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Abstract

Background: Alterations of the superficial retinal vasculature are commonly observed in multiple sclero-
sis (MS) and can be visualized through optical coherence tomography angiography (OCTA).
Objectives: This study aimed to examine changes in the retinal vasculature during MS and to integrate
findings into current concepts of the underlying pathology.

Methods: In this cross-sectional study, including 259 relapsing—remitting MS patients and 78 healthy
controls, we analyzed OCTAs using deep-learning-based segmentation algorithm tools.

Results: We identified a loss of small-sized vessels (diameter < 10 um) in the superficial vascular com-
plex in all MS eyes, irrespective of their optic neuritis (ON) history. This alteration was associated with
MS disease burden and appears independent of retinal ganglion cell loss. In contrast, an observed reduc-
tion of medium-sized vessels (diameter 10-20 um) was specific to eyes with a history of ON and was
closely linked to ganglion cell atrophy.

Conclusion: These findings suggest distinct atrophy patterns in retinal vessels in patients with MS. Fur-
ther studies are necessary to investigate retinal vessel alterations and their underlying pathology in MS.
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Introduction

Alterations of the optic nerve and the retina are com-
monly observed in multiple sclerosis (MS), a chronic
autoimmune disorder characterized by inflammation,
demyelination and axonal loss in the central nervous
system (CNS).! Optical coherence tomography (OCT)
is a non-invasive imaging technique that allows high-
resolution visualization of the retina. In patients with
MS, inner retinal layer thinning is frequently found
and has been linked to neurodegenerative processes in
the CNS and might be indicative of a worse disease
prognosis.z’

Beyond retinal layer alterations, growing evidence
suggests changes in the retinal vasculature in patients
with MS. OCT angiography (OCTA), an extension
of OCT imaging, allows for detailed visualization of
the retinal vasculature. Here, successive scans are
acquired at a single location of the retina. After
removing stationary tissue signals, the residual sig-
nal represents moving erythrocytes in veins and
arteries down to the capillary level.® OCTA has been
increasingly employed for diagnosing and managing
ophthalmologic conditions, such as age-related mac-
ular degeneration, diabetic retinopathy and glau-
coma. In neurodegenerative diseases, such as
Alzheimer’s and Parkinson’s disease, reduced vessel
densities seem to correlate with disease severity. A
reduction of blood flow in the optic nerve has been
demonstrated for both arteritic (AION) and non-
arteritic (NAION) optic neuropathies and correlates
with the loss of peripheral visual field and visual
acuity. However, it is not possible to differentiate
between the two entities.® In MS patients with acute
optic neuritis (ON), rarefication of superficial retinal
vessels occurs in parallel to ON-related ganglion cell
and inner plexiform layer (GCIP) atrophy within the
initial 3 months.!%-13 Recent data suggest that retinal
vessel loss is also evident in eyes without an ON his-
tory in MS and might be associated with disease
activity.!314 It is controversially discussed whether
superficial retinal vessel rarefication results from a
primary retinal vessel pathology or results second-
ary to an altered retinal metabolism following gan-
glion cell loss.!?

In this study, we investigated changes in the retinal
vasculature in MS patients with and without a his-
tory of ON by analyzing OCTA images with a deep
learning (DL)-based segmentation algorithm.
Furthermore, we correlated alterations of retinal
vessels to changes in the retinal architecture and
visual function, advancing current hypotheses of the
underlying pathology.

Methods

Study design

In this cross-sectional cohort study, we included
patients with relapsing—remitting MS (RRMS) accord-
ing to the 2017 McDonald consensus criterial®> and
healthy controls (HCs) aged 18-75years. RRMS
patients were recruited as part of an ongoing observa-
tional study (TUM-MS study) at the Department of
Neurology, Klinikum rechts der Isar, TUM School of
Medicine and Health of the Technical University of
Munich from 2018 to 2023. HCs were age-matched
from an already existing cohort of volunteers in our
department and were screened for relevant comorbidi-
ties. All participants underwent neurological examina-
tion including the expanded disability status scale
(EDSS), visual testing,'? retinal OCT and OCTA exam-
ination. Intraocular pressure was not measured. We
obtained an extensive medical history of each partici-
pant, which included any diseases affecting the visual
system. Participants’ eyes were stratified according to
eyes with an ON history (MS-ON) and without an ON
history (MS-NON). Eyes with subclinical ON were
treated as eyes with clinical ON. Participants with any
history of eye disease or affection other than ON,
refractory errors exceeding more than 6 diopters, and
insufficient OCT or OCTA quality were excluded.

Standard protocol approvals, registration and
patient consent

This study adhered to the Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE)
guidelines received approval from the ethics commis-
sion of the Technical University of Munich, School of
Medicine (166/16S, 2023-526-S-KH) and followed
the principles outlined in the Declaration of Helsinki.
Written informed consent was obtained from all par-
ticipants and patients.

OCT and OCTA image analysis

Conventional OCT images of the macula (Early
Treatment Diabetic Retinopathy Study (ETDRS) grid
extracted from a 30°X25° macular scan) were
acquired using a spectral-domain OCT (Heidelberg
Engineering’s Spectralis OCT2) as previously
described.'® All images were checked for sufficient
quality according to the OSCAR-IB criteria.!” The
vendor-provided software (Eye Explorer, v2.5.4) was
used to automatically obtain the retinal layer segmen-
tations, which were manually corrected if needed.
Subclinical ON was considered in individuals with an
inter-eye difference in peripapillary retinal nerve fibre
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Figure 1. Alterations of the retinal vasculature and its association with retinal layer atrophy and disease burden. (a)
Following the Early Treatment Diabetic Retinopathy Study (ETDRS) grid, we divided the macula into five sectors: centre,
nasal, superior, inferior and temporal. Alterations in vessel densities in both the left and right eyes are superimposed on

the morphology of the left eye. An increase and decrease in vessel density are shown in green and red, respectively. In
comparison to HC (upper panel), a reduction of the smallest vessels of the SVC (diameter < 10 um) can be observed in

all outer sectors in both MS-ON (middle panel) and MS-NON (lower panel) cohorts. A loss of medium-sized vessels
(diameter 1020 pum) is only observed in all outer sectors of the MS-ON cohort. No significant changes were seen in the
DVC. (b) Atrophy of the RNFL is associated with small- and medium-sized vessels (diameter <20 pm) in patients with MS
irrespective of history of ON. (c) In contrast, GCIP loss is predominantly associated with reduced medium-sized vessels
(diameter 10-20 pum). (d) A loss of small vessels is associated with more severe disability. (b—d) All p-values depicted
were corrected for age and gender. The p-values for regression analysis of SVC < 10 um vessel density and RNFL or GCIP
(B + C upper panels) were corrected for SVC 10-20 um vessel densities and vice versa (B + C lower panels).

P-values < 0.05 are marked as bold.

DVC: deep vascular complex; GCIP: ganglion cell combined inner plexiform layer; HC: healthy control; MS: multiple sclerosis; NON:
no history of optic neuritis; ON: history of optic neuritis; RNFL: retinal nerve fibre layer; SVC: superficial vascular complex.
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layer (pRNFL) and the combined GCIP measures
exceeding 5 and 4 um, respectively.?

We recorded OCTA data using the same spectral-
domain OCT device with its angiography module
(Heidelberg Engineering Spectralis OCT2) as
described elsewhere.!? En-face images and decorrela-
tion signals were recorded within a 2.9 X2.9mm
region focusing on the fovea centralis. To minimize
motion artefacts, active eye tracking was ensured by a
software built-in algorithm. All OCTA images were
quality-controlled according to the OSCAR-MP
criteria.'s

We assessed vessel densities of the superficial (SVC)
and deep (DVC) vascular complex around the fovea
in 2.5-mm eccentricity (area 4.9 mm?) using a previ-
ously introduced DL-based segmentation of the reti-
nal vasculature.!® Here, a neural network is trained
using transfer learning on a large dataset of syntheti-
cally generated OCTA images before being employed
for segmentation of real OCTA images. Previous
studies have demonstrated the ability of this approach
to extract high-quality segmentation maps of the reti-
nal vasculature from OCTA images.!%20 In particular,
the smallest blood vessels are identified with a higher
accuracy and consistency compared to commonly
used segmentation methods relying on vesselness fil-
ters or thresholding.?! Based on the obtained vessel
segmentations, we extract corresponding vascular
grafts using the Voreen software.?>23 This allows us to
characterize individual vessel segments with regard to
their length and diameter. In this work, we differenti-
ated densities of vessels with a diameter of <10, 10—
20 and >20um. For further analysis. we divided the
described macular into five sectors (centre, superior,
temporal, inferior and nasal; see Figure 1) comparable
to an ETDRS grid. The foveal avascular zone was cal-
culated based on the DVC.

Statistical analysis

We performed statistical analyses using GraphPad
Prism (v9.5.0). We applied the paired-eye statistical
approach to account for inter-eye correlations. If val-
ues of both eyes were available for assignment to the
same test group, the mean was used as one data point.
If not, the remaining eye was used.?* For demograph-
ics, we used the Mann—Whitney test for non-para-
metric data and the Fisher’s exact test for gender
analysis. To quantify differences between the three
cohorts, we performed an ordinary one-way analysis
of variance (ANOVA) with Tukey’s multiple com-
parisons if data were distributed normally or a

non-parametric Kruskal-Wallis test with Dunn’s
multiple comparisons if not. Values are provided as
median (25%-75% interquartile range (IQR)). We
used multiple linear regression models, corrected for
age and sex, to analyze associations between OCT
and OCTA values on visual acuity, disease duration
and burden (EDSS). Respective estimates (-value)
are given as regression parameters. We accepted a
p-value of less than 0.05 as significant.

Results

Demographics and OCT characteristics

In this cross-sectional study, we included 337 par-
ticipants (674 eyes) comprising 259 RRMS patients
and 78 HCs. In total, 107 eyes (24 HCs, 72 MS-NON
and 11 MS-ON) were excluded due to poor OCTA
quality, resulting in 567 eyes of 337 participants
included in the study. Participants were balanced
concerning age and gender (median age RRMS 39
(26-54)years, RRMS, oy 39 (30-51) and RRMS
39 (31-46)years), HC 39 (31-49)years, p=0.58;
RRMS 72% female (RRMSy,y 72% female,
RRMS,y 78% female), HC 76% female, p=0.56).
However, 30% of MS patients had at least one epi-
sode of ON (78 patients out of 259 patients). In 14
patients, this ON episode occurred within 3 months
prior to OCTA analysis. Patients with RRMS
revealed short disease durations (median 14 (2—
60) months) and only mild clinical disability (median
EDSS 1.5 (0-2.0)). MS-ON eyes showed a signifi-
cantly lower visual acuity as compared to MS-NON
and HC eyes (Table 1). As expected, both MS-ON
and MS-NON eyes revealed atrophy of the RNFL,
and the GCIP as compared to healthy eyes whereas
RNFL and GCIP thinning was pronounced in
MS-ON eyes. Inner nuclear layer thickening
occurred in MS-ON eyes (Table 1).

Changes of the retinal vasculature in OCTA

images

In the first step, we evaluated changes in retinal vessel
densities across all vessel diameters. Here, we recog-
nized a rarefication of SVC vessel densities in
MS-NON and MS-ON as compared to HC eyes where
no differences were detected between MS-NON and
MS-ON eyes. Vessel measures of the DVC and FAZ
were comparable across all three groups (Table 1). In
the second step, we further analyzed alterations of the
SVC by stratifying the retinal vasculature into differ-
ent vessel diameters. We detected a comparable loss
of small vessels (diameter < 10 pm) in MS-NON and
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Table 1. Demographics, OCT and OCTA characteristics.

Visual acuity®(LogMAR)
HCVA 0.00 (—0.05 to 0.00) 0.0 (—0.11 t0 0.01) 0.01 (0.00 to 0.22) <0.0001°
LCVA 0.60 (0.48 to 0.70) 0.60 (0.48 to 0.70) 0.70 (0.49 to 1.05) 0.0002¢
OCT9(um)
RNFL 33.3(32.8t035.9) 30.8 (28.0 to 33.3) 27.9 (23.5t0 30.4) <0.0001¢
GCIP 71.3 (69.0 to 74.8) 68.8 (64.0 to 72.5) 62.3 (56.8 to 67.7) <0.0001f
INL 34.5(32.8t0 35.9) 34.3 (33.1t0 36.2) 35.4(33.7t0 37.5) 0.003¢
OCTA
SVC (% vessel density) 32.8 (30.8 to 34.3) 31.1(28.9 to 33.1) 30.2 (27.2t0 32.5) <0.0001"
DVC (% vessel density) ~ 41.9 (40.4 to 43.4) 42.0 (40.5 to 43.4) 41.6 (40.1 to 43.5) 0.59
FAZ (mm?) 0.10 (0.08 to 0.13) 0.11 (0.08 to 0.13) 0.11 (0.09 to 0.14) 0.17
OCTA stratified by vessel diameter (% vessel density)
SVC<10pm 19.4 (17.8 t0 20.7) 18.1(16.3 t0 19.9) 17.9 (16.0 to 19.6) <0.0001'
SVC 10-20 pm 12.1 (11.3 to 12.7) 11.7 (10.4 to 12.6) 10.8 (9.4 to 12.4) 0.0001i
SVC>20pum 0.60 (0.34 to 0.99) 0.56 (0.34 to 0.89) 0.38 (0.21 to 0.74) 0.01%

MS-ON eyes as compared to healthy eyes which was
evident in the majority of perifoveal quadrants (Figure
1(a) and Supplemental Figure). Interestingly, a rarefi-
cation of intermediate (diameter 1020 pm) and large
vessel (diameter >20pum, Table 1) occurred exclu-
sively in MS-ON, but not in MS-NON eyes as com-
pared to HC.

Association of superficial retinal vessel loss, the
retinal architecture and disability

In the third step, we aimed to analyze whether
changes in the SVC are associated with certain alter-
ations of the retinal architecture. Here, thinning of
the RNFL was associated with both loss of vessels
with<<10 and 10-20um diameter (Figure 1(b))

regardless of an ON history (data not shown).
Ganglion cell atrophy correlated with rarefication of
medium-sized vessels (diameter 10-20 um) but not
with small vessel structures (diameter <10 pm) as
depicted in Figure 1(c).

In the last step, we searched for associations of retinal
vessel thinning and disease burden in patients with
RRMS. Here, thinning of small-sized (diame-
ter <10 pm, Figure 1(d)) but not medium-sized ves-
sels (diameter 10-20um: B —0.08, p=0.16) was
associated with increased disability (EDSS). Both
small- (diameter <10pm: B —4.94, p=0.0006) and
medium-sized vessels (diameter 10-20 um:  —8.23,
p=0.0002) were associated with longer disease
durations.
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Discussion

The presented study uses advanced DL-based analy-
sis of OCTA images to gain an in-depth view of path-
ological alterations of the retinal vasculature during
MS. On one hand, we recognized a reduction of
small-sized vessels (diameter < 10 um) as a consistent
finding in all MS eyes irrespective of an ON history.
This change correlated with the MS disease burden
and seemed to occur independently of retinal gan-
glion cell loss. On the other hand, rarefication of
medium-sized vessels (diameter 10-20 pm) was pre-
dominantly detected in eyes with an ON history and
was closely associated with ganglion cell loss. These
findings suggest different pathophysiological mecha-
nisms of retinal vessel pathology during MS.

Several groups have previously used OCTA to investi-
gate retinal vessel changes in patients with MS as
reviewed elsewhere.!4?5 The rarefication of the SVC
appears to be a consistent finding. To date, the underly-
ing mechanism responsible for the rarefication of
superficial vessels remains elusive. In this study, we
used a novel DL-based segmentation algorithm that
allows higher accuracy in identification and stratifica-
tion of the smallest vessels. We found that medium-
sized vessels (diameter 10-20pm) were reduced
mainly in eyes with a history of ON and accompanying
ganglion cell atrophy. Moreover, vessel density meas-
ures of those vessels correlated with GCIP thickness.
We hypothesize that rarefication of these vessels might
thus be pathophysiologically linked to the decline of
ganglion cells. These findings are in line with the litera-
ture and recent work from our group involving patients
with acute ON.!° In that study, we observed a concur-
rent decline of ganglion cells and a reduction in the
SVC during the initial 3 months after an acute ON epi-
sode. Vessels of the SVC supply the RNFL and GCIP
with blood and oxygen.26 Consequently, the loss of
ganglion cells and the reduced oxygen demand may
potentially result in decreased perfusion of medium-
sized superficial retinal vessels. As such, we hypothe-
size that the loss of medium-sized vessels may be a
secondary phenomenon of an altered retinal metabo-
lism due to ganglion cell atrophy.

As another finding, we detected a decreased perfusion
of small-sized retinal vessels (< 10um) across all
patients with MS that was linked to MS disease dura-
tion and disability but occurred largely independently
of ganglion cell layer changes. Autopsy studies have
revealed histopathological changes in the retina of
most MS patients, including hypertrophy and loss of
resident glial cells, activated microglia and disruption
of tight junctions.?” These alterations may collectively
contribute to a compromised blood-retina barrier. We

speculate that these changes might lead to impaired
microcirculation and the loss of small-sized vessels.
The latter phenomenon has been observed in other
autoimmune diseases such as neuromyelitis optica
spectrum disorders in which rarefication of perifoveal
superficial vessel structures correlated with the dam-
age of retinal astrocytes.?® Our prior research has
linked an ON-independent reduction of superficial
vessels to inflammatory processes in the CNS.!3
Therefore, we suspect inflammation-related mecha-
nisms within the retina that instigate fundamental
changes in the retinal microvasculature. Numerous
studies in the past have shown that MS leads to a
change in the phenotype of microglia and astrocytes
within the brain, spinal cord and retina. In advanced
stages of the disease, these changes can also be found
far away from demyelinated areas in the brain and
might reflect a systemic, CNS intrinsic process.?’ It is
assumed that chronically activated and altered glial
cells drive local inflammatory processes, representing
the pathophysiological correlate for progressive and
relapse-independent disability progression.!>? In this
study, we speculate that altered retinal glial cells and
an impaired blood-retina barrier might be the patho-
logical correlate of retinal small vessel loss.?! Further
histopathological studies are necessary to investigate
the involvement of resident glial cells in microvascu-
lar changes of the retina.

Our study has several limitations. OCTA is a rela-
tively new technique and is highly sensitive to arte-
facts that can impact vessel density measurements.
However, all examinations were carried out by expe-
rienced technicians, and we implemented a stringent
approach by adhering to newly recommended criteria
for OCTA quality control.!8 In addition, due to its
methodology, OCTA can only provide information
about perfusion and cannot distinguish between a
genuine loss of vessels and merely vessel constric-
tion. Finally, despite being extensively benchmarked
in previous studies, our method to segment the retinal
vasculature and characterize individual vessel seg-
ments performs worse in image regions with very
high vessel density and overlapping segments.!%-20
However, by excluding images with severe flow pro-
jection artefacts and analyzing the individual vascular
complexes separately, we were able to mitigate the
impact of this shortcoming. Furthermore, participants
underwent no ophthalmological check-up, including
intraocular pressure measurement, to confirm the lack
of any subclinical eye disease or affection other than
ON, as stated by the participant.

In conclusion, a distinct atrophy pattern of superficial
small- and medium-sized retinal vessels can be
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observed during MS. Additional research is required
to incorporate retinal vessel abnormalities into the
pathophysiological framework of MS.
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