. This indicates that a neuronal
retinal layer loss precedes clinical visual functions by several years.
Assuming a similar constant rate of GCIPL percentile rank loss
(0.990/year) before diagnosis (mean percentile rank 32.8), we esti-
mated the time when our cohort was at the 50th percentile on
average, that is, indistinguishable from controls. This silent onset of
the disease was approximately 18 years before diagnosis (approxi-
mately 20 years based on RNFL thickness loss).

Loss of visual function presents at low retinal thickness
values

Next, we investigated how neurodegeneration of the retina and
visual tracts determines visual function. Figure 3 shows that visual
function tests are stable or decrease very little up to a certain
point of structural integrity loss after which there was a functional
decrease associated with further neurodegeneration. Segmented
regression determined these turning points of AULCSF stability
at a RNFL thickness of 90.6 pm (figure 3A, 959 CI 84.9 to 96.3,
p<0.001), and a GCIPL volume of 0.43 mm® (figure 3B, 95%CI
0.40 to 0.46, p<0.001). AULCSF covering the whole spectrum
of contrasts and spatial frequencies seemed to decline faster (stan-
dardised beta=0.89, p=0.010) than high-contrast outcomes

Rasenkranz SC, er al. J Neurol Neurosurg Psychiatry 2023,0:1-10. doi:10.1136/jnnp-2023-331183 5
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Figure 1 Vision, retinal layers, brain volumes and tracts in PPMS and HC. Dot plots with linear regression estimates (HC) illustrate age-corrected
differences between the groups and a putative different dynamic between the group—as for example for BPF, which remains rather stable in controls
between 40 and 60 years of age while there is a decrease in PPMS widening the gap between patient and controls at higher age. Figures are for illustrative
purposes only and include all available data, that is, recurrent assessments for patients. For estimates and statistics, please refer to table 2 with linear

mixed effects models results adjusting for age, sex and intraindividual correlations. Visual function tests (A-C), box plots illustrating differences in contrast
sensitivity at different spatial frequencies between patients and controls (D), retinal layers (E-H), BPF (I), GMF (J), absolute sNfL levels in pg/mL (K) and tracts
in the visual system (L-0). Mean diffusivity values for tracts (L-0) were only available from a subset (n=42) of patients. AULCSF, area under the log contrast
sensitivity function; BPF, brain parenchymal fraction; CPD, cycles per degree; CSF, contrast sensitivity function; GCIPL, combined ganglion cell and inner
plexiform layer; GMF, grey matter fraction; HC, healthy controls; HCVA, high-contrast visual acuity; INL, inner nuclear layer; OR, optic radiation; POPT, parieto-
occipital-pontine tract; PPMS, primary progressive MS; RNFL, retinal nerve fibre layer; sNfL, serum neurofilament light chain; SLF_I, superior longitudinal

fascicle II; T_OCC, thalamo-occipital tract;

(HCVA: standardised beta=0.39, p=0.001and CSF acuity: stan-
dardised beta=0.79, p<0.001). However, turning points for HCVA
(RNFL: 92.1 um, GCIPL: 0.41 mm®) and CSF acuity (RNFL:
91.7um, GCIPL: 0.43 mm’) were similar as for AULCSE. Out of
the tracts, SLF_II (figure 3C) showed an accelerated functional loss
above an MD threshold of 0.76 10~ xmm?s (95%6CI 0.74 to 0.78,
p<0.001) for AULCSF. Only a very high borderline MD value indi-
cated a functional loss in the T_OCC (figure 3D, 1.25 10° xmm?s,
95%CI 0.74 to 0.78, p<0.001), whereas OR and POPT showed
no turning point. We found no cut-off value associated with sNfL
z-scores. Associations between all outcomes are reported in detail
in the supplemental material (online supplemental figure SF2, SF3
and table ST1).

AULCSF could serve as a prognostic tool for retinal thinning

As AULCSF seemed a more sensitive outcome to monitor visual
function than HCVA and CSF acuity, we analysed whether
other outcomes differed also between patients with a decline

in AULCSF (individual beta-coefficient AULCSF over time <0,
n=25) or without (n=26). Patients with an AULCSF progression
showed a decrease in HCVA (beta=—0.09/year, p=0.005) and
CSF acuity (beta=—0.03/year, p=0.007). The change in sNfL
was similar in both groups (p=0.378). EDSS increased faster in
patients with AULCSF progression (beta=0.17/year, p=0.043),
while NHPT (p=0.939), T25FWT (p=0.172) and SDMT
(p=0.790) dynamics did not differ between groups. The loss in
RNFL (p=0.666) and retinal volume (p=0.523) did not differ
between the groups. GCIPL decreased less in progressors than
in stable patients (beta=0.004 mm?/year, p=0.028) while INL
volume remained stable in both groups (p=0.611). Changes in
MD values from tracts did not differ between groups.

DISCUSSION

Our study revealed the predictive potential of visual system
biomarkers for clinical worsening in PPMS. We detected a tempo-
rarily preserved visual function despite an early and ongoing

6 Rosenkranz SC, et al. J Neurol Neurosurg Psychiatry 2023,0:1-10. doi:10.1136/jnnp-2023-331183
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Figure 2 Changes in vision, SNfL levels, retinal layers and tracts over the disease course. Disease duration and outcomes: line plots for each patient or
patients’ eye with linear regression estimates for visual outcomes (A-C), absolute sNfL in pg/mL (D), retinal layers (E—H) and tracts in the visual system (|-
L). Mean diffusivity values for tracts are only available for a subset of patients (n=42). Age-adjusted percentile ranks during the disease (M). Intercepts and
slopes estimated with linear mixed effects regression (LMER). sNfL percentile ranks are based on the external normative cohort, other percentile ranks were
computed in comparison with the healthy control cohort. Diffusion data could not be included in panel M due to the lack of reference data for percentile
rank computation. HCVA, high-contrast visual acuity; AULCSF, area under the log contrast sensitivity function; CSF, contrast sensitivity function; RNFL, retinal
nerve fibre layer; GCIPL, combined ganglion cell and inner plexiform layer; INL, inner nuclear layer; sNfL, serum neurofilament light chain; OR, optic radiation;
T_OCC, thalamo-occipital tract; POPT, parieto-occipital-pontine tract; SLF_II, superior longitudinal fascide II.

reduction of visual structural integrity in PPMS. Importantly,
retinal neurodegeneration and active neuronal loss as indicated
by high sNfL levels at the diagnosis of the disease support a
preclinical neurodegeneration over several years.

Our large, muludimensional and longitudinal dataset
confirmed cross-sectional observations that patients with PPMS
have a significantly lower RNFL thickness, GCIPL volume and
a trend towards a lower retinal volume when compared with
healthy controls.” Compared with a younger cohort of 333
RRMS with a comparable disease duration below 10 years, RNFL
thickness in our PPMS cohort of ~91um was more similar to
patients without a history of ON (~92 um) than to patients with
a history of ON (~83 um).”” Here, every year of disease dura-
tion was associated with a RNFL thickness loss of approximately
0.55 pm/year which is rather similar to an ON independent rate
of RNFL loss in the same RRMS cohort of 1.76 pm over 36
months or in other cohorts of 1.1 um over 2 years.”” ** Thus,

continuous RNFL thickness loss in RRMS and PPMS seems very
similar if independent from inflammatory ON activity, hence,
it seems to represent rather ongoing neurodegeneration than
acute inflaimmation. This conclusion might also explain why
we did not observe an INL increase, which has previously been
reported as a surrogate of inflammation in MS.*” Moreover, our
results underline that the association between retinal damage
and visual function is not linear. We were able to determine
turning points, for example, once RNFL thickness falls below
92.1 um, retinal neurodegeneration begins to translate into
faster, progressive visual function impairment as defined by the
AULCSF. This is much higher than previously reported turning
points of 60 um for MS and other neuroinflammatory diseases
using standard visual acuity charts.*” Persisting high-contrast
visual impairment after ON was previously only observed below
a threshold of 75 um RNFL thickness.”’ Interestingly, sON—
as defined by the recently promoted 6 um intereye difference

Rosenkranz SC, et al. J Neurol Neurosurg Psychiatry 2023,0:1-10. doi:10.1136/jnnp-2023-331183 7
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Figure 3 Association between structure and function in the visual system. Significant associations between visual functional tests (raw values for HCVA,
AULCSF and CSF acuity on the y-axis), retinal integrity and optic tracts: optical coherence tomography outcomes on the left panels: (A) RNFL thickness and
(B) GCIPL volume. The x-axis is inverted for retinal layers so that the thickness decreases from left to right, that is, with disease progression. Average mean
diffusivity in tracts is displayed on the right panels for (C) SLF_II and (D) T_OCC. Dot plots of individual patient data are shown with smooth lines produced
from local regression estimates (locally estimated scatterplot smoothing -LOESS). Red dotted line indicates the estimated turning point from segmented
regression (the shaded area indicates the 95% Cl). HCVA, high-contrast visual acuity; AULCSF, area under the log contrast sensitivity function; CSF, contrast
sensitivity function; RNFL, retinal nerve fibre layer; GCIPL, combined ganglion cell and inner plexiform layer; T_OCC, thalamo-ocdipital tract; SLF_II, superior

longitudinal fascicle Il.

cut-off—was present in 1 out of 5 patients in our cohort and 1
out of 10 healthy controls. Given the expected rate of zero optic
neuritis in both groups, the current definition seems not suffi-
ciently sensitive and specific in our cohort. Our analysis revealed
that a higher cut-off of around 10 pm might be more suitable,
but this needs further investigations. In addition, it might be
interesting to also study the longirudinal dynamic of intereye
asymmetry, for RNFL and for other outcomes. However, the
6 um sON definition showed a moderate association with CSF
outcomes but had no relevant association with other outcomes
in our cohort. This observation might underline the hypothesis
that PPMS has a rather diffuse, sometimes asymmetric, neuro-
degenerative pathophysiology with a less focal lesioning aspect
than RRMS. Moreover, asymmetry in PPMS might be less driven
by silent optic neuritis but through imbalanced brain atrophy
that translates via retrograde trans-synaptic degeneration from
non-primary visual areas into the retina.”> Our findings support
the robustness of the visual system against neuronal damage in
PPMS, which might be partially explained by functional reorgan-
isation of information processing beyond primary visual areas
and consecutive structural reorganisation.” The long preclinical
phase despite proven substantial retinal damage in PPMS might
thus hint towards a more resilient brain network architecture or
physiology in comparison with other disease courses.

We found a distinct association between atrophy of the RNFL,
GCIPL and retinal volume and a worsening of the vision param-
eters but no association between INL and clinical outcomes.
Assessments using the complete CSF detected mild visual impair-
ment earlier in the disease course than standard HCVA. The
higher sensitivity of low-contrast visual acuity has been reported
before, could be confirmed here by analysing different features
derived from the CSF estimate and its relevance is underlined by
better correlation with important health dimensions like partic-
ipation or activities of daily living.”* Despite the similarity of
a pronounced impairment of low-contrast vision in RRMS and

PPMS, reference data comparing contrast sensitivity and retinal
integrity are lacking. Moreover, our analyses provide further
evidence for trans-synaptic and downstream degeneration and
its link to higher order functions.™ ** Here, advanced anterior
visual system impairment correlated with increased diffusivity,
a sensitive marker of neuronal tract integrity, which links vision
to other functional systems, namely a cognitive task measuring
information processing.3 !

When investigating progression and outcome dynamics, we
observed a more complex picture. In patients with a stable
AULCSF over the disease course, the reduction of GCIPL
volume was higher than in patients with AULCSF progression.
This might be explained by the robustness of visual functioning
against structural damage, already mentioned and discussed
above. However, AULCSF progressors also had a faster increase
in EDSS. Overall, our findings underline the heterogeneity of
MS disability patterns in PPMS, the need for a precise disability
assessment on an individual level and the advantage of mulu-
modal studies.

In comparison with most other studies, we were able to eval-
uate the association of these changes with disability outcomes,
MRI parameters and the levels of sNfL in a longitudinal setting.
Over up to 5 years, we observed a homogeneous and constant
thinning of retinal nerve layers and elevation of sNfL levels,
indicating a rather constant rate of neurodegeneration in our
cohort. Here, we did not observe a strong association between
retinal atrophy and sNfL. Larger longitudinal datasets in PPMS
might allow advanced modelling of associations including
other disease characteristics and confounders of NfL levels like
overall disability, lesions, spinal cord atrophy or body mass
index. The highest sNfL values were detected at the beginning
of the disease, followed by high and stable sNfL levels during
follow-up. As sNfL concentrations increase with age,” we
used z-scores which reflect the deviation to a control cohort.”
Current studies in multiple sclerosis show a strong association

8 Rosenkranz SC, et al. J Neurol Neurosurg Psychiatry 2023,0:1-10. doi10.1136/jnnp-2023-331183
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of sNfL. with inflammatory activity in MS, while the increase
specific to disease progression appears more subtle.'” ***** Many
studies have shown associations between sNfL levels and clinical
outcomes, ** 2 * and it was also shown that NfL levels in the cere-
brospinal fluid at the onset of optic neuritis predict low-contrast
visual acuity, RNFL and GCIPL at follow-up."* Here, we could
not detect any association between visual outcomes and sNfL
levels, which might be explained by the presence of sNfL derived
from neuronal damage outside of the visual system introducing
variability. Moreover, sNfL levels did not differ berween patients
with stable or unstable AULCSF during the disease. However,
follow-up studies including more patients with a longer disease
duration are needed.

Our study has several limitations. Despite our cohort being
rather large, understanding disease mechanisms in a pathology
that acts over decades remains restricted. We also aimed to
correlate the interaction between structure and function, but
informative outcomes such as visual evoked potentials and func-
tional MRI were not included in the design of the study. These
would have allowed the determination of functional integrity
and functional compensation, putative important mediators
between structural damage and real-life performance. The lack
of diffusion imaging in controls made a comparison of down-
stream structural connectivity of important brain tracts impos-
sible. Also, the lack of longitudinal data for controls restricts the
interpretability of longitudinal data in PPMS as normal ageing
effects are not robustly captured in the cross-sectional compar-
ison. Finally, our analyses are possibly limited by a variability
and potential bias introduced by combining different datasets
from two centres with two different control cohorts for sNfL
and visual system.

In summary, we identified thar visual function in people with
PPMS is rather robust against neurodegeneration of retinal layers
which is already present at the beginning of the disease. Inter-
estingly, sNfL levels were not associated with visual function or
thinning of retinal layers, while OCT and AULCSF could prove
their usefulness in detecting neurodegeneration. The easy and
highly precise multimodal assessment of its integrity might allow
a personalised disease surveillance, prognosis and monitoring of
putative neuroregenerative treatments in the future.
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Visual function resists early neurodegeneration in the visual system in primary
progressive multiple sclerosis

SUPPLEMENTAL MATERIAL

SUPPLEMENTAL RESULTS

Associations between outcomes

To illustrate the dependencies on the visual system in total, we examined the association between
vision, OCT, sNfL, MRI volumes and other standard MS disability outcomes including cognition, hand
function and walking. Spearman correlations and clustering of outcomes are visualized in
Supplementary Figure SF1. Supplementary Table ST1 lists the strongest associations based on
results from LMER. As expected, outcomes clustered according to their domains, i.e., OCT measures
or visual function tests. The strongest association between separate domains was observed between

GCIPL and AULCSF (rho = 0-40, LMER: beta = 0-46, p™" < 0-001), followed by the correlation
between retinal volume and MD of the POPT (rho = 0-40, LMER beta = -0-42, p™™® < 0-001).
Cognition measured by the SDMT was associated with optical tract integrity, for example with the MD
of the OR (rho = 0-41, LMER beta = -0-28, p*™® < 0-001). Absolute sNfL levels showed weak to
moderate unadjusted associations with SDMT (rho = 0-33) and RNFL (rho = 0-27) but this was not

reproducible in LMER adjusted for age and sex. Other disability scores were not significantly

correlated with visual system outcomes.

Rosenkranz SC, et al. J Neurol Neurosurg Psychiatry 2023:0:1-10. doi: 10.1136/jnnp-2023-331183
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Supplemental Tables and Figures

Table ST1: Associations between outcomes

Predictor Domain | Predictor variable | Target variable | beta | p™"
Visual function tests
[ AULCSF [ ANFL” [ 047 [ <0001
ocT
RNFL® AULCSF* 0.40 < 0.001
ANFL CSFAculty 0.36 0.002
retinal volume POPT" -0.42 0.005
retinal volume AULCSF™ 0.40 < 0.001
retinal volume CSFAcuity 0.29 0.007
retinal volume HCVA" 0.27 0.008
GCIPL AULCSF" 0.47 < 0.001
GCIPL' CSFAcuity” 0.33 0.001
GCIPL' HCVA" 0.30 0.001
MRI tracts
OR* SDMT" -0.28 < 0.001
POPT" retinal volume -0.25 0.002
POPT" EDSS' -0.18 0.002
SLF_I¥ GMF* 0.20 < 0.001
SLF_I¥ BPF 0.17 0.001
MRI volumes
GMF SCF_IT 037 0.004
Disability
EDSS T25FW 0.34 < 0.001
EDSS NHPT" 0.28 < 0.001
SDMT™ OR” -0.37 < 0.001
SDMT™ T 0OcC? -0.29 0.009
NHPT™ T25FW" 027 < 0.001
NHPT™ EDSS' 0.18 < 0.001
T25FW° NHPT™ 0.13 0.001

*AULCSF = area under the log contrast sensitivity function: *R

INFL = retinal nerve fibre layer; “CSF Acuity = contrast sensitivity

function acuity; “POPT = Parieto-occipital pontine; *HCVA = high contrast visual acuity; ‘GCIPL = combined ganglion cell and
inner plexiform layer; *OR = optic radiation; "SDMT = Symbol Digit Modality Test; 'EDSS = expanded disability status scale;
'SLF_Il = superior longitudinal fascicle II; "GMF = grey matter fraction; BPF = brain parenchymal fraction; "NHPT = 9 hole peg
test; "T25FW « timed 25-foot walk; “T_OCC = Thalamo-occipital. Association between outcomes from different domains based
on LMER adjusted for age and sex. Only associations with p™™" < 0.01 are shown. None of the models including sNfL levels

reached this cut-off.

Rosenkranz SC, et al. J Neurol Neurosurg Psychiatry 2023:0:1-10. doi: 10.1136/jnnp-2023-331183
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Figure SF1: Asymmetry between eyes
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Density plots of inter-eye differences for vision tests and retina. The green area indicates the intersection between the two
density plots. (A) High contrast visual acuity, (B) AULCSF, (C) CSF acuity, (D) RNFL thickness, (E) GCIPL volume and (F)
retinal volume.
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Figure SF2: Associations of outcomes in the visual system
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Heatmap of Spearman cormelations between visual system metrics, tracts, MRI volumes and clinical scores. Vision: HCVA =
High contrast visual acuity, AULCSF = area under the log contrast sensitivity function and CSF Acuity = contrast sensitivity
function acuity; OCT: RNFL = penpapillary retinal nerve fiber layer, retinal volume, GCIPL = ganglion cell inner plexiform layer
and INL = inner nuclear layer; MRI: OR = optic radiation, POPT « parieto-occipital-pontine tract, SLF_Il « superior longitudinal
fascicle Il (SLF_N), T_OCC thalamo-cccipital tract, BPF = brain parenchymal fraction, GMF = grey matter fraction; sNfL =
absolute serum neurofilament light chain; Clinical scores: EDSS « expanded disability status scale (overall disability), SDMT =
Symbol Digit Modality Test (cognition), T25FW = timed 25 foot walk (mobility), NHPT = 9 hole peg test (manual dexterity).
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SF3: Scatterplots for all significant spearman correlations in figure SF2
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Data scaled, blue line is the regression estimate from a simple linear regression. Confidence interval in grey.
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SF3: Scatterplots for all significant spearman correlations in figure SF2
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Data scaled, blue line is the regression estimate from a simple linear regression. Confidence interval in grey.
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SF3: Scatterplots for all significant spearman correlations in figure SF2
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Data scaled, blue line is the regression estimate from a simple linear regression. Confidence interval in grey.
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Data scaled, blue line is the regression estimate from a simple linear regression. Confidence interval in grey.
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Data scaled, blue line is the regression estimate from a simple linear regression. Confidence interval in grey.
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SF3: Scatterplots for all significant spearman correlations in figure SF2

tho=-04 p<0001 tho =-0.45 p<0.001 rho = 024 p<0.001 tho = 0.63 p <0.001 tho =051 p<0.001
“ . . E ije - : . .
. o b
. -
g' b FH 5. &
- .- © B gl < ©
. hd ° M
. e .o . I" B 1
Nt I .
. " ‘:'s .
1 N .
e - .
GCPL Vol ) " GoRLvl : ) T cePLwl ) T GoPLVe : ) MAC_Vol
rtho=-022 p=0.007 ho=02 p<0.001 tho=0.4 p<0.001 tho =0.37 p <0.001 tho=-0.44 p<0.001
.o cew coe
“ 5 4 ] 8
g g 2 3
] 8 H H o
o
GePL Vol ) " GoRLVl : ) T GePLwl ) T GoRLw : ) MAC_Vol
tho=-03 p=0002 tho=-0.09 p=0043 rho=0.16 p=0.003 tho =0.39 p <0.001 tho=-020 p<0.001
.o
5" £ -
8 2 3
GoPL ol . © GoLval MAC Vol

Data scaled, blue line is the regression estimate from a simple linear regression. Confidence interval in grey.
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Data scaled, blue line is the regression estimate from a simple linear regression. Confidence interval in grey.
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Nine-Point Advised
Checklist

Protocol for OCT Study Terminology and

Elements (APOSTEL) 2.0

Item Category

Manuscript

1 Study protocol

(1) Describe how many OCT operating sites and graders
were included

(2) Report the tming of OCT compared to other
measurements (same day, delayed)

(3) Describe the inclusion and exclusion criteria

(4) In case of limited word count, consider submitting the

exact methodology as supplementary material®

2 Acquisition device

3. Material and methods :
3.1 Participants and 3.3 OCT

protocol and processing

For all OCT devices used, report data on:

(1) Manufacturer

(2) Model

(3) Version

(4) Software version

(5) Device type (time/spectral domain, swept-source,

adaptive optics)®

3. Material and methods :

33 OCT protocol
processing

and

3 Acquisition settings

Clearly describe the settings in which OCT scans were
obtained:

(1) Pupls diated before
(2) Number of operators and devicas?

examination  (y/n)

3. Material and methods :

33 OCT protocol
processing

4 Scanning protocol

Clearly describe the scanning protocol, including:
(1) Type of scan (circular, volume, star, line, other)
(2) Location (area of interest, macula, optic nerve head,
papillomacular bundle, other)

(3) Scan parameters (with or without eye tracking)

Volume scan: size of scan, area and location of
measurement (degrees or millimeters), number of B-
scans, alignment of B-scans, number of A-scans per B-
scand

Radial scan: size of scan area (degrees or millimeters),
number of B-scans, alignment of B-scans, number of A-
scans per B-scan

Ring scan: diameter, A-scans/B-scan, manual or automatic
placement of ring or method of centering, depth resolution
Line scan: angle, location, number of A-scans, depth
resolution

3. Material and methods :

33 OCT protocol
processing

5 Funduscopic imaging

Report other imaging modalities used in addition to OCT
(funduscopy, confocal scanning laser ophthalmoscope,
retinal angiography, autofluorescence imaging, etc.)
(2) Describe acquisition protocol, inchuding:
Excitation wavelength
Filter sets
Number of frames averaged (if applicable)
Report device specific features when utiized (e.g.,
enhanced depth imaging, swept-source OCT, adaptive

optics)®

6 Postacquisition data
selection

Descrbe image  selection process, including:
(1) Quality control critenia
(2) Postacquisition discard (number and criteria) (3) Eye
selecuon strateqy (if applicable)

7 Postacquisition
analysis

3. Material and methods :

33 OCT protocol
processing

all posiaoqulsmon steps:
(1) Software used for processing scans and segmentation
(may be different from acquistion software)
(2) Which individual retinal layers were
segmented/included
(3) Method of segmentation (automated, semi-automated,
or manual)
(4) How potential bias was addressed in the case of
manual segmentation or manual comrection of automated
segmentation errors (masking)®
(5) Grid used for data extraction (size, shape, selected
sections)
(6) Pixel to millimeter ratio if images are exported (caliper
need)®

3. Material and methods :

33 OCT protocol
processing

8 Nomenclature and
abbreviations

Define:

(1) Anatomical structures analyzed
(2) Units of provided measurements (e.g., volume or
thickness)

(3) Flepon the number of eyes presenting additional retinal
pathology; describe qualitative retinal changes and report
exact methodology of quantification®

3. Material and methods :

33 OCT protocol
processing

and
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2. Darstellung der Publikation mit Literaturverzeichnis
2.1 Einleitung

Die Multiple Sklerose (MS) ist eine chronisch-entziindliche Erkrankung, bei der es schubweise
oder, wie bei der primar progredienten Verlaufsform (PPMS), kontinuierlich zu einer
zunehmenden Neurodegeneration und infolgedessen zu einer zunehmenden Behinderung
kommt." Um Neurodegeneration friihzeitig feststellen zu kénnen, bedarf es Biomarker, die als
Pradiktoren fir den klinischen Verlauf dienen kénnen.

Daflr kommt die Atrophie von retinalen Nervenschichten, wie der retinalen Nervenfaserschicht
(RNFL), der Ganglienzellschicht und inneren plexiformen Schicht (GCIPL) sowie der inneren
Kdrnerschicht (INL) infrage. Diese kann prazise mithilfe der Optischen Koharenztomografie
(OCT) bestimmt werden.?® Eine Reduktion der RNFL und GCIPL wurde in MS Patienten
bereits beobachtet und war mit dem Hochkontrast- und Niedrigkontrastsehen, kortikaler
Atrophie und kognitiver Beeintrachtigung assoziiert.>*® Die meisten Studien dazu beziehen
sich auf Patienten mit schubférmig remittierender Multipler Sklerose (RRMS). Nur in wenigen
wurden PPMS Patienten, meist mit einer niedrigen Fallzahl, eingeschlossen.”?

Ein anderer mdglicher Neurodegenerationsmarker ist das Protein Neurofilament Light Chain
im Serum (sNfL). Dieses ist ein Bestandteil des axonalen Cytoskeletts und wird bei axonaler
Schadigung in den Liquor und in geringerer Konzentration in das Serum freigesetzt.’
Zahlreiche Studien stellten einen Zusammenhang zwischen der sNfL Konzentration und
Indikatoren der Krankheitsaktivitdt von MS Patienten, wie der Aktivitat im MRT, Hirnatrophie,
Retrobulbarneuritis und der Schubrate dar.’®"" Jedoch ist noch nicht vollstandig geklart, ob
sich mit dem sNfL die langfristige Krankheitsprogression, vor allem bei Patienten mit PPMS,
vorhersagen lasst.'*"3

Unsere Hypothese ist, dass Biomarker des visuellen Systems als Pradiktoren des
Krankheitsverlaufs in PPMS Patienten dienen kdonnen und praziser sind als die aktuell
verwendeten pradiktiven Biomarker, wie die sNfL. Wir stellen eine gro3e Beobachtungsstudie
mit PPMS Patienten vor, welche longitudinale Sehleistungs-, OCT-, MRT- und sNfL-
Messungen sowie einen querschnittlichen Vergleich mit gesunden Probanden beinhaltet.

2.2 Methoden

Patienten mit PPMS wurden im Zeitraum von 2012 bis 2018 in der MS Tagesklinik des
Universitatsklinikums Hamburg-Eppendorf (UKE) und dem NeuroCure Clinical Research
Center der Charité, Universitatsklinikum Berlin rekrutiert. Die Einschlusskriterien waren die
Diagnose PPMS nach den McDonald Kriterien 2010, ein Expanded Status Disability Scale
(EDSS) von maximal 7,0 und ein Alter von 18 bis 65 Jahren. Patienten mit erheblichen
gesundheitlichen Einschrankungen neben der MS sowie Kontraindikationen fir ein MRT
wurden von der Studie ausgeschlossen. Alterskorrelierte gesunde Kontrollen wurden am UKE
rekrutiert.

Die Patienten wurden jahrlich untersucht, der EDSS erhoben, der Timed-25-Foot-Walk-Test
(T25FWT), Symbol-Digit-Modalities-Test (SDMT) und der Nine-Hole-Peg-Test (NHPT) wurden
durchgefihrt. Fir jedes Auge wurden separat der Hochkontrast-Fernvisus (high contrast visual
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acuity, HCVA) und die Funktion aus der Kontrastemfindlichkeit und der Ortsfrequenz (conrast
sensitivity function, CSF) bestimmt. Aus der CSF errechneten wir die Flache unter der
logarithmierten CSF (area under the log CSF, AULCSF), die Ortsfrequenz, welche bei vollem
Kontrast gerade noch erkannt wird (CSF Acuity)'* sowie die Kontrastsensitivitat fiir bestimmte
Ortsfrequenzen (1,5; 3; 6; 12 und 18 Perioden/Grad). Blutproben wurden entnommen und an
das Universitatsklinikum Basel, Schweiz verschickt, wo das Protein Neurofilament Light Chain
im Serum (sNfL) bestimmen wurde.

Mithilfe der Optischen Koharenztomographie wurden die Dicke der peripapillaren retinalen
Nervenfaserschicht (retinal nerve fiber layer, RNFL), die Volumina der makularen Retina, der
makularen Ganglienzellschicht und inneren plexiformen Schicht (ganglion cell/inner plexiform
layer, GCIPL) sowie der makularen inneren Kdrnerschicht (inner nuclear layer, INL) bestimmt.
Dafir verwendeten wir das Spectralis SD-OCT (Heidelberg Ingeneering). Fur die Messung der
pRNFL wurden ein Ringscan von 12° um die Papille und fir die makularen Schichten ein
Boxscan der Makula von 25°x30° Grad aufgenommen. Die Nervenfaserschichten wurden
semiautomatisch segmentiert. Aufnahmen, die nicht den OSCAR-IB Kiriterien' entsprachen,
wurden ausgeschlossen. Eine Differenz der RNFL-Dicke von Gber 6um zwischen den Augen
eines Probanden wurde als Hinweis fir eine subklinische Optikusneuritis (SON) angesehen.

Wir fertigten T1 und T2 gewichtete MRT Aufnahmen mit dem Skyra 3T an und berechneten
die Volumina der grauen und weilRen Substanz sowie des Gesamthirnvolumens. Von 42
Patienten wurden mithilfe der Diffusions-Tensor-Bildgebung auch die mittleren Diffusionswerte
von vier Blndeln der weiflen Substanz bestimmt: der optischen Strahlung (optic radiation,
OR), des Parieto-Okzipital-Pontinen Blindels (parieto-occipital-pontine tract, POPT), des
Superioren Longitudinalen Faszikels Il (superior longitudinal fascicle I, SLF_II) und des
Thalamo-Okzipitalen Bindels (thalamo-occipital tract, T_OCC). Ein erhdhter Diffusionswert ist
mit Pathologien von Nervengewebe assoziiert und wurde bei verschiedenen
neuropsychiatrischen  Erkrankungen sowie als Folge des Alterungsprozesses
nachgewiesen'®.

Die statistische Auswertung erfolgte mit R V.4.2.1. Die deskriptive Statistik ist mit Mittelwerten
und Standardabweichungen oder mit Medianen und Spannweiten oder Haufigkeiten
dargestellt. Gruppen wurden mit den Mixed Models verglichen. Hierbei wird berechnet, in
wieweit eine abhangige Variable von einem uns interessierenden Faktor (Fixed Factor) und
uns nicht interessierenden, aber wahrscheinlich relevanten Faktoren (Random Factors)
beeinflusst wird 7. Als Random Factors definierten wir das Alter, das Geschlecht sowie den
Hinweis auf eine subklinische optische Neuritis (intraindividueller RNFL- Dickenunterschied
von >6um). Fur die durchschnittlichen Parameter in der Patientengruppe wurden Perzentilen
bezogen auf die Kontroligruppe ermittelt. Um Wendepunkte der Funktion von
Sehleistungsparametern und strukturellen Komponenten des visuellen Systems zu
bestimmen, wurde die fur Alter, Geschlecht und sON korrigierte segmentierte Regression
angewendet. SchlieRlich wurden die Patienten in eine Gruppe mit AULCSF Verlust und ohne
AULCSF Verlust im follow-up unterteilt. Mithilfe der Varianzanalyse (ANOVA) Korrigiert fur
Alter, Geschlecht und sON wurde die Assoziation von Gruppenzugehdrigkeit und der
Veranderung der gemessenen klinischen Parameter Uber die Zeit analysiert. Ein p-Wert von
<0.05 wurde als statistisch signifikant angesehen.
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2.3 Ergebnisse

81 Patienten mit PPMS und zwei Kontrollkohorten mit jeweils 52 Probanden wurden in die
Studie eingeschlossen. Die Patienten litten durchschnittlich unter einem moderaten
Krankheitsstadium mit einem EDSS von 3,5 (2.0.-7.0) und einer durchschnittlichen
Krankheitsdauer von 5,9 Jahren (36,0-69,0; SD: 7,7). Die durchschnittliche Follow-up Zeit
betrug 2,7 Jahre (SD 1,7; bis zu 6 Jahren). Nur insgesamt vier Patienten erhielten am Anfang
der Studie immunmodulatorische Medikamente, im Verlauf der Studie kamen finf weitere
Patienten dazu. Die Patientengruppe unterschied sich in der Geschlechtsverteilung und der
Altersverteilung signifikant von jeweils einer der Kontrollgruppen, weshalb folgende Analysen
neben der sON fur Alter und Geschlecht korrigiert wurden.

Eine peripapillare RNFL-Dickendifferenz von 5-6um zwischen den Augen eines Individuums
wurde von Nolan et al. 2022 als sinnvoller Grenzwert zur Identifikation der optischen Neuritis
vorgeschlagen.’® 15 von 79 unserer Patienten (19%; 95% Cl 11% bis 29%) und 5 von 44
Kontrollen (11%; 95% Cl 4%-26%) mit Messungen beider Augen wiesen eine intraindividuelle
RNFL-Dickendifferenz von > 6um am Beginn der Studie auf. Patienten und Kontrollen
unterschieden sich diesbezuglich nicht signifikant (p=0.39).

Wir untersuchten, ob in der Patientengruppe insgesamt mehr intraindividuelle Unterschiede
von Sehleistungsparametern und strukturellen Komponenten des visuellen Systems vorliegen
als in der Kontrollgruppe. Haufigkeitsplots dazu zeigen, dass sich die Kurven fur
intraindividuelle Unterschiede bezuglich der VA5m, AULCSF und CSF Acuity von Patienten
und Kontrollen weitestgehend decken. Bezlglich der RNFL Dicke und des GCIPL- und totalen
Makulavolumens zeigen die Kurven der Kontrollgruppe jedoch hdhere Peaks flr geringe
intraindividuelle Unterschiede als die Kurven der Patientengruppe. Die Kurve der Gesunden
flacht ab einer intraindividuellen RNFL-Dickendifferenz von tber 10 uym fast auf eine Haufigkeit
von 0 ab, die dazugehoérige Kurve der Patienten jedoch nicht. Deshalb kann eine
intraindividuelle RNFL-Dickendifferenz von dber 10 pm als mdgliches zukilnftiges
diagnostisches Kriterium fir das Vorliegen einer PPMS oder Retrobulbarneuritis diskutiert
werden.

Zunachst erfolgte ein querschnittlicher Vergleich klinischer Parameter zwischen der Patienten-
und Kontrollgruppe am Anfangspunkt der Studie. Wir beobachteten bei den PPMS Patienten
eine verminderte AULCSF, CSF Acuity und Kontrastsensitivitat fir hdhere Ortfrequenzen,
wohingegen die HVCA keinen signifikanten Unterschied zeigte. Passend dazu waren auch die
RNFL Dicke und das GCIPL Volumen in Patienten verringert. Interessanterweise gab es
unabhangig von Alter, Geschlecht und sON keine signifikanten Unterschiede der Hirnvolumina
und der mittleren Diffusionskoeffizienten. Die sNfL Werte waren in der Patientengruppe erhoht.

Als Nachstes untersuchten wir, inwiefern die Parameter von der Krankheitsdauer am
Anfangspunkt der Studie abhingen. Dabei zeigte die Krankheitsdauer mit keinem Parameter
der Sehleistung (AULCSF, CSF Acuity, HCVA) eine signifikante Assoziation. Jedoch nahmen
die RNFL Dicke um 0,55 pm/Jahr (95% Kl 0,13 bis 0,96; p = 0.010), das Makulavolumen um
0,006 mm3/Jahr (95% KI 0,002 bis 0,010, p= 0,007) und das GCIPL Volumen um 0.004
mm3 /Jahr (95% Kl 0,0001 bis 0,007mm3 /Jahr, p= 0,002) mit zunehmender Krankheitsdauer
ab. Das INL Volumen zeigte keine signifikante Anderung. Der mittlere Diffusionskoeffizient
stieg nur fir den T_OCC um 0,06x 1073 mm?/s pro Krankheitsjahr an, die mittleren
Diffusionskoeffizienten fir andere Bindel veranderten sich nicht signifikant. Auch die
absoluten sNfL Werte korrelierten nicht mit der Krankheitsdauer (beta=-0.15, 95% Kl -0,42 bis
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0.11, p=0,050, z-Scores nahmen aber um 0,04/Krankheitsjahr (95% KI 0 bis 0,08, p=0,050)
ab. Wir berechneten die Perzentilen der durchschnittlichen Werte der Sehtestparameter,
retinalen Schichten und des sNfL in Abhangigkeit von der Krankheitsdauer. Zum Zeitpunkt der
Diagnosestellung (Krankheitsdauer = 0) lagen die INL und das sNfL im oberen
Perzentilenbereich, die HCVA, AULCSF sowie das retinale Makulavolumen in der Nahe der
50. Perzentile, die CSF Acuity, RNFL und GCIPL waren erniedrigt.

Uns interessierte nun, inwiefern die Neurodegeneration der retinalen Schichten und der
neuronalen Bindel die Sehfahigkeit beeinflussen. Es zeigte sich, dass die Parameter der
Sehleistung (HCVA, AULCSF, CSF Acuity) mit fortschreitender Abnahme der GCIPL- und
RNFL-Dicke lange weitestgehend stabil blieben. Dies war bis zu einem Wendepunkt der Fall
(RNFL = 90,6 um; 95% Kl 84,9 bis 96,3; p = <0.001 und GCIPL = 0,43 um? ; 95% Kl 0,40 bis
0,46; p = <0.001), nach dem die drei Parameter deutlich zu sinken begannen. Dabei zeigte die
AULCSF einen steileren Abstieg als die anderen Sehleistungsparameter. SLF_Il zeigte ab
einem mittleren Diffusionskoeffizienten von 0,76 10x 103 mm?/s (95% Kl 0,74 bis 0,78;
p<0.001) einen steileren AULCSF Abstieg. Nur ein sehr hoher mittlerer Diffusionswert fur
T_OCC konnte als Wendepunkt bestimmt werden, alle anderen neuronalen Bindel und das
sNfL zeigten keinen Wendepunkt.

Da die AULCSF ein sensitiverer Parameter zur Bestimmung der Sehleistung zu sein scheint
als die HCVA und CSF Acuity, unterteilten wir die Patienten in eine Gruppe mit einem AULCSF
Abstieg (AULCSF Betakoeffizient <0; n= 25) und eine Gruppe ohne Abstieg (n=26). Die
Gruppe mit einem AULCSF Abstieg zeigte auch einen Abstieg der HCVA (beta= -0,09/Jahr,
p=0,005), CSF Acuity (beta=-0,03/Jahr, p=0,007) sowie einen schnelleren EDSS Anstieg
(beta= 0,17/Jahr, p=0,043). Interessanterweise nahm die GCIPL Dicke in der AULCSF
Abstiegsgruppe weniger ab als in der Gruppe der Patienten mit stabiler AULCSF (beta=0,004
mm?3/Jahr, p=0,028). Bezliglich der Entwicklung der RNFL Dicke, der INL Dicke, des retinalen
Makulavolumens, des NHPT, T25WT, SDMT und der sNfL unterschieden sich die beiden
Gruppen nicht.

2.4 Diskussion

Unsere querschnittliche Analyse zeigte, dass PPMS Patienten eine signifikant geringere RNFL
Dicke, ein geringeres GCIPL Volumen und einen Trend zum geringeren retinalen
Makulavolumen verglichen mit gesunden Probanden aufweisen. Dies steht im Einklang mit
den Ergebnissen einer anderen PPMS Patienten einschlieRenden Studie. * Die Abnahme der
RNFL Dicke pro Krankheitsjahr unserer PPMS Kohorte ist vergleichbar mit der von RRMS
Patienten ohne Zustand nach Retrobulbérneuritis.'®?° Zudem konnten wir zeigen, dass der
Zusammenhang zwischen retinalem Substanzschaden und der Sehleistung nicht linear ist,
sondern ein Wendepunkt existiert, ab dem es zu einer beschleunigten Verschlechterung der
Sehleistung kommt. Dieser lag in unserer PPMS Kohorte bei einer pRNFL-Dicke von 92.1 um
bezogen auf die AULCSF. Er ist somit wesentlich héher als der bestimmte Wendepunkt bei
Patienten mit MS oder anderen neurodegenerativen Erkrankungen, wenn die Sehleistung mit
Standardsehtafeln bestimmt wird.?'??

Eine intraindividuelle pRNFL Differenz von mindestens 6um, welche zuvor als Kriterium fur
einen Hinweis fir eine Retrobulbarneuritis vorgeschlagen wurde, erscheint nicht spezifisch
genug. Laut unseren Ergebnissen erscheint ein Cuf-off- Wert von 10um sinnvoll, diesbeztiglich
sind jedoch weitere Analysen nétig. Das 6um Differenz Kriterium korrelierte mit Parametern
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der CSF, jedoch nicht relevant mit anderen klinischen Outcomes. Die asymmetrische retinale
Atrophie in PPMS Patienten kdnnte auch auf eine nicht balancierte Hirnatrophie und weniger
auf eine subklinische Retrobulbarneuritis zurlickzufiihren sein.?

Wir konnten eine Korrelation zwischen der Atrophie von pRNFL, GCIPL und dem retinalen
Volumen und Sehleistungsparametern, nicht aber von INL und klinischen Outcomes
feststellen. Mithilfe der CSF lie3 sich die abnehmende Sehleistung friher detektieren als mit
den Standard-Hochkontrastsehtafeln. Von einer hGheren Sensitivitat und besseren Korrelation
mit klinischnen Outcomes des Niedrigkontrastsehens wurde bereits berichtet.?* Zudem
korrelierte die Atrophie von retinalen Nervenschichten mit Diffusionskoeffizienten von
neuronalen Bindeln im Gehirn, was ein weiterer Hinweis fur trans-synaptische Degeneration
in PPMS Patienten ist.?°

Wir beobachteten in Patienten mit einer stabilen AULCSF im Krankheitsverlauf eine starkere
Reduktion des GCIPL Volumens als bei Patienten mit AULCSF Abnahme. Jedoch zeigte sich
bei Patienten mit einer AULCSF Progression eine schnellere Zunahme des EDSS. Dies zeigt
die Komplexitat der Krankheitsentwicklung in PPMS Patienten und die Notwendigkeit einer
genauen individuellen Evaluation des Krankheitsstatus. Eine Rolle hierin kann die Robustheit
des visuellen Systems gegen strukturellen Schaden spielen.

Das sNfL war im querschnittlichen Vergleich zwar in der Patientengruppe erhéht, die absoluten
sNfL Werte korrelierten jedoch nicht mit der Krankheitsdauer. Da die sNfL Konzentration mit
dem Alter steigt?®®, berechneten wir die z-Scores, welche die Abweichung von einer
Kontrollkohorte widerspiegeln.?” Diese zeigten einen Trend zur Abnahme mit zunehmender
Krankheitsdauer. Eine starke Korrelation von sNfL und der retinalen Atropie oder anderen
klinischen Parametern konnten wir nicht feststellen. Grofiere longitudinale Datensatze kdnnten
moglicherweise Confounder, wie den Body Mass Index, Lasionen und Atrophie des Zentralen
Nervensystems identifizieren und komplexere Zusammenhange zwischen dem sNfL und
Kranheitsmerkmalen aufdecken. Andere Studien mit MS Patienten zeigten eine Korrelation
von sNfL und der Entziindungsaktivitat sowie klinischen Outcomes.'?® Mithilfe der sNfL
Konzentration im Liquor zu Beginn der Optikusneuritis konnten die Niedrigkontrastsehkraft,
RNFL und GCIPL im Verlauf vorhergesagt werden.?

Unsere Studie hat mehrere Limitationen, wie fehlende Messungen visuell evozierter
Potentiale, funktionaler MRTs und in der Gruppe der gesunden Kontrollen das Fehlen einer
Diffusionsbildgebung sowie longitudinaler Daten. Denkbar ist auch ein Bias durch die
Datenerhebung in zwei verschiedenen Zentren und zwei Kontrollkohorten fur sNfL und das
visuelle System. Trotz der GréRe unserer Kohorte und der vergleichsweise langen Follow-up
Zeit lassen sich nur eingeschrankt Aussagen uber eine Krankheit machen, die sich Uber
Jahrzehnte entwickelt.

2.5 Einordnung in den breiteren Kontext

Unsere Studie zeigte, dass zwischen der Atrophie der retinalen Nervenschichten und der
Sehleistung kein linearer Zusammenhang besteht, sondern die Sehleistung erst ab einem
bestimmten kritischen Wert des Gewebeschwunds merklich zu sinken beginnt. Dieser lag bei
90,6 um fur die peripapillare RNFL und bei 0,43 um?3 fiir die makuldre GCIPL. Zu &hnlichen
Ergebnissen kamen Gigengack et al. in ihrer Studie zu Patienten mit den Neuromyelitis-optica-
Spektrum-Erkrankungen (NMOSD), MOG-Antikérper assoziierten Erkrankungen (MOGAD)
und RRMS. Hier wurde fiir eine Dicke von tiber 60um pRNFL oder GCIPL keine oder nur eine
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sehr geringe Assoziation von retinaler Nervensubstanz und der Sehleistung gefunden. Ab
einem Wert von unter 60um war eine zunehmende Atrophie von pRNFL und GCIPL mit einer
Reduktion des Hochkontrast- und Niedrigkontrastsehens sowie mit zunehmenden
Gesichtsfeldausféllen in allen Krankheitsgruppen assoziiert.?' Dies zeigt, dass eine Robustheit
des visuellen Systems bis zu einer bestimmten Auspragung der Netzhautatrophie nicht nur bei
Patienten mit MS, sondern auch bei anderen neurodegenerativen Erkrankungen besteht. Beim
Offenwinkelglaukom werden Gesichtsfeldausfélle erst detektierbar, wenn die Nervensubstanz
der Papille bereits auf unter ein Drittel des normalen Wertes ausgediinnt ist.*® Erst ab einem
Verlust von 17,3% der RNFL wurden in Glaukompatienten anfangliche Gesichtsfelddefekte
beobachtet.®' Eine andere Studie zeigte, dass die mittlere RNFL Dicke, die mit anfanglichen
Gesichtsfelddefekten in Gaukompatienten assoziiert ist, 89 um betragt.*? Eine Erklarung fir
die Robustheit des visuellen Systems kénnte die Neuroplastizitdt auf Ebene des zentralen
Nervensystems sein. Bei padiatrischen MOGAD Patienten erholte sich die Sehleistung nach
einer Optikusneuritis bei ahnlicher Atrophie der RNFL, GCIL, INL und des totalen
Makulavolumens wesentlich besser als bei adulten MOGAD Patienten. Die altersabhangige
Neuroplastizitat des visuellen Systems auf kortikaler Ebene wurde hierflr als mogliche
Ursache vorgeschlagen.®®* Auch kompensatorische Mechanismen auf retinaler Ebene sind
denkbar, hier sind weitere Analysen sinnvoll.

Unsere Ergebnisse identifizierten die AULCSF als sensitiveren Parameter als die HCVA oder
die CSF Acuity. Die AULCF wies einen steileren Abstieg mit zunehmender RNFL und GCIPL
Atrophie auf als die beiden anderen Sehleistungsparameter. Auch im querschnittlichen
Vergleich mit gesunden Probanden waren die AULCSF, CSF Acuity und die
Kontrastsensitivitat fir hohere Ortfrequenzen bei PPMS Patienten vermindert, wohingegen die
HVCA sich nicht signifikant unterschied. Eine hdhere Sensitivitat des Niedrigkontrastsehens
sowie eine bessere Korrelation mit klinischen Outcomes wurde nicht nur bei MS Patienten®,
sondern auch bei einer Vielzahl von neurodegenerativen und ophthalmologischen
Erkrankungen beobachtet. Die meisten Studien, welche Patienten mit Morbus Alzheimer
einschlossen, konnten kein vermindertes Hochkontrastsehen verglichen mit Gesunden
feststellen. Jedoch fanden mehrere Studien ein vermindertes Kontrastempfinden bei
Alzheimer Patienten.® Verglichen mit dem Hochkontrastsehen korrelierte die
Kontrastsensitivitdt besser mit der subjektiv erlebten Seheinschrankung in  Katarakt
Patienten®* sowie mit der sehleistungsbezogenen Lebensqualitdt in Patienten mit
altersbedingter ~ Makuladegeneration.®® Die  computergestiitzte  Bestimmung der
Kontrastsensitivitatsfunktion (qCSF), welche auch in dieser Studie zum Einsatz kam,
korrelierte bei MS Patienten (70% RRMS) besser mit der Lebensqualitat als klassische
Hochkontrast- und Niedrigkontrastsehtafeln.®” Ein reduziertes Kontrastempfinden wurde bei
Patienten nach Optikusneuritis®®, hinterer Glaskdrperabhebungt®®, mit Myopia magna unter
-12,0 Dioptrien (sowohl mit Brillenglasern wie auch mit Kontaktlinsen korriegiert)*® und
Parkinson Patienten gefunden. Bei Parkinson Patienten korrelierten das verminderte
Kontrastsehen mit Schlaf- und kognitiven Stérungen. Des Weiteren hatten die Patienten mit
unterdurchschnittlicher Kontrastsehfunktion bei Diagnosestellung ein héheres Risiko einen
Abfall der kognitiven Funktion zur erleiden sowie fiir visuelle Halluzinationen.*’ Das
Niedrigkontrastsehen bzw. die Kontrastsensitivitdtsfunktion ist damit besser als
Verlaufspradiktor ~ geeignet als das im klinischen Alltag weitaus haufiger evaluierte
Hochkontrastsehen. Eine haufigere Testung der Kontrastsensitivitatsfunktion in der klinischen
Patientenversorgung konnte zu einer besseren Einschatzung des Leidensdrucks und bei
Therapieentscheidungen helfen. Computergestitzte Methoden zur Bestimmung der
Kontrastsensitivitdtsfunktion kdnnten die verstarkte Implementierung in den klinischen Alltag
erleichtern.™
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3. Zusammenfassung

3.1 Deutsche Version

Wir fihrten eine Beobachtungsstudie mit 81 Patienten mit Primar Progredienter Multipler
Sklerose (PPMS) durch, welche longitudinale Sehleistungsparameter, Messungen mithilfe der
optischen Koharenztomographie (OCT), Magnetresonanztomographie (MRT) und die
Bestimmung des Serum Neurofilament Light Chains (sNfL) beinhaltete. Dartber hinaus
erfolgte ein querschnittlicher Vergleich mit zwei Kohorten jeweils 52 gesunder Probanden. Ziel
der Studie war es, Pradiktoren des klinischen Verlaufs der PPMS zu identifizieren. Diskutiert
werden dafiir die Atrophie retinaler Nervenschichten und die Konzentration des Proteins sNfL.

Im querschnittlichen Vergleich mit gesunden Probanden hatten PPMS Patienten verminderte
Parameter der Kontrastsensitivitdtsfunktion, eine dinnere Retinale Nervenfaserschicht
(RNFL) und Ganglienzell-/Innere Plexiforme Schicht (GCIPL) sowie ein erhdhtes sNfL. Auch
mit zunehmender Krankheitsdauer nahmen die RNFL, GCIPL und das totale Makulavolumen
ab. Die Atrophie der retinalen Nervenschichten beeinflusste die Sehleistungsparameter in
einem nicht-linearen Zusammenhang. Die Sehleitung blieb lange bis zu einem bestimmten
Wendepunkt der retinalen Atrophie weitestgehend stabil, nach welchem ein deutlich steilerer
Abstieg der Sehfunktion zu verzeichnen war. Die Flache unter der logarithmierten
Kontrastsensitivitdtsfunktion zeigte von allen gemessenen Sehleistungsparametern den
steilsten Abstieg und scheint somit ein sensitiverer Parameter fur die Neurodegeneration bei
PPMS zu sein.

3.2 Englische Version

Our observational study with 81 primary progressive multiple sclerosis (PPMS) patients
includes a longitudinal assessment of the visual function, measurements performed with the
optical coherence tomography (OCT), magnetic resonance imaging (MRI) and the evaluation
of the serum neurofilament light chain protein (sNfL). Additionally, we performed a cross
sectional comparison with two groups of healthy controls, each n=52. The purpose of the study
was to identify predictors for clinical worsening of PPMS. As such potential predictors, we
discuss the retinal layer atrophy and the concentration of sNfL.

In the cross sectional comparison with healthy controls, PPMS patients showed a lower
contrast sensitivity function, thinner retinal nerve fiber layer (RNFL) and ganglion cell/inner
plexiform layer (GCIPL) and total macula volume. There was a non-linear association between
the visual function and retinal layer atrophy. Visual funcion was largely stable until an inflection
point after which a notably steeper decline was observed. The area under the logarithmized
contrast sensitivity function had the steepest decline of all measured visual function
parameters and therefore, seems to be a more sensitive parameter for neurogedeneration in
PPMS.
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