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Synopsis

Abstract

Retinal optical coherence tomography (OCT) is a promising biomarker for disease monitoring in
neurodegenerative and neuroinflammatory disorders. Multiple sclerosis (MS) and neuromyelitis
optica spectrum disorders (NMOSD) affect the retina as a result of retrograde neurodegeneration,
mainly after optic neuritis (ON), but potentially also from ON-independent primary retinal
pathology. However, traditional OCT analysis methods might be insufficient to detect subtle retinal
changes.

The objective of this work was to optimize image analysis of macular OCT images using two
parallel approaches: 1) developing a semi-automated intraretinal segmentation pipeline for
macular OCT images and introducing minimally detectable changes, based on intra-rater
reliability of manual correction of segmentation, and normative data for different retinal layers in
healthy controls (HCs) [Normative-Data], and 2) introducing a novel method to characterize the
shape of the fovea by several parameters [Foveal-Shape-Method] and investigating foveal shape
changes in NMOSD patients compared to MS patients and HCs [NMOSD-Foveal-Shape].
Normative-Data showed that total macular, macular retinal nerve fiber layer, combined ganglion
cell and inner plexiform layer (GCIPL) and inner nuclear layer thicknesses have significant
negative correlation with age in HCs. Total macular and GCIPL thicknesses showed significantly
higher values in males compared to females. The calculated minimally detectable changes in
normative data were considerably higher than typical annual changes caused by
neurodegeneration in neuroinflammatory disorders, but lower than damage typically seen in ON.
Foveal-Shape-Method describes the foveal shape from the foveal pit to the parafoveal points with
the maximum heights using 19 parameters. NMOSD-Foveal-Shape showed that a majority of the
foveal shape parameters were significantly different in NMOSD but not in MS patients in
comparison to HCs. The parameters describing the foveal pit flatness and the steepest part of the
fovea and the Inner Rim Volume showed an area under the curve of 0.7 or better in discriminating
NMOSD and MS and were significantly different between NMOSD and MS, regardless of ON
status.

To summarize, intraretinal layer segmentation using currently available OCT images is not
sufficient to detect typical thickness changes from progressive neurodegeneration. However,
intraretinal layer segmentation is able to measure changes caused by inflammatory damage, i.e.
ON, which are typically magnitudes higher. The NMOSD-Foveal-Shape results indicate a primary
retinopathy in NMOSD, possibly as a result of damage to aquaporin-4-expressing Muller cells in
the fovea. The results can improve the application of OCT and will thus potentially open new

avenues to better understand and potentially develop treatments for NMOSD.



Abstrakt

Die retinale optische Koharenztomographie (OCT) ist ein vielversprechender Biomarker bei
neurodegenerativen und neuroinflammatorischen Erkrankungen. Multiple Sklerose (MS) und
Neuromyelitis optica-Spektrum-Erkrankungen (NMOSD) betreffen die Netzhaut infolge
retrograder Neurodegeneration, hauptsachlich nach einer Neuritis nervi optici (ON),
mdglicherweise aber auch aufgrund einer ON-unabhdngigen primaren Netzhautpathologie.
Herkdmmliche OCT-Analysemethoden sind jedoch mdglicherweise unzureichend, um solche
subtilen Veranderungen nachzuverfolgen.

Das Ziel dieser Arbeit war es, die Bildanalyse von OCT-Bildern der Makula unter Verwendung
von zwei parallelen Ansatzen zu optimieren: 1) Entwicklung einer halbautomatischen
intraretinalen Segmentierungspipeline fir OCT-Bilder der Makula und Einfihrung minimal
nachweisbarer Anderungen, basierend auf der Intra-Rater-Zuverlassigkeit der manuellen
Korrektur der Segmentierung, und normativer Daten fir verschiedene Netzhautschichten in
gesunden Kontrollen (GK) [Normative-Daten] und 2) Einfuhrung einer neuartigen Methode zur
Charakterisierung der Morphometrie der Fovea durch verschiedene Parameter [Foveal-Shape-
Method] und Untersuchung morphometrischer fovealer Veranderungen bei NMOSD-Patienten im
Vergleich zu MS-Patienten und GK [NMOSD-Foveal-Shape].

Die Normative-Daten Studie zeigte, dass die Dicke der gesamten Makula, der makularen
retinalen Nervenfaserschicht, der kombinierten Ganglienzell- und inneren plexiformen Schicht
(GCIPL) und der inneren Kornerzellschicht eine signifikante negative Korrelation zum Alter bei
GKs aufweist. Die Gesamtdicke von Makula und GCIPL zeigte bei Mannern signifikant héhere
Werte als bei Frauen. Die berechneten minimal nachweisbaren Anderungen der normativen
Daten waren erheblich héher als die typischen jahrlichen Anderungen, die durch
Neurodegeneration bei neuroinflammatorischen Erkrankungen verursacht wurden.

Die Foveal-Shape-Method Studie beschreibt die Form der Fovea von der Fovealgrube bis zu den
Parafovealpunkten mit den maximalen Héhen unter Verwendung von 19 Parametern. NMOSD-
Foveal-Shape zeigte, dass ein Grolteil der fovealen Formparameter bei NMOSD signifikant
unterschiedlich war, bei MS-Patienten jedoch nicht im Vergleich zu GKs. Die Parameter, die die
Ebenheit der Fovealgrube und den steilsten Teil der Fovea beschreiben sowie das innere
Randvolumens zeigten eine Flache unter der Kurve von 0,7 oder besser bei der Unterscheidung
von NMOSD und MS und unterschieden sich zwischen NMOSD und MS unabhangig vom ON-
Status signifikant.

Zusammenfassend lasst sich sagen, dass die intraretinale Schichtsegmentierung unter
Verwendung derzeit verfugbarer OCT-Bilder typische Dickenadnderungen aufgrund einer
fortschreitenden Neurodegeneration nur unzureichend erkennen kann. Die intraretinale
Schichtsegmentierung kann jedoch Anderungen messen, die durch entziindliche Schaden wie im
Rahmen einer ON verursacht werden, die typischerweise um GréRenordnungen héher sind. Die

NMOSD-Foveal-Shape-Ergebnisse zeigen eine primare Retinopathie bei NMOSD, jedoch nicht
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bei MS, mdglicherweise als Folge einer Schadigung von Aquaporin-4-exprimierenden Miiller-
Zellen in der Fovea. Die Ergebnisse kénnen die Anwendung von OCT verbessern und so
maoglicherweise neue Wege eréffnen, um NMOSD besser zu verstehen und méglicherweise neue

Therapieansatze zu entwickeln.



Introduction

Multiple sclerosis (MS) is the most common autoimmune disorder of the central nervous system
(CNS) [1]. The exact etiology of MS is unknown, but central element is an immune system
dysregulation by infiltration of autoreactive lymphocytes to CNS, which causes inflammation in
different regions of the brain and spinal cord and subsequently results in demyelination, axonal
injury, and eventually neuronal loss. It is known that MS is more common in women than men
(more than 3:1) and disease onset occurs in young adulthood [1]. The most common form of MS
is relapsing-remitting multiple sclerosis (RRMS) which is characterized by attacks lasting for a
period of days to months followed by complete or partial recovery [2].

Neuromyelitis optica spectrum disorders (NMOSD) are an important differential diagnosis of MS
with rarer incidence. NMOSD are autoimmune inflammatory disorders of the CNS, which
predominantly affect optic nerves and spinal cord causing attacks such as ON and transverse
myelitis [3]. Approximately 80% of patients with NMOSD are tested positive for serum
autoantibody against aquaporin-4 (AQP4), an astrocytic water channel [4,5]. NMOSD typically
shows first symptoms in the age-range of 35-45 with a much higher incidence in women compared
to men, especially in AQP4-IgG-seropositive patients (up to 10:1) [5,6]. Up to 90% of NMOSD
patients show a relapsing disease course, while the rest show a monophasic course or, in very
rare cases, a progressive course [6]. Thanks to the discovery of AQP4-IgG, there have been
several hypotheses suggested for the pathogenesis of AQP4-1gG-seropositive NMOSD patients.
One hypothesis is that AQP4-IgG infiltrates the CNS and binds to AQP4-expressing water
channels on astrocytes and activates complement cascade that subsequently results in astrocyte
and oligodendrocyte death, demyelination, and finally neural loss [7]. Additionally, a hypothesis
for a complement independent astrocytic injury by AQP4-IgG binding to the water channels
causing water homeostasis disruption has been suggested [8].

The vast majority of MS patients experience ON, either as their first symptom (around 25%) or
later during the disease course (around 70%) [9]. ON is the most common first symptom in
NMOSD patients (about 55%), often with bilateral involvement with more severe visual
impairment, higher lesion extent, and retinal damage compared to MS patients with ON [10,11].
Clinically, ON can be divided to typical and atypical forms, with the typical form being unilateral
with moderate visual acuity loss, pain, color desaturation, and often associated with MS, and the
atypical form being bilateral with strong ONH edema, more visual acuity loss, and often
associated with NMOSD [9,12].

The retina as a part of the CNS is affected in MS and NMOSD, mainly as a result of retrograde
neurodegeneration related to ON but potentially also attack-independent primary retinal
pathology. The retina is separated from the vitreous body by the inner limiting membrane (ILM)
and ends at the Bruch’s membrane, the innermost layer of the choroid. The retina has two
prominent anatomical landmarks: 1) the macula where the light is focused on and is responsible

for high resolution color vision, and 2) the optic nerve head, where the axons of retinal ganglion
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cells form the optic nerve and exit the retina [13]. The central part of the macula is referred to as
the fovea, which is densely packed with photoreceptors and provides high acuity vision. The retina
consists of photoreceptors that convert light to signals, bipolar cells that transmits the signal from
photoreceptors to ganglion cells, and ganglion cells that carry the signal from the retina to the
brain. There are other nerve cells in the macula, namely amacrine cells, which affect the output
from bipolar cells, and horizontal cells, which regulates the output from photoreceptors [13]. In
addition to neurons, there are three types of glial cells in the retina: Mdller cells, which are the
major glial cells in the retina and the only type present near the fovea, astrocytes and microglia.
Muller cells, which are AQP4-expressing, span the entire thickness of the retina and have several
crucial roles in maintaining the health and functionality of the retina and its neurons, such as
supporting the physical structure of the retina, regulating the blood flow, maintaining the
homeostasis of water, ions and neurotransmitters in the retinal extracellular matrix, and enhancing
the transmission of light to photoreceptors [14]. Astrocytes, which are also AQP4-expressing, are
located in the retinal nerve fiber layer, with a symmetrical stellate form in peripheral retina and an
elongated form near the optic nerve [15]. Astrocytes and Miiller cells’ end-feet form the ILM.
Optical coherence tomography (OCT) is a fast, non-invasive, high resolution imaging technique,
which can be used to generate three-dimensional images of the retina [16]. Since its introduction
and first applications in retinal imaging in the 90s, retinal OCT has evolved as a standard tool to
quantify neurodegeneration and inflammation in patients with CNS autoimmune disorders and to
improve the understanding of disease mechanisms in these patients [12,17]. Retinal OCT
research has been moving more towards harmonization by adaptation of consensus criteria such
as OSCAR-IB for scan quality [18] and APOSTEL for reporting [19], which have been introduced
in recent years.

Since the first application of retinal OCT, many studies have investigated peripapillary retinal
nerve fiber layer (PRNFL) changes in MS and NMOSD [12,17]. pRNFL is mostly calculated as an
average thickness of unmyelinated axons of ganglion cells in a circular OCT scan around the
optic nerve head. While being in the anterior part of the afferent visual system, pRNFL is
considered to be a standard biomarker to assess and monitor retrograde retinal damage from ON
and lesions in the posterior visual pathway [12,17]. Studies have shown significant thinning in
pRNFL of MS, and to a higher extent, NMOSD eyes with a history of ON (ON+) [20]. Although
pRNFL has become a standard OCT biomarker for assessment of retinal damage, it shows
swelling in acute phase of ON and thus should not be used as biomarker for neurodegeneration
up to 3 months after an acute ON attack [21]. Another drawback is that blood vessels pass through
pRNFL and therefore can affect the thickness measurements, especially in cases where the
thickness is greatly reduced in severely affected eyes [22].

Since the introduction and wide implementation of spectral-domain OCT (SD-OCT), which
produces high definition 3D images of the macula, the combined ganglion cell and inner plexiform

layer (GCIPL) has gained more attention and is sought to complement or even replace the



conventional pRNFL measurement for neuro-axonal retinal damage [12,17]. The ganglion cell
layer, where the cell body of the majority of ganglion cells are located, is often combined with the
inner plexiform layer, where the ganglion cell dendrites and amacrine and bipolar cell axons are
located, due to similar reflectivity in OCT images, which makes discriminating the two layers with
the current OCT technology difficult [23]. GCIPL showed significant thinning in eyes affected by
ON in MS and NMOSD [20,24], even in eyes with acute ON episodes [25]. Reduction in the
thickness of pPRNFL and GCIPL is not limited to eyes affected by ON. Studies have shown thinning
in pRNFL and GCIPL of MS eyes without a previous history of optic neuritis (ON-) compared to
healthy controls (HC) [24,25], suggestive of subclinical disease activity, while studies in NMOSD
ON- eyes show conflicting results, with some showing thinning in pRNFL or GCIPL and others
showing no significant changes [12]. OCT parameters have been shown to be predictive of
inflammatory disease activity. Martinez-Lapiscina et al. showed that MS patients with pRNFL
thickness equal to or lower than 87 um at baseline had a higher risk of disability worsening in a
period of one year to three years of follow-up [26]. Zimmermann & Knier et al. also showed that,
in clinically isolated syndrome (CIS), a clinical condition with a monophasic attack with features
suggestive of MS, ON- patients with GCIPL thickness in the lowest tertile had a four times higher
risk of being diagnosed with MS in the follow-up [27]. The inner nuclear layer (INL), which is
compromised of the cell body of bipolar, horizontal and amacrine cells, displayed thickening in
ON+ eyes in NMOSD and MS [28], related to inflammatory activity in MS patients [29,30].

In 2016, Jeong et al. reported thinning in foveal thickness, the thickness of the macula in an area
of half a millimeter in radius around the center, in AQP4-IgG-serpositive patients regardless of
the history of ON compared to healthy controls, in contrast to pPRNFL, which only showed thinning
in ON+ eyes [31]. Oertel and Kuchling et al. confirmed this by showing foveal thinning in AQP4-
IgG seropositive NMOSD ON+ and ON- patients, in an exploratory and a confirmatory cohort, in
comparison to HCs, in contrast to pRNFL and GCIPL thinning, which was reported only in ON+
patients [32]. Oertel and Kuchling et al. also showed a subjective shape change in the fovea from
a V-shape in healthy eyes to flattened U-shape in NMOSD eyes. These findings are suggestive
of retinal shape changes specific to AQP4-IgG-seropositive NMOSD, which might be linked to
AQP4-1gG. Studies on rats have shown complement independent AQP4 loss in Miller cells
exposed to AQP4-IgG, which supports the hypothesis of an AQP4-IgG-mediated primary
retinopathy in NMOSD [33,34]. Autopsy in AQP4-1gG-seropositive NMOSD patients has been
also suggestive of AQP4-IgG-mediated primary retinal damage [35].

Given the background and recent findings, the need to examine the shape of the fovea in an
objective and quantitative manner is increasingly apparent. Using layer thicknesses and volumes
might also eliminate and hide some important and relevant retinal changes in patients with
neurodegenerative and neuroinflammatory disorders of CNS and therefore undermine the
potentials of retinal OCT research in these disorders. Besides, more studies are needed to

establish normative values for intraretinal layers in different populations and OCT devices, to
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investigate the relation of intraretinal layer thicknesses to parameters like age and sex, and to
determine the amount of noise induced by different factors such as inter-rater and intra-rater
differences in manual correction of segmentation boundaries, which are essential to interpret
observed retinal changes in patients. Additionally, although there has been huge improvement in
the accuracy of intraretinal layer segmentation, a toolbox to facilitate the whole process from
reading and examining to segmenting, manually correcting, and data exporting of OCT devices
is lacking. The aim of this work was to move towards overcoming the challenges in OCT image
analysis by introducing and applying novel advanced image analysis methods to better
understand retinal changes in autoimmune disorders, by:

1. Developing a new adaptable pipeline for semi-automated intraretinal OCT segmentation
and establishing normative data and minimally detectable changes for inner retinal
thicknesses in a healthy Caucasian population, referred to as Normative-Data throughout
this synopsis [36].

2. Introducing and validating a 3D foveal shape analysis method, referred to as Foveal-
Shape-Method throughout this synapsis [37].

3. Investigating foveal shape changes in AQP4-IgG-seropositive NMOSD patients using the
introduced foveal shape analysis method and comparing with findings in MS patients and

healthy controls, referred to as NMOSD-Foveal-Shape throughout this synopsis [38].

Materials and Methods

Study population

All the participants included in the studies of this work were recruited at NeuroCure Clinical
Research Center of Charité - Universitatsmedizin Berlin. The studies were approved by the local
ethics committee at Charité - Universitatsmedizin Berlin (EA1/131/09, EA1/163/12, EA1/182/10).
The confirmatory data in NMOSD-Foveal-Shape was collected under approval from the local
ethics committee at Heinrich-Heine University Dusseldorf. We adhered to the declaration of
Helsinki in its currently applicable version and the applicable German and European laws in
conducting the studies. All participants gave written informed consent.

For Normative-Data [36], we retrospectively analyzed macular OCT scans of healthy controls in
two multimodal register studies who visited our center between July 2010 and March 2018. The
inclusion criteria were healthy conditions with the age between 18 to 70 with Caucasian ethnicity
and macular OCT of both eyes (eyes with low quality OCT scans were excluded from the
analysis). The exclusion criteria were any neurological conditions, and any pathological conditions
known to affect eyes. After applying these criteria, macular OCT scans of 423 eyes of 218 HCs
(144 (66%) females) with a mean age (+ standard deviation (SD)) of 36.5 (+ 12.3) years were
included in the analysis. To test inter-rater reliability in manually correcting boundaries
segmentation, the segmentation of macular OCT of 44 eyes of 24 HCs was manually corrected,

if needed, by two masked experienced raters. The same number of OCT scans were manually
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corrected by a single rater twice to measure intra-rater reliability. Additionally, high quality OCT
scans of 20 NMOSD ON+ eyes were included for performance assessment of the segmentation
pipeline [36].

For NMOSD-Foveal-Shape [38], data from an ongoing observational cohort study of our center
on patients with NMOSD were included retrospectively. The inclusion criteria were a minimum of
age of 18 and fulfillment of the diagnostic criteria for AQP4-seropositive patients according to the
revised diagnostic criteria for NMOSD (2015) [39]. The exclusion criteria were any other
neurological disorder or any ophthalmological disorder known to affect the eyes. Eyes of patients
with an ON episode up to six months prior to the OCT exam were not included in this study. OCT
scans of 56 eyes from 28 AQP4-IgG-seropositive patients (26 (93%) women, 20 (38%) ON+ eyes,
mean age of 43.6 (+ 11.5) years) were included in this study after applying the inclusion and
exclusion criteria. 116 eyes from 60 relapsing-remitting MS patients and 123 eyes from 62 healthy
controls from different cohort studies of our center, age and sex matched with the NMOSD cohort
were also included in this study. A confirmatory cohort with macular OCT scans of 58 eyes from
33 AQP4-IgG-seropositive patients and 62 eyes from 33 MS patients were included from
Dusseldorf. The proportion of eyes with ON between NMOSD and MS patients were matched in
the exploratory cohort but were significantly different in the confirmatory cohort (p = 0.001) [38].

For more details on study population, please see the respective publications [36,38].

Optical coherence tomography

OCT images are formed from backscattering near infrared light from tissues, which is interfered
with using a reference beam to measure depth and relative intensity and therefore form 2D cross
sectional or 3D volumetric images [40]. Volumetric OCT images are composed of parallel cross-
sectional scans called B-scans. Each B-scan is comprised of several axial scans or A-scans. It
was the introduction and adaptation of spectral-domain OCT (SD-OCT), which uses a broad-band
light source and a spectrometer to measure the reflectivity that boosted its use in medical imaging.
SD-OCT offers high axial resolution (3-5 ym), high signal to noise ratio due to image averaging,
and fast image acquisition (typical A-scan rate of 40 kHz) [41].

All OCT scans for the studies in this work were acquired using Spectralis SD-OCT from
Heidelberg Engineering (Heidelberg, Germany), with automatic real time (ART) averaging and
active eye tracking. Macular volume scans were taken in a 25°x30° area around the fovea (61
vertical B-scans, 768 A-scans per B-scan, ART of 15) and peripapillary ring scans were taken in
a 12° circle around the optic nerve head (single B-scan with 1536 A-scans, 16 < ART < 100). The
thickness of pRNFL is reported as the average thickness in um in peripapillary ring scans. The
thickness of the macula (total macular thickness), macular retinal nerve fiber layer (mMRNFL),
GCIPL, and INL are reported as average thickness in ym or volume in mm?3 in a 6 millimeter
diameter around the fovea and FT is reported as the average thickness or volume in a 1 mm
diameter around the fovea. The analysis of intraretinal layers in different sectors of the Early

Treatment Diabetic Retinopathy Study (ETDRS) [42] macular map was also included in
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Normative-Data as supplementary materials. The segmentation, review for quality control,
manual correction of segmentation boundaries and thickness data export of OCT images were
done using Heidelberg Engineering Eye Explorer (HEYEX 1.9.10.0) for NMOSD-Foveal-Shape
and with a custom-developed segmentation pipeline (SAMIRIX) for Normative-Data. All OCT
scans were quality controlled according to the OSCAR-IB criteria [18] and OCT data was reported

in accordance with the APOSTEL recommendations [19].

Statistical analysis

Regression analysis was based on linear mixed-effect models (LMM) for Normative-Data and
NMOSD-Foveal-Shape with inter-eye within-patient correlations as a random factor to correct for
two eyes per patient. For NMOSD-Foveal-Shape, LMM additionally had age and sex as random
factors. The conditional and marginal coefficients of determination for linear regression were
calculated based on pseudo R-squared. P-values in NMOSD-Foveal-Shape were corrected for
multiple testing using the Benjamini-Hochberg procedure. For confirmatory cohort of NMOSD-
Foveal-Shape, one-sided p-values were reported, without multiple testing correction. Correlation
analysis was performed using Pearson’s product-moment correlation. Sex and ON differences
between groups were assessed using a chi-squared test. Age differences were assessed using
two-sample Wilcoxon test. Intra-class correlation (ICC) coefficients and 95% confidence intervals
were calculated based on the variance components of a one-way ANOVA. The minimum
detectable change (MDC), used to measure the noise induced by intra-rater and inter-rater
differences in Normative-Data, was calculated based on the formulas suggested by Beckerman
et al. [43]. Area under the curve (AUC) from receiver operating characteristic (ROC) curves was
reported for performance analysis. Stepwise logistic regression was based on generalized linear
models and Akaike’s Information Criteria with both backward and forward modes of stepwise
search. All statistical analysis of the studies of this work were done in R with version 3.4.4 or 3.5.0
(The R Project for Statistical Computing, https://www.r-project.org), using stats, Ime4, ImerTest,
MuMin, ROCR, ggplot2, ICC, plotROC, pwr, multcomp, and ggpubr packages. P-values below

0.05 were considered significant.

Data availability

The survey tool and all data used for Normative-Data as well as the SAMIRIX toolbox were
published open-source with the publication and on other repositories. The publication of the data
was in line with the General Data Protection Regulation and other applicable European and
German laws and approved by the Administrative Office for Data Protection at Charité -

Universitatsmedizin Berlin.
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Results

Segmentation pipeline (SAMIRIX)

Normative-Data [36]

SAMIRIX is a custom segmentation pipeline that interchangeably adapts a third-party
segmentation algorithm and provides a complete pipeline for reading OCT images, batch
segmentation, reviewing and manually correcting the segmentation boundaries, and batch
thickness data export. In the Normative-Data publication [36], SAMIRIX used
OCTLayerSegmentation by Lang et al. [44], made available by Neurolmaging Tools & Resources
Collaboratory (NTRC). This segmentation algorithm was chosen because of its good performance
and accuracy with an overall absolute segmentation error of 3.5 ym by combining machine
learning and graph-cut algorithms. SAMIRIX was developed out of the need for a reliable pipeline
that can be used in day-to-day OCT research. SAMIRIX segments the total macula, mRNFL,
GCIPL, INL and several outer retinal layers. Since its introduction, SAMIRIX has been used as
the segmentation pipeline in our group and so far used in studies such as the CROCTINO study
which has the largest OCT database to date gathered from 501 NMOSD patients from 19 centers
worldwide (Annual ECTRIMS Congress 2019, P1300 [45]), a study investigating temporal visual
resolution in MS patients [46], and another study describing a retinal phenotype in patients with
Spinocerebellar ataxia type 1 [47]. Detailed description of SAMIRIX can be found in the
Normative-Data publication with an overview of the pipeline and boundaries delineated (Figure 1
of publication [36]) [36]. Figure 1 B (adapted from Figure 1 B of publication [36]) shows a sample

B-scan crossing the fovea with the layers studies in the Normative-Data study.

Normative data for intraretinal layers
Normative-Data [36]

The normative values for total macular, mMRNFL, GCIPL, and INL thicknesses of 423 eyes of 219
healthy volunteers were published in the Normative-Data publication [36]. The mean (+ SD) for
total macular, mMRNFL, GCIPL, and INL thicknesses in ym was 313.70 (x12.02), 39.53 (£ 3.57),
70.81 (+ 4.87), and 35.93 (+ 2.34), respectively. Total macular thickness showed an average
reduction of 0.21 pym per year (p = 0.001), while mRNFL, GCIPL, and INL showed an average
reduction of 0.05 (p = 0.007), 0.09 (p = 0.001), and 0.05 um (p < 0.001) in thickness per year,
respectively. Among the four OCT parameters, only total macular and GCIPL thicknesses showed
to be significantly thicker in males compared to females (macula: 4.18 ym, (p = 0.026), GCIPL:
1.52 ym (p = 0.029)). We also analyzed the intercorrelation of GCIPL and INL because of their
particular importance in OCT research on CNS autoimmune disorders [25,30]. INL was
significantly correlated to GCIPL (correlation coefficient = 0.579 (p < 0.001) and showed 0.28 ym
increase per 1 ym increase of GCIPL (p < 0.001). The mean FT was 281.11 ym (x 19.04). FT
showed no significant correlation to age (p = 0.256) but was significantly higher in males

compared to females (7.77 ym, p = 0.004) (see supplementary materials in [36]).
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The MDC (and ICC) for total macular, mRNFL, GCIPL, and INL thicknesses for inter-rater
reliability was 0.38 (0.99), 0.66 (0.99), 0.46 (0.99), and 0.29 um (0.99) and for intra-rater reliability
was 0.24 (0.99), 0.31 (0.99), 0.23 (0.99), and 0.19 um (0.99), respectively.

To test the performance of SAMIRIX in comparison to OCT device segmentation (Heidelberg Eye
Explorer, HEYEX), 20 OCT scans of NMOSD ON+ eyes were segmented and manually corrected
by an experienced grader in both software. NMOSD ON+ eyes were selected because of typically
lower quality and thinned layers which are the main cause of segmentation error by different
methods. The median for the absolute error of segmentation (the mean absolute correction of all
boundaries segmented for total macula, mMRNFL, GCIPL, and INL) was 0.16 pm for SAMIRIX and
0.79 ym for HEYEX. The median correction time per eye was 7:59 minutes for SAMIRIX and
10:30 minutes for HEYEX.

A detailed analysis of the normative values are included in the Result section (Table 1-3) [36]. A
survey tool to analyze the normative values in different sectors of ETDRS macular map, inter-
ocular differences, SAMIRIX performance and more, which allows normative data analysis
beyond the scope of the Normative-Data manuscript, was written as an interactive HTML
document using R Markdown and Shiny packages and was published as supplementary materials
of the publication [36].

Foveal shape analysis
Foveal-Shape-Method [37]

A foveal shape analysis method was developed to quantitatively analyze the shape of the fovea.
The first step in this method is to flatten OCT images based on the segmentation of BM (reference
plane) and then radially reconstruct the ILM surface around the fovea and parafovea up to the
maximum points in this area, which are called rim points in this method, using a Cubic Bezier
polynomial. Based on the reconstructed ILM surface, 19 parameters are defined that describe the
fovea up to the rim points. There are three main surfaces defined by the foveal shape analysis
method: 1) Rim Disk that is defined by connecting the rim points, 2) Slope Disk that is defined as
a surface connecting the points with maximum slope and characterizes the middle part and width
of the fovea, and 3) Pit Flat Disk that lies on the pit of the fovea and describes the flatness of the
fovea. Each of these surfaces are described by four parameters: 1) Area, 2) Average Diameter,
3) Major Length, which is defined as the length in the dominant direction or major axis, and 4)
Minor Length, which is defined as the length in the second dominant direction or minor axis
(perpendicular to the dominant axis). The rest of the parameters are: Inner Rim Volume, defined
as the volume between the ILM surface and reference plane in a 1-mm diameter around the
center point of the fovea, Rim Volume, defined as the volume between the ILM surface and
reference plane within the rim points area, Pit Volume, defined as the volume between the ILM
surface and Rim Disk, Average Rim Height, defined as the average height of the rim points,
Central Fovea Thickness, defined as the thickness of the thinnest point (the center) of the fovea,

Average Pit Depth, defined as the average distance between the minimum points of the fovea
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and Rim Disk, and Average Maximum Pit Slope, defined as the average slope of the points with
maximum slopes.

The foveal shape analysis method was described in details in the Foveal-Shape-Method
publication [37]. A short description of the method as well as an overview figure of the parameters
was provided in the NMOSD-Foveal-Shape publication (Figure 1 in [38]) alongside a consistency
assessment for the foveal shape parameters (Supplementary Table e-1 in [38]). Figure 1 C-I
(adapted from Figure 1 of publication [38]) shows an overview of the foveal shape analysis

method.

Fovea ILM INL GCIPL mRNFL

-

o e

Rim Height

G H I
Rim Dis . ‘ .
Slope Disk Pit Flat Disk

Figure 1: lllustration of retinal layers and foveal shape parameters. (A) A scanning laser
ophthalmoscopy image of the retina, (B) a central B-scan crossing the fovea (adapted from Figure
2 B of publication [36]), (C) an example of reconstructed ILM surface by foveal shape analysis
method, (D-F) different parameters and surfaces defined by foveal shape analysis method, (G)
Rim Disk, (H) Slope Disk, and (I) Pit Flat Disk. C-I was adapted and modified from Figure 1 of
publication [38]. Abbreviations: ONH = optic nerve head; ILM = inner limiting membrane; mRNFL
= macular retinal nerve fiber layer; GCIPL = combined ganglion cell and inner plexiform layer; INL
= inner nuclear layer; BM = Bruch’s membrane; CFT = Central Foveal Thickness; Major = major
axis; Minor = minor axis.

Foveal shape in NMOSD
NMOSD-Foveal-Shape [38]
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First, we compared the foveal shape parameters in NMOSD and MS to HC. The majority of
parameters showed significant differences between NMOSD and HC (all 19 parameters except
Central Foveal Thickness and Pit Volume) but not between MS and HC (only Average Rim Height,
Rim Volume, and Average Maximum Pit Slope out of 19 parameters). This was in contrast to
GCIPL and pRNFL, which were significantly lower in both NMOSD and MS patients in comparison
to HCs. The detailed results of the comparison is found in Table 2 of the publication [38].

In the next step, we analyzed the power of the foveal shape parameters in discriminating between
NMOSD and MS regardless of ON. The parameters describing Pit Flat Disk and Slope Disk plus
Inner Rim Volume had AUC above 0.7 in discriminating NMOSD patients from MS patients, where
Pit Flat Disk Area had the highest AUC (0.798). The best parameter to discriminate NMOSD from
MS among conventional OCT parameters (FT, pRNFL, GCIPL, and INL) was FT with an AUC of
0.66. In addition to the ROC analysis, we looked into the regression analysis of the foveal shape
parameters against diagnosis, ON status, and their interaction effect. All the parameters with AUC
above 0.7 were shown to be significantly dependent on diagnosis (NMOSD vs. MS) and NMOSD-
specific ON but not on the history of ON alone, except for Minor Slope Disk Length, which showed
a significant dependency only on diagnosis. We also looked into AUC for distinguishing NMOSD
and MS for ON- eyes, to investigate whether the differences seen are at least partially
independent of ON-related damage. The best foveal shape parameter to distinguish NMOSD from
MS in ON- eyes was Pit Flat Disk Length with an AUC of 0.804, while the best conventional OCT
parameter had AUC of 0.691. Of note, pRNFL and GCIPL thicknesses were slightly yet
significantly lower in NMOSD ON- eyes compared to HCs (pRNFL: -5.7 um (p = 0.017), GCIPL:
-0.12 mm? (p = 0.001)). Detailed results can be found in Table 3, Supplementary Table e-2 and
Figure 2 A-C of the publication [38].

To reduce the number of parameters and select a final set of parameters, we applied a stepwise
logistic regression on a linear model predicting NMOSD and MS, based on only the parameters
with AUC of greater than 0.7. Stepwise logistic regression selected four parameters: Pit Flat Disk
Area, Average Pit Flat Disk Diameter, Inner Rim Volume, and Major Slope Disk Length. These
four parameters are displayed in Figure 2 D-E of the publication [38].

The differences observed in foveal shape might be because of more severe retinal damage after
ON in NMOSD compared to MS. Hence, we repeated the linear regression analysis with
diagnosis, ON status, and their interaction for the selected parameters but this time with correction
for either GCIPL or INL. Pit Flat Disk Area, Average Pit Flat Disk Diameter, and Inner Rim Volume
showed a significant association to diagnosis, NMOSD-specific ON, and GCIPL (when corrected
for GCIPL) but not ON and INL (when corrected for INL). Major Slope Disk Length showed a
significant relationship only with NMOSD-specific ON. Detailed analysis is found in Table 4 and
Supplementary Table e-3 of the publication [38].

Finally, we looked into foveal shape in a second independent cohort of NMOSD and MS patients,

in order to test whether similar changes could be seen. In a repeated regression analysis on the
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selected parameters in the confirmatory cohort against diagnosis, ON, and their interaction, Pit
Flat Disk Area and Average Pit Flat Disk Diameter were shown to be significantly dependent on
diagnosis but neither on ON nor on NMOSD-specific ON. Major Slope Disk Length showed
significant correlation only with NMOSD-specific ON and Inner Rim Volume showed no significant

differences between groups.

Discussion

In this work, | aimed to improve the image analysis of macular OCT images by 1) introducing a
new segmentation pipeline and presenting normative data for inner retinal layers in a large dataset
of 423 eyes of 218 healthy volunteers [36], and 2) introducing a novel foveal shape analysis
method [37] and investigating foveal shape alteration in AQP4-IgG-seropositive patients
regardless of ON status [38].

In the Normative-Data study, we showed significant thinning in thicknesses of macula, mRNFL,
GCIPL, and INL in healthy controls over age. This finding is in line with other studies such as a
study by Invernizzi et al. [48] who showed different intraretinal layers thinning in the outer and
middle rings of the ETDRS macular map but not in the center sector (the fovea), based on macula
scans from Spectralis SD-OCT. We also showed a thinner macula and GCIPL in women
compared to men, and no significant differences in mRNFL and INL. Most studies, like Song et
al. [49], showed thinner intraretinal layers in women compared to men, which is in line with our
findings for macula and GCIPL but not for mMRNFL and INL. Inter-rater and intra-rater reliability
was excellent (ICC values above 0.99) for manual correction of segmentation boundaries. The
MDC reported for inter-rater reliability is higher than the projected annual loss for instance in
GCIPL in MS patients (-1.1 um over 2 years [50]), but is still lower than the resolution of current
OCT technology, which indicates that imaging and not segmentation is the limiting parameter in
retinal OCT research. This emphasizes the need for more sensitive image analysis tools for OCT
images in order to detect small but relevant changes in patients. We also investigated the
relationship of GCIPL and INL in healthy controls. Our analysis showed significant positive
correlations between the thicknesses of GCIPL and INL, which can be used as a reference in
studies looking into GCIPL and INL in neuroinflammatory diseases, where these two layers
sometimes go in opposite directions with GCIPL thickness showing reduction because of
neurodegeneration [24] and INL showing thickening due to inflammation [29].

The introduced semi-automatic segmentation toolbox (SAMIRIX) offers a wide variety of tools for
the entire process of retinal image analysis for Spectralis SD-OCT images. While SAMIRIX uses
a third-party segmentation algorithm, it provides customized preprocessing, post-processing, and
segmentation review and correction tools, which facilitate retinal OCT research. In comparison to
the device-specific segmentation tool HEYEX, SAMIRIX was shown to be more accurate in
segmentation and faster for manual correction. Another advantage of SAMIRIX is its accessibility

for research as an open-source pipeline, which gets updated regularly to offer more options, such
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as a recently added option of segmenting OCT images from different devices, which optimizes
pooling of data from different devices.

While we report normative data in a large dataset and provide a survey tool for detailed analysis
of the data, this study is limited to one device and one scanning protocol, which limits
generalizability. Additionally, the study included only OCT scans from people with Caucasian
ethnicity and thus the findings are not necessarily extendable to other ethnicities, as studies
showed differences in intraretinal layer thicknesses in different ethnic groups, such as Grover et
al. [51], who showed thicker retina in Black subjects compared to Caucasian subjects.

In the Foveal-Shape-Method study, we introduced a robust and accurate method for foveal shape
analysis that provides a quantitative characterization of the fovea. The method allows us to
investigate foveal changes based on retinal OCT images in patients with autoimmune
neuroinflammatory diseases of CNS, beyond the conventional use of intraretinal thicknesses and
volumes [37]. The proposed method compared to other foveal shape analysis approaches [52,53]
is simpler and more robust thanks to the intuitive interpretation of the parameters due to the direct
relation of the parameters to geometry, which greatly improves its potential applications in the
medical field. Another advantage of the foveal shape analysis method is its ability to describe the
foveal region from the 3D and not 2D cross-sectional perspective, which enables the
researcher/clinician to capture more relevant details.

In the NMOSD-Foveal-Shape study of this work [38], we showed wider and flatter fovea in AQP4-
IgG-seropositive NMOSD compared to HC and MS, characterized by increased Pit Flat Disk Area,
Average Pit Flat Disk Diameter, Major Slope Disk Length, and reduced Inner Rim Volume. The
observed changes in foveal shape were in ON+ and ON- eyes and were still present when we
corrected for ON and neuro-axonal damage in statistical models, indicative of an alteration in the
fovea beyond neuro-axonal damage caused by ON. The findings of this study further detail
previous findings by Jeong et al. [31] and later in our own study by Oertel and Kuchling et al. [32],
who showed thinning in FT in AQP4-1gG-seropositive NMOSD independent of ON in comparison
to HC, which is an indirect evidence of foveal shape alteration.

A pathological cause for the observed foveal shape changes could be an AQP4-lgG-mediated
primary retinopathy in AQP4-IgG-seropositive NMOSD. Miller cells, the principal glial cells in the
retina, which span the entire thickness of the retina and are densely present around the fovea,
express AQP4 and might be damaged by AQP4-1gG. This hypothesis is supported by animal
studies that showed AQP4-1gG induced AQP4 loss in Muller cells in rats [33,34]. Autopsy cases
in AQP4-lgG-seropositive  NMOSD also suggested complement-independent AQP4-1gG
mediated Muller cell damage in human [35]. For AQP4-1gG to reach Miller cells in the retina, the
blood-retinal- or blood-brain-barrier has to be disrupted [54], which is often the case acute
inflammatory events. Yet the question needs to be answered whether the blood-retinal- or blood-

brain-barrier is disrupted in NMOSD without fully activating complement cascades. A recent study
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on rats has shown that circulating AQP4-1gG in cerebrospinal fluid can cause NMOSD, indicative
of complement independent damage without blood-brain-barrier breakdown [55].

Another possible pathophysiological cause of foveal changes could be subclinical ON, as studies
have shown neuro-axonal damage in ON- eyes of AQP4-IgG-seropositive NMOSD patients [56].
Another possible reason for the observed changes in the fovea could be the chiasmal crossover
of neuro-axonal damage from ON-affected eyes to their non-affected fellow eyes, as ON in AQP4-
IgG-seropositive patients often involves the chiasm, contrary to MS [10,57]. Significant
differences in pRNFL and GCIPL thicknesses in NMOSD ON- eyes compared to HC are
supportive of these two hypotheses.

In this study, we were not able to investigate cross-chiasmal effects due to an insufficient number
of NMOSD patients included who had never experienced ON. Although we ruled out potential
errors stemming from protocol or device bias by only including macular OCT scans from one
device scanned with a single scanning protocol, this prevented us from evaluating the impacts of
using different devices and scan protocols on the foveal shape parameters and results. Multi-
device and multi-center validations are still required.

Foveal shape analysis may improve the differential diagnosis of AQP4-lgG-seropositive NMOSD
and promote the use of OCT as diagnostic tool. The need for improved differential diagnostic tools
highlighted by the fact that the use of MS therapeutic approaches in NMOSD patients that are
misdiagnosed and treated as MS can be ineffective or even cause disease worsening [58]. The
four selected foveal shape parameters show significant differences in NMOSD compared to MS
regardless of ON, whereas conventional OCT parameters, such as pRNFL and GCIPL, mostly
show significant dependency on ON. From the four selected parameters, only Pit Flat Disk Area
and Average Pit Flat Disk Diameter were confirmed in a second cohort. A possible reason for this
inconsistency in the confirmatory cohort could be the significant difference in ON frequency
between NMOSD and MS patients in the cohort, which indicates the need for further confirmation.
Future work should investigate longitudinal changes of the foveal shape parameters in AQP4-
IgG-seropositive NMOSD patients, foveal shape differences in subtypes of NMOSD, and foveal
shape parameters dependency on scan protocols and OCT devices.

In conclusion, the outcomes of this work could help us getting closer to establish retinal OCT as
a standard imaging modality in clinical routines of MS and NMOSD. SAMIRIX is a robust
segmentation pipeline and the here presented normative data and minimally detectable changes
will aid in interpreting data from neurodegenerative and neuroinflammatory disorders. The foveal
shape analysis method and the shown foveal shape changes in AQP4-IgG-seropositive NMOSD
in comparison to MS and HC would potentially lead to higher specificity and sensitivity in
diagnosis, enhanced disease progression monitoring, better understanding of underlying disease
mechanisms, and improved therapeutic strategies for NMOSD, MS, and other autoimmune
disorders of the CNS.
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Neurodegenerative and neuroinflammatory diseases regularly cause optic nerve and
retinal damage. Evaluating retinal changes using optical coherence tomography (OCT)
in diseases like multiple sclerosis has thus become increasingly relevant. However,
intraretinal segmentation, a necessary step for interpreting retinal changes in the context
of these diseases, is not standardized and often requires manual correction. Here
we present a semi-automatic intraretinal layer segmentation pipeline and establish
normative values for retinal layer thicknesses at the macula, including dependencies on
age, sex, and refractive error. Spectral domain OCT macular 3D volume scans were
obtained from healthy participants using a Heidelberg Engineering Spectralis OCT. A
semi-automated segmentation tool (SAMIRIX) based on an interchangeable third-party
segmentation algorithm was developed and employed for segmentation, correction, and
thickness computation of intraretinal layers. Normative data is reported from a 6 mm Early
Treatment Diabetic Retinopathy Study (ETDRS) circle around the fovea. An interactive
toolbox for the normative database allows surveying for additional normative data. We
cross-sectionally evaluated data from 218 healthy volunteers (144 females/74 males, age
36.5 + 12.3 years, range 18-69 years). Average macular thickness (MT) was 313.70 +
12.02 um, macular retinal nerve fiber layer thickness (MRNFL) 39.53 4+ 3.57 um, ganglion
cell and inner plexiform layer thickness (GCIPL) 70.81 £+ 4.87 um, and inner nuclear layer
thickness (INL) 35.93 + 2.34 um. All retinal layer thicknesses decreased with age. MT
and GCIPL were associated with sex, with males showing higher thicknesses. Layer
thicknesses were also positively associated with each other. Repeated-measurement
reliability for the manual correction of automatic intraretinal segmentation results was
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Motamedi et al.

Macular OCT Normative Data

excellent, with an intra-class correlation coefficient >0.99 for all layers. The SAMIRIX
toolbox can simplify intraretinal segmentation in research applications, and the normative
data application may serve as an expandable reference for studies, in which normative
data cannot be otherwise obtained.

Keywords: optical coherence tomography (OCT), retina, normative data, inner retinal layer, segmentation, macula,
healthy population, minimally detectable change

1. INTRODUCTION

Optical coherence tomography (OCT) allows non-invasive
high-resolution in vivo imaging of the retina (1). Spectral
domain OCT (SD-OCT) provides 3D volume scans of the
retina, and intraretinal segmentation of macular volume scans
enables quantitative OCT applications in neurodegenerative and
autoimmune neuroinflammatory disorders (2, 3). The inner
retinal layers, in particular, are currently of pivotal interest for
several neurologic disorders. For example, the combined macular
ganglion cell and inner plexiform layer (GCIPL) thickness reflects
disease severity and activity in patients with multiple sclerosis
(MS) (4) and is suggested for monitoring disease activity in MS
(5). GCIPL might further serve to identify neurodegeneration
already very early on in the disease (6), and could thus
be used as a marker for assessing the individual risk of a
patient at onset for an active disease course (7). GCIPL is also
suggested as a sensitive marker for attack severity in acute optic
neuritis (8, 9). The inner nuclear layer (INL), on the other
hand, is a marker for inflammatory disease activity in MS and
might be utilized to monitor treatment response (10-12). In
neuromyelitis optica spectrum disorders (NMOSD), the INL
might be affected as part of an autoimmune reaction against
Miiller cells (13), which could lead in turn to progressive GCIPL
loss (14).

Intraretinal layer segmentation is a crucial step in measuring
GCIPL or INL changes. In recent years, many algorithms for
intraretinal layer segmentation have been developed, and are
now routinely implemented in clinical OCT devices or are
available as external tools for research (15). While reliability in
healthy eyes is usually good (16), many scans in diseases with
macroscopic retinal changes or signal quality issues caused by
more difficult OCT measurement in vision-impaired individuals
require quality control and manual correction (17). Proper user
interfaces for manual correction of automatic segmentation
results are not always available, having led to many studies with
questionable OCT data based on very small regions of interest (6)
or inappropriate quality control (17).

Many studies have investigated intraretinal layer thicknesses
in healthy eyes to establish normative reference values, recently
e.g., Invernizzi et al. (18). Clinical features like age, sex, and axial
length have been reported to physiologically affect intraretinal
layer thicknesses (18, 19). But normative data studies are often
only applicable in a narrow context depending on the selected
samples and the methodology used, and data from studies from
Asia, or as a control for different diseases, are not necessarily
applicable in the context of neuroinflammatory diseases in
European or North American populations.

In this study we aimed (a) to establish normative values for
inner intraretinal layer thicknesses in a healthy Caucasian
population and age/sex distribution suitable for typical
autoimmune neuroinflammatory disorders, and (b) to evaluate
layer thicknesses in association with age and sex. For this
task we developed an easily usable and adaptable intraretinal
segmentation pipeline based on an interchangeable third-
party segmentation algorithm (20) as well as a survey tool for
additional normative data, which together allow data surveys
also beyond the scope of this study. Both are made available as
an open source application along with this publication.

2. MATERIALS AND METHODS
2.1. Study Population

We queried our institute’s research database to create a normative
OCT database. The database contained healthy control data from
two multimodal register studies aiming to evaluate quantitative
measurements of neuro-axonal damage in MS and other
neuroinflammatory disorders who were recruited from July 2010
to March 2018 at the NeuroCure Clinical Research Center
at the Charité-Universititsmedizin Berlin. Each participant
underwent an examination of both eyes with Spectralis SD-
OCT. Retrospective inclusion criteria for the present study were
participants in a healthy condition aged between 18 and 70
years, Caucasian ethnicity, and high-quality macular OCT scans
(signal strength more than 15 dB). Exclusion criteria were any
neurological condition, any other disorder known to affect the
retina (i.e., diabetes), any eye disease affecting the retina (i.e.,
glaucoma), any relevant pathological finding in the neurovisual
examination performed by experienced optometrists, and a
refractive error above 6 diopters. Twenty high quality macular
OCT scans (signal strength more than 15 dB) of NMOSD patients
all with the history of optic neuritis (ON) were randomly selected
from our database to test the performance of the segmentation
pipeline presented in this study.

The study was approved by the ethics committee of Charité-
Universitdtsmedizin Berlin and conducted according to the
Declaration of Helsinki in its currently applicable version. All
participants gave written informed consent.

2.2. Optical Coherence Tomography

All OCT measurements were carried out with a Spectralis
SD-OCT and Heidelberg Eye Explorer (HEYEX) version
5.7.5.0 (Heidelberg Engineering, Heidelberg, Germany), by eight
individual operators, with automatic real-time (ART) function
for image averaging and an activated eye tracker in a dimly
lit room. Macular 3D volumes were assessed by a custom scan
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comprising 61 vertical B-scans (each with 768 A-Scans, with
ART of 13 frames) with a scanning angle of 30 x 25° focusing
on the fovea. All scans were quality controlled according to
the OSCAR-IB criteria (21) and reporting adheres to APOSTEL
recommendations (22). Scans not passing the quality control
were excluded from analysis.

The macular scans were exported from the device and stored
in HEYEX Vol file format (*.vol files), and then intraretinal
segmentation was performed using the segmentation pipeline as
described below. All segmentation results were quality controlled
and manually corrected in case of errors by an experienced
grader. In the end, the thickness data was calculated and stored in
a CSV file format (.csv) for further analysis. The Early Treatment
Diabetic Retinopathy Study (ETDRS) macular map, as described
by the ETDRS research group (23), were used for this study.
We report average macular thickness (MT), macular retinal
nerve fiber layer thickness (mRNFL), combined ganglion cell and
inner plexiform layer thickness (GCIPL), and inner nuclear layer
thickness (INL) in the entire ETDRS macular map (the 6 mm
diameter circular area around the fovea). Other layer thicknesses
(e.g., outer retinal layers) and the thicknesses in different sectors
of the ETDRS macular map can be studied using the provided
shiny application and source data (Supplementary Material).

2.3. Intraretinal Segmentation
Intraretinal segmentation, manual correction, and thickness data
export of all macular scans were done using a custom-developed

intraretinal segmentation pipeline (SAMIRIX). SAMIRIX
modularly includes import filters for OCT data, a third-party
segmentation algorithm, a user interface for controlling and
correcting segmentation results, and batch-operations for
processing multiple OCT images (Figure 1A).

SAMIRIX was developed in MATLAB (R2017a, MathWorks,
Natick, MA, USA) and the user interface OCT-Marker was
written in C++11, by using Qt5, Boost, and OpenCYV libraries.

2.3.1. Segmentation Algorithm

As a segmentation algorithm we used OCTLayerSegmentation
(20), which has been released as a package of AURA Tools on
NITRC (https://www.nitrc.org/projects/aura_tools/). We chose
OCTLayerSegmentation, because it showed good performance
and accuracy with an overall absolute error of 3.5 pm
by combining a machine learning approach for boundary
classification (random forest classification) and a robust state-
of-the-art graph-cut algorithm boundary refinement (optimal
graph search) in a previous study (24). OCTLayerSegmentation
delineates the inner limiting membrane (ILM), external limiting
membrane (ELM), Bruch membrane (BM), and the boundaries
between the retinal nerve fiber layer and ganglion cell layer
(RNFL-GCL), inner plexiform layer and inner nuclear layer
(IPL-INL), inner nuclear layer and outer plexiform layer (INL-
OPL), outer plexiform layer and outer nuclear layer (OPL-ONL),
inner and outer segments (ISOS), and outer photoreceptor tips
and retinal pigment epithelium (OPT-RPE) (Figure 1B). These

A

ILM RNFL-GCL IPL-INL

OPT-RPE

ISOS

ganglion cell and plexiform layer; INL, inner nuclear layer.

Segmentation Correction
Finding Cropping Segmenting Saving | | Calling
fovea point volume layers segmentation OCT-Marker

Manually

Saving Calculating Splitting Saving correcting
thickness report thicknesses grid sectors corrections segmentation
Thickness export
B

INL-OPL MT

ELM OPL-ONL

FIGURE 1 | (A) SAMIRIX pipeline, and (B) Boundaries delineated by layer segmentation (in orange) on the left and derived layers with manually corrected boundaries
(in blue) on the right, shown on a central B-scan crossing the fovea. ILM, inner limiting membrane; RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; IPL, inner

plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ELM, external limiting membrane; ISOS, inner and outer segments; OPT,
outer photoreceptor tips; RPE, retinal pigment epithelium; BM, Bruch membrane; MT, macular thickness; mRNFL, macular retinal nerve fiber layer; GCIPL, combined

GCIPL mRNFL
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boundaries then serve to calculate intraretinal layer areas with
nomenclature as suggested by the APOSTEL criteria (22).

For segmentation, the first step is to automatically find
the central fovea point of the macular volume scan to be
segmented. Based on the segmentation of the ILM and BM by
the Heidelberg Engineering Eye Explorer (HEYEX) software, the
height difference between the two layers is computed. In order
to detect the lowest point of the foveal surface, we look at the
minimum of this difference within the 1 mm circular area around
the center automatically defined by HEYEX. If several minima are
detected, then the median point of them is taken as the center
of the foveal pit. The next step is to crop the volume to 6-6
mm square around the fovea, aligned with the main direction of
the scan. This was done because many segmentation approaches
work with a priori assumption regarding the expected image.
The algorithm by Lang et al. used in this version of SAMIRIX
works well with this volume, which was also used by the original
developers of the algorithm (20). After being cropped, the volume
is segmented by the integrated 3rd-party segmentation algorithm
(20). The segmentation results are then read by SAMIRIX and
saved alongside the volume in a single file.

2.3.2. User Interface for Manual Correction

For quality control and manual correction, we developed a
graphical user interface (OCT-Marker). In the first step, the scan
to be checked and corrected if necessary, is opened in OCT-
Marker. A Piecewise Cubic Hermite Interpolating Polynomial
(PCHIP) based correction method with defined control points is
provided to the user to ease the correction process. This enables
modifications on the segmentation results while going through
the volume scan, B-scan by B-scan. When the correction is done,
the modified segmentation is written and saved over the previous
one in the data file.

2.3.3. Data Export and Batch Processing

For thickness data export, the user selects the upper and lower
boundaries of the layer, and also the grid in which the thickness
is going to be calculated (e.g., ETDRS 6 mm grid). Then, each
volume is split into these sectors, and the average thickness of
each is computed. At the end, the calculated values are written
and saved in a comma separated values (csv) file.

SAMIRIX also offers the possibility of performing batch
segmentation. For this purpose, the selected volumes are taken
through the steps in the segmentation module, one by one. Also,
in the thickness export module, the first two steps are repeated
for each volume, and then the end result consists in a single
thickness report saved in a single table. SAMIRIX only works
with Spectralis OCT scans in HEYEX Vol file format (*.vol files).
Screenshots from SAMIRIX and OCT-Marker are provided in
Supplementary Material.

2.4, Statistical Analysis

Statistical analysis was done in R [Version 3.4.4 (25)].
Exploratory data analysis and data visualization were performed
using the ggplot2 package (26). For assessment of consistency,
the intra-class correlation coefficient (ICC) and 95% confidence
intervals were estimated using the ICC package (27), based

on the variance components from a one-way ANOVA. The
coefficient of variation (CV), standard error of measurement
(SEM), and minimum detectable change (MDC) for inter-rater
and intra-rater consistency analysis were calculated based on the
formulas described by Beckerman et al. (28). SEM and MDC, the
latter sometimes also called smallest real difference (SRD), are
statistical approaches to estimate the minimally needed difference
between two measurements that a method is able to detect (28),
and is used in this study as a measure to quantify the amount of
noise. In this study, an ICC >0.9 was considered as high, between
0.8 and 0.9 as moderate, and <0.8 as insufficient, as suggested by
Vaz et al. (29).

Analysis of OCT values against age, sex, and refractive
error was performed by linear mixed effect models (LMM),
including inter-eye within-patient correlations as a random
effect [lme4 package (30), and lmerTest package (31)]. The
conditional and marginal coefficients of determination were
calculated with pseudo R-squared [MuMIn package (32)]. The
correlation of OCT values was assessed using Pearson’s product-
moment correlation [stats package (25)] and regression analysis
was carried out using LMM with the inclusion of inter-eye
within-patient correlations as a random effect. For this study,
p-values below 0.05 were considered significant.

All statistical and exploratory results of this study were
established in an interactive HTML document using R
Markdown (33) and Shiny (34) packages. R Markdown is a
framework to run codes written in R and generates reports based
on the output of the codes. By using Shiny R package, the reports
can be turned into interactive web applications. The documents
based on R Markdown and Shiny packages can be deployed
on web servers and are therefore accessible, like web pages. A
screenshot of the interactive HTML document is provided in the
Supplementary Material.

3. RESULTS

Initially, macula scans of 438 eyes of 219 subjects were collected
from our database according to the inclusion and exclusion
criteria, from which the scans from 15 eyes of 14 subjects were
excluded due to insufficient scan quality. Therefore, in this study,
macula scans of 423 eyes of 218 subjects of Caucasian descent
were included, from which 144 (66 %) subjects were females and
74 (34 %) were males. Age ranged between 18 and 69 years,
with an average [tstandard deviation (SD)] of 36.5 + 12.27
years. Refractive error was available from a subset of 70 eyes (35
subjects), from which the average was —0.55 £ 1.38 SD diopter
with a range between —4.75 and +1.75 diopter.

Table 1 provides descriptive statistics of average MT, mRNFL,
GCIPL, and INL thicknesses, including the mean, SD, coefficient
of variation, range, first percentile, fifth percentile, ninety-
fifth percentile, and ninety-ninth percentile. Figure2 shows
the distribution of the average layer thicknesses together with
an overlaid curve representing normal distribution fitted to
each graph.

Additionally, the normative (mean) thickness of the MT,
mRNFL, GCIPL, and INL layers in the ETDRS macular map is
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shown as heat maps in Figure 3, alongside the normative values
of the average layer thicknesses of the eyes included in this study
in the ETDRS macular map sectors. Descriptive statistics of the
layer thicknesses in the ETDRS macular map sectors is provided
in Supplementary Material.

To test inter-rater reliability, the automatic segmentation
results of 44 eyes of 24 subjects from this study were manually
corrected by two different experienced graders, who were
masked. We then calculated the intra-class correlation coefficient
(ICC) and minimum detectable change (MDC) for MT, mRNFL,
GCIPL, and INL, which is detailed in Table 2.

TABLE 1 | Descriptive statistics of average thicknesses in the entire ETDRS
macular map.

Average Mean +SD CV (%) Min-Max 1st-99th 5th-95th
thickness percentile percentile
(um)

MT 313.70+£12.02 3.83 281.29-362.29 286.53-339.59 294.20-333.25
mRNFL 39.563+3.57 9.03 30.22-54.38 32.41-49.18 34.35-45.68
GCIPL 70.81+4.87 6.87 56.60-86.03 59.00-83.56 63.16-77.95
INL 3593+234 6.52 28.31-41.94 31.00-40.97 32.08-39.87

MT, macular thickness;, mRNFL, macular retinal nerve fiber layer; GCIPL, combined
ganglion cell and plexiform layer; INL, inner nuclear layer; CV, coefficient of variation; Min,
minimum; Max, maximum.

Intra-rater reliability of the manual correction was tested
by manually correcting the segmentation results of the same
set of OCT scans from the previous reliability test (44 eyes
of 24 subjects) twice by an experienced grader. The MDC
(and ICC) was 0.24 (0.99994), 0.31 (0.99861), 0.23 (0.99947),
and 0.19 micrometers (0.99890) for MT, mRNFL, GCIPL, and
INL, respectively.

Regression analysis of layer thicknesses against age showed
significant changes. In particular, MT showed an average decrease
0f0.215 pm per year (p-value = 0.001). Likewise, GCIPL thickness
decreased by on average 0.088 pum per year (p-value = 0.001).
Significant changes of average thickness of mRNFL and INL by
aging are also reported; Table 3 provides detailed results.

Analysis of average layer thicknesses vs. sex revealed
significant differences in MT and GCIPL between males and
females. Males showed on average 4.18 pum higher MT than
females (p-value = 0.015). Further, males had a 1.52 um thicker
GCIPL in comparison to females (p-value = 0.029). As reported
in Table 3, neither mRNFL nor INL thickness showed significant
sex differences.

Since GCIPL and INL are of particular interest, Figure 4
shows the average GCIPL and INL thicknesses against age. The
INL thickness was also plotted against the GCIPL thickness in
Figure 4. The correlation coefficient between the INL and GCIPL
thicknesses was 0.579 (p-value < 2 x 107!6) and the slope (B)
of the linear regression was 0.277 [standard error (SE) = 0.022,
p-value < 2 x 10716],

FIGURE 2 | Histogram and fitted normal distribution curve of average thickness of (A) macula, (B) mRNFL, (C) GCIPL, and (D) INL. mRNFL, macular retinal nerve
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FIGURE 3 | The mean of the layer thicknesses of all the volumes included in this study in the ETDRS macular map area shown as heat maps, together with the mean
and standard deviation (Mean+SD) of the average layer thicknesses in different sectors of the ETDRS macular map. The mRNFL, GCIPL, and INL heat maps have the
same scale with the minimum and maximum values of all the three layers (min: 6.28 um, max: 104.02 um) in the interest of comparison. The left eyes were mirrored
along the vertical axis, and all the images were rotated to be aligned with the fovea and center of the optic nerve head axis. All the numbers are in micrometers. MT,
macular thickness; mRNFL, macular retinal nerve fiber layer; GCIPL, combined ganglion cell and plexiform layer; INL, inner nuclear layer; T, temporal; N, nasal; S,
superior; |, inferior; ETDRS, Early Treatment Diabetic Retinopathy Study; Min, minimum; Max, maximum.
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TABLE 2 | Inter-rater reliability measurements of segmentation corrections.

Average ICC MDC

thickness (um)

Upper Cl Lower CI cv SEM

MT 0.99984 0.99971 0.99991 0.04464 0.13728 0.38052
mRNFL 0.99350 0.98817 0.99644 0.57594 0.23771 0.65889
GCIPL 0.99794 0.99625 0.99887 0.21960 0.16519 0.45788
INL 0.99734 0.99515 0.99854 0.27271 0.10564 0.29281

MT, macular thickness;, mRNFL, macular retinal nerve fiber layer; GCIPL, combined
ganglion cell and plexiform layer; INL, inner nuclear layer; ICC, intra-class correlation
coefficient; ClI, confidence interval;, CV, coefficient of variation;, SEM, standard error of
measurement; MDC, minimum detectable change.

To test the performance of SAMIRIX and to compare it
with the performance of the HEYEX software, 20 OCT scans
from NMOSD patients, all with a history of optic neuritis (ON)
were segmented, and the segmentation results were manually
corrected by a grader experienced in both SAMIRIX and
HEYEX. The median correction time for SAMIRIX was 7:59 min
(minimum: 5:07 min, maximum: 27:22 min), while the median
correction time for HEYEX was 10:30 min (minimum: 8:01 min,
maximum: 22:01 min). The mean absolute correction in the 6
mm ETDRS circle (the amount of correction for all the five

corrected boundaries ILM, RNFL-GCL, IPL-INL, INL-OPL, and
BM divided by the number of A-Scans in the 6 mm ETDRS
circle) was also calculated. For the mean absolute correction in
SAMIRIX, the median was 0.16 pm (minimum: 0 pm, maximum:
22.45 um), and in HEYEX, the median was 0.79 pm (minimum:
0.06 pm, maximum: 2.02 pm).

4. DISCUSSION

In this study we present normative data for inner intraretinal
layer thicknesses of a large cohort of 218 healthy subjects (423
eyes) of Caucasian ethnicity aged between 18 and 69 years, using
Spectralis SD-OCT 3D macular scans.

In our study the average thickness of all investigated layers was
associated with age, which is consistent with other studies (35—
40). Recently, Invernizzi et al. (18) investigated the association
of different intraretinal layer thicknesses in the outer and middle
rings and the center of the ETDRS thickness map, with age, and
showed no significant association in any regions except the center
of macular thickness, which is consistent with some other studies
(41, 42). von Hanno et al. (43) suggested a positive association
between macular thickness and age up to around 60 years and a
negative association afterwards, by studying retinal OCTs of 4,508
eyes. Previous studies investigating retinal thicknesses in relation
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TABLE 3 | Regression analysis of average thicknesses against age, sex, and refractive error.

Average thickness (um) Against Mean (SD) B SE P R%ﬂarg. RZ,..
MT Age (years) _02148 0.0648 0.0010 0.0478 0.9679
Sex: F 312.32 (12.11)
44771 1.6941 0.0145 0.0268 0.9679
vs. M 316.38 (11.41)
RE (diopter) ~0.3926 07013 05777 0.0030 0.9644
MRNFL Age (years) ~0.0523 00192 0.0072 0.0312 0.8821
Sex: F 39.46 (3.69)
03152 05056 0.5337 0.0017 0.8820
vs. M 39.67 (3.33)
RE (diopter) —0.6067 0.2936 0.0430 0.0729 0.8753
GCIPL Age (vears) —0.0874 0.0263 0.0010 0.0480 0.9652
F 70.28 (4.
Sex 0.28 (4.98) 15150 0.6896 0.0291 0.0214 0.9652
vs. M 71.82 (4.48)
RE (diopter) 0.0049 0.2950 0.9869 0 09730
INL Age (years) ~0.0453 00125 0.0004 0.0558 0.9331
Sex: F 35.82 (2.40)
0.3526 03312 0.2883 0.0050 0.9331
vs. M 36.15 (2.22)
RE (diopter) 0.2394 01783 0.1841 0.0209 09512

MT, macular thickness; mRNFL, macular retinal nerve fiber layer; GCIPL, combined ganglion cell and plexiform layer; INL, inner nuclear layer; F, female; M, male; vs., versus; RE, refractive

error; SD, standard deviation; B, slope; SE, standard error of B; P, p-value; Rfﬂa,g_

to sex in a healthy population showed that women had thinner
retinal thickness measures than men (36, 40, 41, 43, 44). Our
results are in accordance with this for MT and GCIPL, but not
for mRNFL and INL, which were both not sex-dependent in our
cohort. The analysis using OCT data from the UK Biobank study
(67,321 adults) from (45) reported associations among older age,
ethnicity, BMI, smoking, and macular thickness.

Inter-rater reliability of manually corrected segmentation
results was excellent with ICC values above 0.99 for all layers.
MDC, from the inter-rater reliability test, was 0.46 pm for GCIPL,
which is higher than the projected annual loss in healthy subjects
in this study (0.09 um per year) and similar to the average annual
GCIPL loss reported in patients with MS (—1.1 um over 2 years)
(46). This means that current intraretinal segmentation is not
able to reliably detect annual GCIPL loss in an individual MS
patient, and further technological improvements in acquisition
and image analysis are required to allow this, e.g., for clinical
monitoring applications. Intraretinal segmentation of the GCIPL
is, however, suited to track optic neuritis associated damage,
which is often magnitudes higher than the observed MDC in
this study (8, 9). For INL, the inter-rater MDC in our study was
0.29 pm, which is similar to group-wise changes reported with
disease activity related effects in the range of 0.35 t0 0.71 pum (12).
Again, this suggests that current OCT intraretinal segmentation
is not able to reliably detect meaningful INL change for this
application. A previous multicenter study using the device’s own
semi-automatic segmentation approach with manual correction
produced even higher MDC (17). While previous studies,
and our current study only investigated segmentation-based
reliability on a single scan, the additional acquisition noise from
two different scans is likely to result in even higher MDC in a real
world scenario of follow-up measurements. The reported MDC

, Marginal R-squared; R%ond‘, Conditional R-Squared. Significant p-values marked in bold.

is below the resolution of the used SD-OCT technology, which
suggests that imaging rather than segmentation is the limiting
issue in detecting change.

To further support the opposing roles of GCIPL and INL
measurements in neuroinflammatory disorders, we investigated
their association in healthy controls. Both showed a moderate to
strong correlation in our study, indicating that retinal thickness is
reflected similarly throughout layers in an individual person. This
relationship might be of relevance when interpreting GCIPL and
INL in neuroinflammatory diseases, where GCIPL and INL are
supposed to change in opposite directions, with GCIPL thickness
reduction due to neurodegeneration (4) and INL thickening due
to inflammation (12) or in response to ganglion cell loss (10).

The presented semi-automatic OCT image segmentation
pipeline, SAMIRIX, provides an accessible and flexible toolbox,
which can handle the entire process needed to analyze intra-
retinal layer thicknesses on raw SD-OCT images. SAMIRIX
is not introducing a new segmentation approach, but rather
implements an existing algorithm, and extends it with processing
pipelines and comfortable manual correction tools. For research
use, SAMIRIX was faster compared to HEYEX, and the
initial segmentation more accurate. In a few cases with
severely affected eyes, initial automatic segmentation produced
large errors. These cases then needed more processing time
than with HEYEX, suggesting a potential in improving the
initial segmentation approach. Importantly, SAMIRIX offers a
transparent open-source segmentation pipeline. Of note, while
we compared SAMIRIX to HEYEX, there are other commercial
and academic intraretinal segmentation tools available, e.g.,
Orion (by Voxeleron LLC, https://www.voxeleron.com/orion/)
and Iowa Reference Algorithms (by Iowa Institute for Biomedical
Imaging, https://www.iibi.uiowa.edu/oct-reference).
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FIGURE 4 | (A) The average GCIPL thickness against age, (B) the average INL thickness against age, and (C) the average INL thickness against the average GCIPL
thickness. GCIPL, combined ganglion cell and plexiform layer; INL, inner nuclear layer.
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4.1. Strengths and Limitations

A general problem with reporting normative data is not only
different optical properties and acquisition strategies of different
devices, but also different regions of interest, which are then
summarized in the respective thickness or volume measurements
(47). While we report 6 mm ETDRS ring thicknesses in
micrometers in this study, other regions of interest can be
surveyed using the accompanying shiny web application. Other
strengths of this study are its sample size and the similar
age and sex distribution in comparison to typical cohorts of
autoimmune neuroinflammatory diseases. A limitation of this
study is the cross-sectional design, which impairs inferences
about temporal development. The most important limitation is
that we included OCT scans from only one device and one
scan protocol, which limits generalizability of normative data
(47). Particular caution should be taken when interpreting data

acquired with various instruments, since comparative studies
revealed that measurements are not directly comparable between
different OCT devices (48, 49) and results can even be influenced
by simple software upgrades (50). Currently, SAMIRIX is only
able to work with the HEYEX Vol file format (*.vol files), which
is only available through specific collaborative arrangements with
Heidelberg Engineering, which is a clear limitation.

Because this study was done on a Caucasian population,
readers should keep in mind that our results are not necessarily
applicable to other ethnicities. Grover et al. (42) found Black
subjects to have a thinner retinal thickness compared to
Caucasian subjects, while Tariq et al. (51) showed that average
inner macula was significantly thicker in Caucasian than East
Asian and South Asian children, with South Asian children
having the thinnest values. These findings were also confirmed
by Girkin et al. (35), which reported that Hispanic and Indian
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participants showed higher thickness compared to Europeans
and Africans.
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Abstract

Objective
To investigate disease-specific foveal shape changes in patients with neuromyelitis optica
spectrum disorders (NMOSDs) using foveal morphometry.

Methods

This cross-sectional study included macular spectral domain optical coherence tomography
scans of 52 eyes from 28 patients with aquaporin-4 immunoglobulin G (AQP4-IgG)-sero-
positive NMOSD, 116 eyes from 60 patients with MS, and 123 eyes from 62 healthy controls
(HCs), retrospectively, and an independent confirmatory cohort comprised 33/33 patients
with NMOSD/MS. The fovea was characterized using 3D foveal morphometry. We included
peripapillary retinal nerve fiber layer (pPRNFL) thickness and combined macular ganglion cell
and inner plexiform layer (GCIPL) volume to account for optic neuritis (ON)-related neu-
roaxonal damage.

Results

Group comparison showed significant differences compared with HC in the majority of foveal
shape parameters in NMOSD, but not MS. Pit flat disk area, average pit flat disk diameter, inner
rim volume, and major slope disk length, as selected parameters, showed differences between
NMOSD and MS (p value = 0.017, 0.002, 0.00S, and 0.033, respectively). This effect was
independent of ON. Area under the curve was between 0.7 and 0.8 (receiver operating char-
acteristic curve) for discriminating between NMOSD and MS. Pit flat disk area and average pit
flat disk diameter changes independent of ON were confirmed in an independent cohort.

Conclusions

Foveal morphometry reveals a wider and flatter fovea in NMOSD in comparison to MS and
HC. Comparison to MS and accounting for ON suggest this effect to be at least in part
independent of ON. This supports a primary retinopathy in AQP4-IgG-seropositive NMOSD.
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Glossary

AQP4-IgG = aquaporin-4 immunoglobulin G; ART = automatic real time; AUC = area under the curve; B = estimate; FT = foveal
thickness; GCIPL = combined macular ganglion cell and inner plexiform layer; HC = healthy control; ILM = inner limiting
membrane; INL = inner nuclear layer; MOG = myelin oligodendrocyte glycoprotein; NMOSD = neuromyelitis optica spectrum
disorder; OCT = optical coherence tomography; ON = optic neuritis; ON— = eyes without a history of ON; ON+ = eyes with
a history of ON; pRNFL = peripapillary retinal nerve fiber layer; ROC = receiver operating characteristic; SE = standard error of B.

Aquaporin-4 immunoglobulin G (AQP4-IgG)-seropositive
neuromyelitis optica spectrum disorder (NMOSD) is an in-
flammatory astrocytopathy defined by pathogenic serum im-
munoglobulin G antibodies against aquaporin-4.'~>

Optic neuritis (ON) is a hallmark of NMOSD and leads to
severe neuroaxonal damage in optic nerve and retina associ-
ated with oftentimes severe vision loss.*® Retinal optical
coherence tomography (OCT) can be used to measure this
damage® '*: Peripapillary retinal nerve fiber layer (pRNFL)
and combined macular ganglion cell and inner plexiform layer
(GCIPL) typically become thinner, whereas inner nuclear
layer (INL) becomes thicker as a result of ON.&13-13

Recently, a foveal thickness (FT) reduction has been reported
in eyes never experiencing an ON in patients with AQP4-
IgG-seropositive NMOSD,'®"” suggesting either subclinical
optic nerve inflammation or primary retinal astrocytopathy in
NMOSD.® This change in FT appeared to be driven by
a change in foveal shape, with a normally V-shaped fovea
appearing more widened and U-shaped with flattened disk in
eyes of patients with AQP4-IgG-seropositive NMOSD."”

Because FT is a weak measure for foveal shape, we developed
a 3D foveal morphometry method, which we previously de-
scribed and validated in detail."® Here, we use this approach to
investigate the foveal shape in patients with AQP4-
IgG-seropositive NMOSD. We compare findings against
measurements in patients with MS, which also presents with
ON, and against healthy controls (HCs). Our goal was to
investigate whether foveal changes are characteristic to AQP4-
IgG-seropositive NMOSD and not simply caused by ON.

Methods
Study population

In this analysis, we retrospectively included data from an
ongoing observational cohort study in patients with NMOSD
at the NeuroCure Clinical Research Center at Charité—
Universititsmedizin Berlin, Germany, acquired from August
2013 to November 2016. Inclusion criteria were a minimum age
of 18 years and fulfilling the diagnostic criteria for AQP4-
IgG-seropositive NMOSD according to the 2015 International
Consensus Diagnostic Criteria.” AQP4-IgG-seropositivity
was tested using a cell-based assay (Euroimmun, Liibeck,
Germany). Exclusion criteria were any other neurologic or
ophthalmologic disorder (e.g, glaucoma, diabetes, and

Neurology: Neuroimmunology & Neuroinflammation

| Volume 7, Number 5 | September 2020

refractive error >6 diopters), which can affect the retina.'?
Eyes with an episode of ON within the last 6 months before
the OCT examinations were excluded. Of 46 patients
enclosed in the study, we included 28 patients with NMOSD
in the analysis after applying the inclusion and exclusion cri-
teria (table 1). We additionally included 60 patients with
relapsing-remitting MS according to the 2010 revised
McDonald criteria,”® from 2 cohort studies about MS and
clinically isolated syndrome and 62 HCs, both groups age and
sex matched to the NMOSD cohort, in this study (table 1).
Data from 17 patients with AQP4-IgG-seropositive NMOSD
(61%) were already included in a previous study by Oertel
et al."” High-contrast visual acuity was measured using Early
Treatment in Diabetes Retinopathy Study charts at a 4-m
distance with an Optec 6500 P system (Stereo Optical, Chi-
cago, IL), with best correction and under photopic conditions.

A confirmatory cohort consisting of macular OCT's from 58
eyes of 33 patients with AQP4-IgG-seropositive NMOSD
(eyes with a history of ON [ON+]: 27; 33 women; age: 49.2 +
15.4 years) and 62 eyes of 33 patients with MS (ON+: 12; 32
women; age: 49.7 + 14.7 years) from longitudinal prospective
observational cohort studies at the Department of Neurology,
Universititsklinikum Diisseldorf at Heinrich Heine University,
Diisseldorf, Germany, was included in this study, following the
same inclusion and exclusion criteria. MS and NMOSD groups
were well matched in this cohort for age (p = 0.812) and sex (p
= 1), but not for the proportion of eyes with ON (p = 0.001).
The NMOSD group is well matched to the Berlin cohort for
age (p = 0.113), sex (p = 0.214), and ON+ (p = 0.507).

Ethics statement

The study was approved by the local ethics committee at
Charité— Universititsmedizin Berlin (EA1/131/09, EA1/163/
12, and EA1/182/10). The confirmatory OCT data were col-
lected under approval from the local ethics committee at
Heinrich Heine University Diisseldorf (4389R). The study was
conducted according to the Declaration of Helsinki in its cur-
rently applicable version and the applicable German and Eu-
ropean laws. All the participants gave written informed consent.

Optical coherence tomography

All retinal OCT images (exploratory and confirmatory co-
hort) were taken using Spectralis spectral domain OCT
devices from Heidelberg Engineering (Heidelberg, Ger-
many), with activated eye tracker and automatic real-time
(ART) averaging. The pRNFL thickness was calculated using
standard ring scans around the optic nerve head (12°, single B
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Table 1 Demographic description of NMOSD, MS, and HC cohorts

NMOSD MSs HC
No. of patients (N) 28 60 62
No. of eyes (N) 52 116 123
Sex (female) (N [%])? 26 (93%) 55 (92%) 56 (90%)
Age (y) (mean + sD)® 436 +11.5 39.0+10.9 41.7+£13.5
Patients with a history of ON (N [%]) 16 (57%) 29 (48%) —
Eyes with a history of ON (N [%])¢ 20 (38%) 32 (28%) —
Number of ONs per eye (median [range]) 1.5 (1-8) 1(1-2) —
VA for ON eyes (logMAR) (mean = SD)d 0.36 £ 0.69 -0.09 £ 0.10
EDSS score (median [range]) 3(0-6.5) 2 (0-4.5) —
Disease duration (y) (mean + SD) 6.8 +4.8 79+84 —
PRNFL (pm) (mean + SD) 81.2+22.1 90.8 £+ 15.3 97.6 £ 8.8
GCIPL (mm?3) (mean + SD) 1.69+0.29 1.83+0.24 1.94+0.14
INL (mm?3) (mean + SD) 0.94 + 0.09 0.96 + 0.06 0.95 +0.06
FT (um) (mean = SD) 262.9+14.9 272.1+£20.3 2723+ 231

Abbreviations: EDSS = Expanded Disability Status Scale; FT = foveal thickness; GCIPL = combined macular ganglion cell and inner plexiform layer volume; HC =
healthy controls; INL = inner nuclear layer volume; logMAR = logarithm of the minimum angle of resolution; NMOSD = neuromyelitis optica spectrum

disorders; ON = optic neuritis; pRNFL = peripapillary retinal nerve fiber layer thickness; VA = high-contrast visual acuity.

2 Sex match: p value = 1.

® Age match: p value: HC vs MS = 0.382, HC vs NMOSD = 0.437, MS vs NMOSD = 0.056.

€ON match: p value = 0.199.

9VA measurements for 25 (78%) ON eyes of patients with MS and 17 (85%) ON eyes of patients with NMOSD were available.

scan with 1536 A scans, 16 < ART <100). The volume of the
GCIPL and INL was calculated in a 6-mm diameter around
the fovea, and FT was measured in a 1-mm-diameter area
around the fovea, based on macular volume scans (25° x 30°,
61 B scans with 768 A scans per each B scan, ART = 15).
Intraretinal layer segmentation was performed and corrected
if needed using Heidelberg Eye Explorer (HEYEX version
1.9.10.0) by an experienced grader. All OCT scans were
quality controlled according to the OSCAR-IB criteria,' !
and OCT data are reported in accordance with the Advised
Protocol for OCT Study Terminology and Elements
(APOSTEL) recommendations.”” Four eyes from the ex-
ploratory cohort were excluded from the study because of
inadequate OCT scan quality.

Foveal morphometry

All macular volume OCT's were analyzed using a 3D foveal
morphometry described previously in detail.'® In brief, first,
the 3D macular scan is flattened based on the segmentation of
the Bruch membrane as the reference plane, and then the
inner limiting membrane (ILM) surface is smoothed and
reconstructed radially using a cubic Bezier polynomial model.
Based on the reconstructed ILM surface, several parameters
are defined to describe the foveal and parafoveal shape. Three
surfaces are defined in this foveal shape analysis method: rim
disk, which connects the points on the surface with the max-
imum height (rim points); slope disk, which connects the
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points with the maximum slopes in the parafoveal area; and pit
flat disk, which characterizes the flatness of the foveal pit. Each
surface is described by 4 parameters—the length in the
dominant direction (major axis): major length; the length in
the second dominant direction (perpendicular to the major
axis): minor length; the area; and the average diameter. In
addition, the distance between the fovea (the minimum point)
and the center of rim disk: average pit depth; the distance
between the fovea and the reference plane: central foveal
thickness; the average height of the rim points: average rim
height; the volume between the ILM surface and the reference
plane: rim volume; the volume between the ILM surface and
rim disk: pit volume; the volume between the ILM surface and
the reference plane within 1-mm-diameter cylinder centered
at the fovea: inner rim volume; and the average slope at the
maximum slope points: average maximum pit slope are mea-
sured by this method to characterize the 3D foveal shape.
Figure 1 gives an overview of the method and the defined
parameters. Test-retest reliability was excellent in all foveal
morphometry parameters with intraclass correlation coef-
ficients >0.9 in all cases (table e-1, links.lww.com/NXI/A270).

Statistical analysis

Sex and ON differences between groups were tested using X2
tests, and age differences were tested using 2-sample Wil-
coxon tests. Performance measurements were based on the
area under the curve (AUC) for receiver operating
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Figure 1 Three-dimensional foveal shape analysis method overview

Rim disk

Slope disk

Rim height
Rim height

Reference plane

Pit flat disk

(A) ILM surface smoothing and radial reconstruction using the cubic Bezier polynomial. (B) Rim height, average pit depth, and central foveal thickness. (C) Rim
disk (blue), slope disk (red), and pit flat disk (green) and major and minor axes on each surface. (D) Rim volume, pit volume, and inner rim volume. APD =
average pit depth, CFT = central foveal thickness; ILM = inner limiting membrane; major = major axis; minor = minor axis.

characteristic (ROC) curves. All linear regression analyses
were performed using linear mixed-effect models including
intereye within-patient correlations, age, and sex as random
effects. The marginal and conditional coefficients of de-
termination of the linear models were calculated with pseudo
R-squared. Stepwise logistic regression analysis for model se-
lection was performed by the Akaike Information Criteria with
both backward and forward modes of stepwise search based
on generalized linear models. In this exploratory study, we
corrected p values for multiple testing using the Benjamini-
Hochberg procedure. In addition, the identified parameter
differences were tested in a second independent cohort
obtained with the same scanning protocol at a different center.
One-sided p values were reported for the confirmatory cohort,
not corrected for multiple testing. Sample size for the confir-
matory cohort was calculated for 1-sided 2-sample t-test with
90% power and a significance level of 0.05. To adjust this
estimate for eye-based statistics, we added 60% sample size to
account for intereye within-patient effects and additional
covariates. All statistical analysis were performed in R version
3.5.0% with packages stats, Ime4, ImerTest, MuMIn, ROCR,
ggplot2, plotROC, pwr, multcomp, and ggpubr packages. The

p values less than 0.05 were considered significant.

Data availability
All data are available on reasonable request from the corre-
sponding author.
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Results

Foveal shape changes in NMOSD and MS

First, we analyzed foveal shape in patients with NMOSD and
MS and compared results with measurements in HCs. Foveal
shape was altered in patients with NMOSD, but only mildly
affected in patients with MS, both in comparison to HCs (table
2). Foveal parameters stratified by history of ON are included
in supplemental data (table e-2, links.lww.com/NXI/A271).

In contrast, both patients with MS and NMOSD showed
neuroaxonal damage typically occurring after ON: pRNFL and
GCIPL were lower in patients with NMOSD in comparison to
HCs (pRNFL: standard error of B [SE] = —17.7 [3.0] um,
p <0.001, GCIPL: B [SE] = -0.27 [0.04] mm®, p < 0.001), but
also in patients with MS in comparison to HCs (pRNFL: B
[SE] = -7.0 (2.0) um, p < 0.001, GCIPL: B [SE] = -0.12 [0.03]
mm?’, p = 0.001).

Parameter selection

Next, we selected parameters with the highest potential to be
abnormal in NMOSD: We therefore analyzed parameter
performance in discriminating between eyes from patients
with NMOSD and MS, regardless of ON status (table 3 and
figure 2A). This was followed by a linear regression analysis
against diagnosis, history of ON, and their interaction effect to
derive effect sizes and group differences accounting for ON.
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Table 2 Foveal shape analysis parameters results (mean + SD) and linear regression analysis for NMOSD and MS vs HC

HC vs NMOSD HC vs MS
HC (mean = MS (mean = NMOSD (mean +
SD) SD) SD) B (SE) p B (SE) p
Average pit depth (mm) 0.117 £ 0.021 0.111+£0.018 0.101 £ 0.026 -0.017 <0.001  -0.006 (0.003) 0.078
(0.005)
Central foveal thickness (mm) 0.231 £ 0.015 0.229+0.017 0.228 £ 0.017 -0.004 0.330 -0.002 (0.003) 0.535
(0.004)
Average rim height (mm) 0.348 £ 0.014 0.340 £ 0.016 0.328 £ 0.018 -0.021 <0.001  -0.009 (0.002) <0.001
(0.003)
Average rim disk diameter (mm) 2.184 £ 0.115 2.152+£0.110 2.132£0.130 -0.056 0.037 -0.034 (0.020) 0.082
(0.027)
Rim disk area (mm?) 3.717 £ 0.387 3.606 + 0.371 3.545 + 0.436 -0.184 0.041 -0.116 (0.066) 0.079
(0.090)
Major rim disk length (mm) 0.630 + 0.066 0.613 + 0.063 0.600 + 0.075 -0.032 0.039 -0.018(0.011) 0.112
(0.015)
Minor rim disk length (mm) 0.619 + 0.065 0.599 + 0.062 0.590 + 0.072 -0.030 0.042 -0.021(0.011) 0.055
(0.015)
Average slope disk diameter (mmm)  0.663 + 0.119 0.653 +0.152 0.771 £ 0.136 0.104 (0.028) <0.001 -0.012(0.025) 0.626
Slope disk area (mm?) 0.361 £ 0.131 0.358 £ 0.180 0.486 + 0.164 0.120 (0.032) <0.001  -0.005 (0.028) 0.858
Major slope disk length (mm) 0.068 + 0.025 0.068 + 0.034 0.090 + 0.029 0.021 (0.006) <0.001 -4.8e7*(0.005) 0.930
Minor slope disk length (mm) 0.053 £ 0.019 0.052 + 0.026 0.072 + 0.026 0.019 (0.005) <0.001  -0.001 (0.004) 0.772
Average pit flat disk diameter 0.215 £ 0.030 0.211 £ 0.039 0.257 £ 0.052 0.042 (0.008) <0.001  -0.005 (0.006) 0.440
(mm)
Pit flat disk area (mm?) 0.037 £ 0.010 0.036 £ 0.015 0.054 + 0.025 0.017 (0.003) <0.001  -0.001 (0.002) 0.691
Major pit flat disk length (mm) 0.0067 + 0.0065 + 0.0098 + 0.0048 0.0032 <0.001 -0.0001 0.725
0.0018 0.0027 (0.0007) (0.0004)
Minor pit flat disk length (mm) 0.0058 + 0.0056 + 0.0083 + 0.0036 0.0026 <0.001  -0.0002 0.628
0.0016 0.0023 (0.0005) (0.0004)
Rim volume (mm?) 1.045 +0.153 0.983 £ 0.133 0.910 £ 0.170 -0.141 <0.001 -0.061 (0.025) 0.013
(0.036)
Inner rim volume (mm3) 0.104 £ 0.018 0.103 £ 0.019 0.088 £ 0.015 -0.017 <0.001  -0.001 (0.003) 0.753
(0.004)
Pit volume (mm?3) 0.252 £ 0.043 0.246 + 0.051 0.259 + 0.044 0.005 (0.010) 0.606  —0.007 (0.008) 0.402
Average maximum pit slope 12.16 £+ 3.38 11.10 £ 2.41 9.86 +3.11 -2.42 (0.74) 0.001 -1.03(0.52) 0.047

(degrees)

Abbreviations: B = estimate; HC = healthy controls; MS = patients with MS; NMOSD = patients with neuromyelitis optica spectrum disorders; SE = standard

error of B.
Significant p values are marked in bold.

Table 3 shows the results of this selection process, ordered by
AUC. The best parameter selected from the ROC analysis was
pit flat disk area (AUC = 0.798, figure 2A). To derive a final set
of relevant parameters, we computed a stepwise logistic re-
gression model to predict NMOSD vs MS, including only the
parameters with AUC >0.7. This selected 4 parameters: pit
flat disk area, average pit flat disk diameter, inner rim volume,
and major slope disk length (figure 2, D-G).

Association with ON and neuroaxonal damage

A crucial question is whether these parameters react to ON-
related damage or are indeed at least partially independent. To
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further investigate this, we repeated the AUC analysis, but this
time separately for the eyes without a history of ON (ON-) and
the ON+ (table e-2, links.lww.com/NXI/A271). Indeed, foveal
shape was altered also in the ON-. Here, the best foveal shape
parameter to distinguish ON— from patients with NMOSD and
patients with MS was minor pit flat disk length (AUC = 0.804,
figure 2B). In ON+, the best-performing parameter to discrim-
inate between patients with NMOSD and patients with MS was
major pit flat disk length (AUC = 0.817, figure 2C). Of note,
NMOSD ON- also showed signs of mild neuroaxonal damage
compared with HC (pRNFL: B [SE] = -5.7 [2.4] pm, p = 0.017;
GCIPL: B [SE] = -0.12 [0.04] mm®, p = 0.001).
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Table 3 AUC and linear regression analysis results for NMOSD vs MS, sorted in ascending order of AUC

Linear regression with interaction effects of diagnosis and ON history

MS vs NMOSD ON- vs ON+ NMOSD x ON
NMOSD vs MS
(AUC) B (SE) p B (SE) p B (SE) p R, R,

Pit flat disk area (mm?) 0.798 0.011 (0.005) 0.021 0.001 (0.002) 0.544 0.015(0.004) 0.001 0.176 0.843

Average pit flat disk diameter 0.796 0.033(0.011)  0.002  0.004 (0.005) 0.423  0.029 (0.009) 0.002 0.200 0.876

(mm)

Minor pit flat disk length (mm) 0.796 0.0018 0.011  0.0002 0.645  0.0020 0.007 0.172 0.827
(0.0007) (0.0003) (0.0007)

Major pit flat disk length (mm) 0.790 0.0019 0.038  0.0003 0.456  0.0031 <0.001 0.177 0.855
(0.0009) (0.0004) (0.0008)

Inner rim volume (mm3) 0.755 -0.012 0.006 -0.002 0.170 -0.007 0.006 0.144  0.940
(0.004) (0.001) (0.003)

Minor slope disk length (mm) 0.744 0.017 (0.006) 0.013 0.001 (0.002) 0.554 0.008 (0.004) 0.051 0.111 0.941

Slope disk area (mm?) 0.739 0.102 (0.042) 0.022 0.010(0.011) 0.371 0.053(0.022) 0.022 0.096 0.958

Average slope disk diameter 0.739 0.094 (0.035)  0.010  0.006 (0.009) 0.509  0.050 (0.019) 0.010 0.116  0.956

(mm)

Major slope disk length (mm) 0.733 0.017 (0.008)  0.040  0.002 (0.002) 0.265  0.010(0.004) 0.019 0.083 0.963

Average rim height (mm) 0.664 -0.008 0.022 -0.007 0.001 -0.009 0.022 0.107 0.882
(0.003) (0.002) (0.004)

Rim volume (mm3) 0.627 -0.053 0.124 -0.061 <0.001 -0.044 0.164 0.081 0.878
(0.032) (0.016) (0.032)

Average pit depth (mm) 0.602 -0.007 0.147 -0.007 <0.001 -0.009 0.025 0.069 0.931
(0.005) (0.002) (0.004)

Pit volume (mm3) 0.594 0.012(0.011) 0.369  -0.006 0.239  0.002 (0.008) 0.845 0.013 0.917

(0.004)

Average maximum pit slope 0.593 -0.74 (0.59) 0.210  -0.73(0.26) 0.008 -1.24(0.51) 0.019 0.073 0.908

(degrees)

Major rim disk length (mm) 0.556 -0.010 0.671 -0.021 0.002 -0.005 0.697 0.025 0.902
(0.015) (0.006) (0.013)

Average rim disk diameter 0.550 -0.014 0.657 -0.039 0.002 -0.010 0.657 0.027 0.891

(mm) (0.026) (0.012) (0.023)

Rim disk area (mm?) 0.549 -0.043 0.628 -0.128 0.002 -0.038 0.628 0.027 0.892
(0.088) (0.039) (0.077)

Minor rim disk length (mm) 0.545 -0.004 0.761 -0.022 0.002 -0.008 0.756 0.029 0.878
(0.015) (0.007) (0.013)

Central foveal thickness (mm) 0.543 -0.001 0.891 1.5 0.891 -0.001 0.891 0.002 0.946
(0.004) (0.001) (0.002)

Abbreviations: AUC = area under the curve; B = estimate; MS = patients with MS; NMOSD = patients with neuromyelitis optica spectrum disorders; NMOSD x
ON =interaction effect of diagnosis and ON; ON = optic neuritis; ON- = eyes without a history of ON; ON+ = eyes with a history of ON; SE = standard error of B;

RZ, ., = conditional R-squared; R}, . = marginal R-squared.
Significant p values and AUC 20.7 are marked in bold.

Foveal changes may also be driven not by ON per se, but by
the amount of neuroaxonal damage after ON. Here, MS may
be a problematic control group because the amount of ON-
related retinal damage is typically lesser than in NMOSD.'%**
To investigate whether differences in neuroaxonal damage are
indeed able to explain the observed foveal differences, we
repeated the linear regression model analyses for the pre-
viously selected 4 parameters, but this time corrected addi-
tionally for GCIPL and INL (table 4), which can be
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considered sensitive parameters for ON severity. Here, it was
confirmed that the observed group differences are unlikely to
be explained by ON severity differences alone.

See supplemental data for more results on regression analysis
corrected for the neuroaxonal damage (table e-3, links.Iww.
com/NXI/A272). Figure 2, H-I shows rim volume and av-
erage pit depth as example foveal shape parameters signifi-
cantly dependent on ON status but not on diagnosis. Figure 2,
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Figure 2 ROC curves, exploratory data analysis for selected parameters, and sample fovea

A. NMOSD vs MS

B. NMOSD ON- vs MS ON-

C. NMOSD ON+ vs MS ON+
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ROC curves for best-performing foveal shape and standard OCT parameters discriminating between (A) NMOSD vs MS, (B) NMOSD ON- vs MS ON-, and (C)
NMOSD ON +vs MS ON+. Box and dot plots for (D) pit flat disk area, (E) average pit flat disk diameter, (F) inner rim volume, and (G) major slope disk length, the
selected 4 foveal shape parameters. (H) Rim volume and (I) average pit depth, as example foveal shape parameters affected by ON but not diagnosis. A
sample central (foveal) B scan of (J) MS ON- and (K) NMOSD ON-, chosen from the median of the selected pit flat disk parameters in each group,
demonstrating the difference in foveal pit (pit flat disk), between NMOSD and MS in eyes without a history of ON. AUC = area under the curve; FT = foveal
thickness; pRNFL = peripapillary retinal nerve fiber layer thickness; INL = inner nuclear layer volume; HC = healthy controls; MS = patients with MS; NMOSD =
patients with neuromyelitis optica spectrum disorders; ON = optic neuritis; ON- = eyes without a history of ON; ON+ = eyes with a history of ON; ROC =
receiver operating characteristic.
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Table 4 Linear regression results for the selected foveal shape analysis parameters corrected for GCIPL and INL

Linear regression with interaction effects of diagnosis and ON history corrected for GCIPL

MS vs NMOSD ON- vs ON+ GCIPL (mm?) NMOSD x ON
B (SE) p B (SE) p B (SE) p B (SE) p Rliwe  Ripu
Pit flat disk area (mm?) 0.010 0.031 -3.2e™ 0.886 -0.016 0.010 0.012 0.010 0.212 0.858
(0.005) (0.002) (0.006) (0.004)
Average pit flat disk diameter 0.030 0.006 -8.3e™° 0.986  -0.038 0.006 0.023 0.019 0.230 0.889
(mm) (0.011) (0.005) (0.013) (0.009)
Inner rim volume (mm?3) -0.011 0.013 -7.7¢™* 0.554  0.010 0.013 -0.006 0.038 0.159  0.945
(0.004) (0.001) (0.004) (0.003)
Major slope disk length (mm) 0.017 0.051  0.002(0.002) 0360 5.5~ 0.992 0.010 0.033 0.082 0.962
(0.008) (0.006) (0.004)
Linear regression with interaction effects of diagnosis and ON history corrected for INL
MS vs NMOSD ON- vs ON+ INL (mm?3) NMOSD x ON
B (SE) P B (SE) P B (SE) P B (SE) p Riarg R
Pit flat disk area (mm?) 0.012 0.017 0.001 0.771 0.041 0.145 0.013 0.014 0.193 0.851
(0.005) (0.002) (0.024) (0.004)
Average pit flat disk diameter 0.035 0.005  0.003 0.482  0.075 0.200  0.027 0.013 0.208 0.882
(mm) (0.011) (0.005) (0.054) (0.010)
Inner rim volume (mm?) -0.012 0.009 -0.002 0.212  0.003 0.860  -0.008 0.009 0.143 0.939
(0.004) (0.001) (0.018) (0.003)
Major slope disk length (mm) 0.016 0.061  0.002 0312 -0.014 0.623  0.010 0.022 0.083 0.962
(0.008) (0.002) (0.028) (0.004)

Abbreviations: B = estimate; GCIPL = combined macular ganglion cell and inner plexiform layer volume; INL = inner nuclear layer volume; MS = patients with
MS; NMOSD = patients with neuromyelitis optica spectrum disorders; NMOSD x ON = interaction effect of diagnosis and ON; ON = optic neuritis; ON- = eyes

without a history of ON; ON+ = eyes with a history of ON; SE = standard error of B; R, = conditional R-squared; R2,

Significant p values are marked in bold.

= marginal R-squared.

arg

J-K shows sample central B scans (crossing the fovea) of
ON- from patients with NMOSD and MS, chosen from the
median of the selected pit flat disk parameters in each group.

Parameter confirmation

Finally, we tested whether the parameters identified in the ex-
ploratory analysis could be confirmed in an independent cohort
of patients with NMOSD and MS measured with the same
device and protocol at an independent center. Based on dif-
ferences in the selected parameters, we determined the mini-
mum sample size for a confirmatory cohort as n = 38, 29, 35,
and 59 eyes per group, based on measurements for pit flat disk
area, average pit flat disk diameter, inner rim volume, and major
slope disk length, respectively. In this confirmatory cohort, pit
flat disk area and average pit flat disk diameter were confirmed
to be significantly different in NMOSD in comparison to MS (B
[SE] = 0.007 [0.004] mm? p = 0.035 and B [SE] = 0018
[0.010] mm, p = 0.039, respectively), neither dependent on ON
(p = 0.254 and 0.184) nor on NMOSD-specific ON (p = 0.293
and 0.382). Differences in inner rim volume were not significant
in the confirmatory cohort (diagnosis: p = 0.125; ON: p =
0.080; NMOSD-specific ON: p = 0.056). Major slope disk
length only showed a significant association with NMOSD-
specific ON (diagnosis: p = 0.155; ON history: p = 0.370;
NMOSD-specific ON: B [SE] = 0.012 [0.007] mm, p = 0.046).
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Discussion

Using a novel foveal morphometry approach, we here show
that foveal shape is altered in patients with AQP4-
IgG-seropositive NMOSD. Our results further support that
these changes cannot be explained by neuroaxonal damage
resulting from ON alone.

Foveal morphometry described a flatter and wider fovea in
AQP4-IgG-seropositive NMOSD both in comparison to MS
and HC (figure 2, J-K). This is characterized by increased pit
flat disk area, increased average pit flat disk diameter, reduced
inner rim volume, and increased major slope disk length. Al-
though neuroaxonal damage from ON altered the foveal shape
as well, we observed robust changes in these parameters also in
eyes never experiencing an ON and when correcting for ON or
neuroaxonal damage in the statistical models in all eyes.

The foveal shape changes in AQP4-IgG-seropositive NMOSD
reported in our study are supported by previous studies, which
investigated thickness or volume changes as indirect evidence
for foveal shape changes. Jeong et al.'® and Oertel et al.'”
showed a significant reduction in FT in eyes of patients with
AQP4-IgG-seropositive NMOSD independent of ON in
comparison to HCs.
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A pathophysiologic explanation for the observed changes could be
the presence of a primary retinopathy in AQP4-IgG-seropositive
NMOSD, mediated by AQP4-IgG. The principal glial cell of the
retina is the Miiller cell, expresses AQP4, and is enriched around
the fovea.”® Miiller cell bodies reside in the INL, but process
stretch through the whole thickness of the retina, linking retinal
neurons and photoreceptors with blood vessels. Importantly, an-
imal studies have shown complement-independent AQP4 loss in
Miiller cells in rats induced by AQP4-IgG, which is in line with an
AQP4IgG-mediated primary retinopathy in NMOSD.”**’
AQP4-IgG-mediated primary retinal astrocytopathy has been
also suggested in human by AQP4-IgG-seropositive NMOSD
autopsy cases.”® AQP4 is expressed in Miiller cell end feet—
analogous to astrocytic end feet—at the blood-retina barrier.”
For AQP4-IgG circulating in serum to reach its antigen, the blood-
retina barrier presumably needs to be disrupted. Blood-retina or
-brain barrier disruptions are typically associated with an acute
inflammatory event and then conceptionally linked to an acute
attack involving complement.® It is unclear whether or to which
extent blood-retina/brain barrier disruptions occur in NMOSD
and other diseases that do not lead to full attack cascades. A recent
analysis of the NMOSD momentum trial data®" revealed that
elevated glial fibrillary acidic protein levels in serum were associ-
ated with an increased attack risk, independently suggesting that
there is indeed subclinical astrocyte damage outside attacks (An-
nual Buropean Committee for Treatment and Research in Mul-
tiple Sclerosis [ECTRIMS] 2019, P1609).*> A recent study could
further show that in rats, blood-brain barrier breakdown is not
necessary for NMOSD pathology, but that NMOSD-like disease
can be caused by AQP4-IgG circulating in CSFE.** We recently
reported progressive GCIPL loss without ON in a longitudinal
study investigating an overlapping cohort.* Further evidence for
a primary retinopathy comes from Tian et al.* reporting inner
retinal layer thinning independent from ON. Significant changes
in vascularization of the fovea were also shown in patients with
AQP4-IgG-seropositive NMOSD in comparison to HCs using
OCT angiography.***

Alternatively, foveal changes could be caused by subclinical
ON. Occasionally, studies have reported neuroaxonal damage
also in eyes without prior ON in AQP4-IgG-seropositive
NMOSD, which could be interpreted as evidence as such.*
However, earlier studies had cohort heterogeneity due to
incomplete antibody characterization or inclusion of patients
with antibody-negative NMOSD. Furthermore, ON in
NMOSD often occurs near the chiasm, and neuroaxonal
damage can be caused by chiasmal crossover from an affected
eye to the fellow eye,** which might not be clinically apparent.
In this study, we found evidence of neuroaxonal damage also
in eyes reported to have never experienced ON, which is in
agreement with our recent findings in a multicenter study.>* It
is possible that our data set also included fellow eyes that were
affected from cross-chiasmal affects during a contralateral ON.
The number of patients with NMOSD only experiencing
transverse myelitis and no ON was too small, which is why we
refrained from analyzing eyes of these patients separately. In
consequence, we cannot fully determine to which extent the
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observed changes may be caused or affected by covert ON and
neuroaxonal damage of the optic nerve.

The main limitation of our study was the low sample size for AQP4-
IgG-seropositive NMOSD, especially for patients without a history
of ON, which is unfortunately common in studies investigating
NMOSD. Another limitation of this study is that the diagnostic
value is unclear, as we only used scans from 1 OCT device using
a single scanning protocol. It is unclear how scans from different
OCT devices and scanning protocols can be compared.

Foveal morphometry may potentially be useful for differential
diagnosis of AQP4-IgG-seropositive NMOSD. Typically,
pRNFL and GCIPL as well as other OCT parameters associ-
ated with neuroaxonal damage are mostly nonspecific to the
underlying ON etiology. In contrast, many foveal morphom-
etry parameters showed significant differences between
patients with NMOSD and MS in this study. Parameter se-
lection resulted in 4 promising parameters describing foveal
differences: pit flat disk area, average pit flat disk diameter,
major slope disk length, and inner rim volume. Only the first 2
parameters could be confirmed in an independent cohort. The
reason may be the different frequency of ON in the confir-
matory cohort between patients with MS and NMOSD, which
exemplifies the need for additional confirmation, especially in
eyes that are inconspicuous in regard to neuroaxonal damage
from ON. Future work should further investigate this by
comparing patients with myelin oligodendrocyte glycoprotein
(MOG)-IgG-seropositive disease against patients with MOG/
AQP4-IgG double-negative NMOSD, as well as clarify effects
of scan protocols and foveal variability in healthy persons.
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