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pRNFL Peripapillary retinal nerve fiber layer

PRNFLuwith vessels pRNFL measurement including blood vessel positions

PRNFLuithoutvessels PRNFL measurement excluding blood vessel positions

r Pearson’s correlation coefficient

R2cond Conditional coefficient of determination estimated by pseudo-r-
squared for mixed-effects models

R%marg Marginal coefficient of determination estimated by pseudo-r-

squared for mixed-effects models

RD Radial diffusivity

ROC Receiver operating characteristic

ROI Region of interest

SD Standard deviation

SD-OCT Spectral-domain optical coherence tomography
SE Standard error

TBSS Tract-based spatial statistics

TE Echo time

Tl Inversion time

TMV Total macular volume (6 mm diameter)
TR Repetition time

V1 Primary visual cortex
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2. Abstract [English]

The neuromyelitis optica spectrum comprises chronic inflammatory disorders of the
central nervous system (CNS). In 55 % of the patients, optic neuritis is the primary clinical
manifestation. Longitudinally extensive transverse myelitis (LETM) including three or
more vertebral segments and brainstem syndromes are other important hallmarks of
neuromyelitis optica spectrum disorders (NMOSD). The NMOSD-specific antibody
targets aquaporin-4 (AQP4-IgG), an astrocytic water channel, and can be detected in
serum of up to 80 % of the patients. It has been proposed that accumulation of irreversible
disability in AQP4-1gG seropositive NMOSD occurs exclusively in response to attacks.
Nevertheless, recent data from animal experiments and human autopsy studies also
suggest attack-independent changes, possibly mediated by astrocytic degeneration, in
AQP4-1gG seropositive NMOSD. In a subset of AQP4-1gG seronegative patients, myelin-
oligodendrocyte-glycoprotein-antibodies (MOG-IgG) can be detected. It is still under
debate whether MOG-IgG seropositive disease is part of the NMO-spectrum or rather a

separate disease entity.

The aim of this work was to evaluate and to quantify attack-independent alterations of the
afferent visual system in AQP4-IgG seropositive NMOSD and to characterize different
retinal disease patterns in AQP4-IgG and MOG-IgG seropositive patients. Therefore,
modern imaging techniques, such as optical coherence tomography and diffusion
weighted imaging based probabilistic tractography were applied. First, these methods
were established and evaluated for investigations in the afferent visual system. Second,
by utilizing the established methods, microstructural attack-independent changes in the
afferent visual system of AQP4-1gG seropositive NMOSD patients were investigated
cross-sectionally as well as longitudinally. Key findings were an attack-independent
thinning of the fovea and microstructural changes of the optic radiation as well as a
longitudinal ganglion cell layer thinning as a potential marker of neuro-axonal damage in
comparison to healthy controls. The localization and extent of these changes suggested
a widespread astrocytopathy of the CNS with subsequent neuro-axonal degeneration.
Lastly, a similar retinal neurodegeneration after optic neuritis but no longitudinal ganglion

cell loss was found in MOG-IgG seropositive patients.



The results reported in this thesis challenge the paradigm of pure attack-dependent tissue
damage in AQP4-IgG NMOSD and favor the notion that AQP4-IgG and MOG-IgG
disorders may represent distinct disease entities. These findings demand - if further
substantiated - an adaption of therapeutic strategies, which are at the moment very similar
between both patient groups and usually solely based on attack frequency. The functional
and diagnostic relevance of the reported findings as well as their translatability to other

functional systems of the CNS still needs to be elucidated.
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3. Abstract [German]

Das Neuromyelitis Optica Spektrum umfasst chronische inflammatorische Erkrankungen
des zentralen Nervensystems (ZNS), die sich zu 55 % zuerst als Sehnervenentziindung
(ON) manifestieren. Andere haufige Manifestationen der Patienten mit Neuromyelitis
optica-Spektrum-Erkrankungen (Neuromyelitis optica spectrum disorders, NMOSD) sind
langstreckige transverse Myelitiden Uber drei oder mehr vertebrale Segmente und
Affektionen des Hirnstamms, wie z.B. das Area-postrema-Syndrom. Der NMOSD-
spezifische Antikorper bindet Aquaporin-4 (AQP4-1gG), einen astrozytaren Wasserkanal,
und kann im Serum von bis zu 80% der NMOSD-Patienten nachgewiesen werden. Seit
der Definition der NMOSD bestand das Paradigma einer reinen schub-assoziierten
klinischen Verschlechterung ohne chronisch-progressiven Verlauf. Daten aus
Tierexperimenten und Autopsie-Studien lassen jedoch eine mikrostrukturelle schub-
unabhangige Komponente der NMOSD-Pathologie vermuten, die moglicherweise durch
die Degeneration von Astrozyten induziert ist.

In einem Teil der AQP4-IgG seronegativen NMOSD-Patienten Iasst sich ein Antikorper
gegen das Myelin-Oligodendrozyten-Glykoprotein (MOG-1gG) nachweisen. Zurzeit wird
diskutiert, ob sich MOG-IgG seropositive Patienten dem NMO-Spektrum zuordnen lassen

oder ob es sich um eine davon abzugrenzende Erkrankung handelt.

Zur Evaluation und Quantifizierung schub-unabhangiger Veranderungen des afferenten
visuellen Systems in AQP4-lgG seropositiver NMOSD und zur vergleichenden
Charakterisierung retinaler Veranderungen in AQP4-IgG und MOG-IgG seropositiven
Patienten wurden im Rahmen dieser Dissertation moderne bildgebende Methoden wie
die Optische Koharenztomographie und Probabilistische Traktographie im
diffusionsgewichteten MRT angewendet. Nach einer Kontext-spezifischen Evaluation
und Weiterentwicklung der Methoden konnten schub-unabhangige mikrostrukturelle
Veranderungen bei Patienten mit AQP4-IgG seropositiver NMOSD sowohl in
Querschnittsuntersuchungen, als auch longitudinal im afferenten visuellen System
erstmalig nachgewiesen werden. Dabei zeigten sich u.a. eine schub-unabhangige
Ausdinnung der Fovea, mikrostrukturelle Veranderungen der Sehstrahlung sowie eine
longitudinale Abnahme der retinalen Ganglienzellschicht als Marker neuro-axonalen

Schadens im Vergleich zu gesunden Kontrollen. Die Lokalisation und das Ausmaf der
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Veranderungen suggeriert eine ausgedehnte Astrozytopathie des ZNS mit folgender
neuro-axonaler Degeneration. AulRerdem zeigte sich in MOG-IgG seropositiven
Patienten ein mit AQP4-IgG seropositiven Patienten vergleichbarer neuraxonaler
Schaden nach ON, aber kein longitudinaler Verlust von Ganglienzellen.

Diese Ergebnisse stellen die Paradigmen eines rein schub-abhangigen
Schadigungsmusters der AQP4-IgG seropositiven NMOSD und einer gemeinsamen
Spektrum-Diagnose fur AQP4-IgG und MOG-IgG seropositive Patienten infrage und
beflrworten - sofern weiter bestatigt - eine Uberarbeitung der Therapiestrategie, die
aktuell bei beiden Patientengruppen sehr ahnlich ist und v.a. auf der Reduktion der
Schubfrequenz beruht. Die Klarung der funktionellen und diagnostischen Relevanz der
nachgewiesenen Veranderungen im afferenten visuellen System und deren

Ubertragbarkeit auf andere funktionelle Systeme des ZNS steht noch aus.
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4. Introduction

Neuromyelitis optica spectrum disorders (NMOSD) are chronic inflammatory diseases of
the central nervous system (CNS) [1]. In 55 % of NMOSD patients, optic neuritis (ON) is
the first clinical attack, which may lead to severe visual impairment, especially after the
occurrence of several subsequent ON episodes over time [2]. Longitudinally extensive
transverse myelitis (LETM) including three or more vertebral segments and brain stem
syndromes are further hallmarks of the disease. Secondary symptoms include
depression, fatigue and neuropathic pain, which are often undervalued and insufficiently
treated in NMOSD [3,4].

Historically, NMOSD were considered a subtype of multiple sclerosis (MS). It was only
after 2004, when a pathogenic antibody against the astrocytic water channel aquaporin-
4 (AQP4-IgG) was detected in patients with ON and myelitis, that NMOSD was
considered as a separate disease entity, apart from MS. AQP4-IgG can be detected in
serum of up to 80% of the NMOSD patients [5]. In ca. 40 % of AQP4-1gG seronegative
patients myelin-oligodendrocyte-glycoprotein-antibodies (MOG-IgG) can be detected,
whereas 60% are double-negative NMOSD patients [6,7]. In this context, it is still a matter
of debate whether MOG-IgG seropositive patients are part of the NMO-spectrum or rather
a separate disease entity termed MOG-IgG seropositive encephalomyelitis or MOG-1gG
seropositive autoimmunity [8,9]. For example, Havla et al. and Chien et al. recently
suggested a different disease pattern between MOG-IgG and AQP4-IgG seropositive
patients pointing towards a separation of the two entities [10,11]. However, further studies

on structural and clinical differences are needed to clarify this diagnostic dilemma.

In contrast to MS, a purely attack-related disability worsening in AQP4-IgG seropositive
NMOSD has been proposed and a clinically progressive disease course is considered
highly uncommon [12]. Nevertheless, animal and human autopsy studies recently
suggested microstructural attack- and lesion-independent damage in NMOSD, pointing
towards a direct degenerative influence of AQP4-IgG and AQP4-specific T-cells targeting
retinal and cerebral astrocytic cells [13—15]. Against this background, the intention of this

thesis was to investigate and to quantify potential attack- and lesion-independent damage
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in AQP4-1gG seropositive NMOSD and to characterize differences of retinal damage
between AQP4-1gG and MOG-IgG seropositive patients as well as longitudinal changes
in MOG-IgG seropositive patients. The afferent visual system is a highly affected
functional system and easily accessible by multiple modern imaging techniques. It was

therefore used as a suitable representative pathophysiological disease model [16,17].

4.1 Aims

The starting-point was a publication by Ventura et al. [13] showing potential lesion-
independent spinal cord atrophy in AQP4-1gG seropositive NMOSD suggesting attack-
independent pathology in a small number of patients (N = 6) for the first time. Thereafter,
the first aim of this thesis was to evaluate and to quantify attack- and lesion-independent
alterations of the visual pathway in AQP4-1gG seropositive NMOSD.

Furthermore, it remains unclear, if MOG-IgG seropositive patients are part of the NMO-
spectrum or part of a separate disease entity - so called MOG-IgG seropositive
encephalomyelitis or autoimmunity [8]. Therefore, the second aim of this thesis was to
characterize the different retinal disease patterns in AQP4-IgG and MOG-IgG
seropositive patients and to investigate longitudinal changes in MOG-IgG seropositive
patients. For the investigation, several modern imaging techniques, mainly optical
coherence tomography (OCT) and diffusion tensor imaging (DTI), were applied [16,17].
To further improve these studies, pre-existing methods were analyzed and adapted to

assure applicability in NMOSD. In detail, the objectives of the six sub-projects were:

To establish and to evaluate applied methods:
e To investigate potential influences of retinal blood vessels (BVs) on OCT analysis
in NMOSD. (METHOD-OCT) [18]
e To compare the capacity of tract-based spatial statistics (TBSS) and probabilistic
tractography based approaches to detect optic radiation (OR) damage in several
patient cohorts compared to healthy controls (HCs). (METHOD-DTI) [19]

To characterize and to quantify attack-independent changes in AQP4-IgG seropositive
NMOSD:

14



To cross-sectionally identify microstructural lesion-independent afferent visual
system changes in the retina and OR of AQP4-IgG seropositive NMOSD patients
without a history of ON compared to HCs. (AQP4-CROSS-SECTIONAL) [20]

To longitudinally investigate progressive retinal neuro-axonal damage in the eyes
of AQP4-1gG seropositive NMOSD without a history of ON compared to HCs.
(AQP4-LONGITUDINAL) [21]

To investigate retinal changes in MOG-IgG seropositive patients with and without a
history of ON:

To cross-sectionally identify differences in the retinal disease pattern after ON
between AQP4-IgG and MOG-IgG seropositive patients. (MOG-CROSS-
SECTIONAL) [22]

To longitudinally investigate progressive retinal neuro-axonal damage in MOG-IgG
seropositive patients compared to HCs. (MOG-LONGITUDINAL [23])

5. Methods

5.1 Participants

All participants were recruited from ongoing observational cohort studies at the

NeuroCure Clinical Research Center (NCRC) at Charité-Universitatsmedizin Berlin,

Germany (for all sub-projects) and

the Technical University Munich, Germany (AQP4-CROSS-SECTIONAL [20],
MOG-LONGITUDINAL [23]),

the Ludwig Maximilians Universitat Munich, Germany (AQP4-LONGITUDINAL
[21], MOG-LONGITUDINAL [23])

the Nuffield Department for Clinical Neurosciences at Oxford University, United
Kingdom (AQP4-LONGITUDINAL [21]).

the universities of Dusseldorf, Freiburg, Wurzburg and Heidelberg, Germany and
the Vejle Hospital and Institute of Molecular Medicine, University of Southern
Denmark, Odense, Denmark (MOG-CROSS-SECTIONAL [22])

the Roger Salengro Hospital, University of Lille, France (MOG-LONGITUDINAL
[23])
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The cohort of interest was AQP4-1gG seropositive NMOSD for METHOD-OCT [18],
METHOD-DTI [19], AQP4-CROSS-SECTIONAL [20] and AQP4-LONGITUDINAL [21],
according to the consensus diagnostic criteria 2015 [1]. Depending on the research
qguestion, the cohort was complemented by other diseases of the NMO-spectrum or by
patients with LETM only (METHOD-OCT [18], METHOD-DTI [19]) and compared to HCs
(METHOD-DTI [19], AQP4-CROSS-SECTIONAL [20], AQP4-LONGITUDINAL [21]), MS
and clinically isolated syndrome (CIS) (METHOD-DTI [19]). The cohort of interest was
MOG-IgG seropositive patients for MOG-CROSS-SECTIONAL [22] and MOG-
LONGITUDINAL [23]. For MOG-CROSS-SECTIONAL [22], the cohort was compared to
AQP4-IgG seropositive NMOSD. Further inclusion criteria were complete clinical and
imaging data, and age between 18 and 75 years (MOG-LONGITUDINAL [23]: between
15 and 75 years). Eyes with ON within five months before participation or comorbidities
potentially influencing image analysis such as ischemic cerebral and retinal pathologies
and high refraction errors were excluded. HC participants were selected to match the
cohort of interest in age and sex.

AQP4-1gG and MOG-IgG were determined by cell-based assays using the laboratory’s
cut-offs (AQP4-IgG: Euroimmun, Libeck, Germany; MOG-IgG: Molecular
Neuroimmunology Group, University Heidelberg, Heidelberg, Germany; MOG IFT,
EUROIMMUN, Laboratory Stocker, Germany; Reindl Lab, Medical University of
Innsbruck, Innsbruck, Austria; Meinl Lab, LMU, Munich, Hemmer Lab, TUM, Munich) [24—
26].

5.2 Ethics

All cohort studies were approved by the local ethic committees and performed in
accordance with the guidelines for Good Scientific Practice, the declaration of Helsinki in
its current applicable version as well as with the German and — when applicable — British,

French and Danish law. All participants gave written informed consent before inclusion.
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5.3 Clinical examination and functional testing

A detailed history was taken and a complete neurological examination including the
Expanded Disability Status Scale (EDSS) [27] was performed for all patients at NCRC at
their annual visits under supervision of a board-certified neurologist. Monocular high
contrast visual acuity (VA) was acquired by ETDRS (Early Treatment Diabetic
Retinopathy Study) charts in 20ft distance under habitual correction (METHOD-OCT [18],
METHOD-DTI [19], AQP4-CROSS-SECTIONAL [20], MOG-CROSS-SECTIONAL [22],
MOG-LONGITUDINAL [23]) or best correction (AQP4-LONGITUDINAL [21]) and
reported as -logio (logMAR) of decimal values to assure normal distribution (AQP4-
CROSS-SECTIONAL [20], AQP4-LONGITUDINAL [21], MOG-CROSS-SECTIONAL
[22], MOG-LONGITUDINAL [23]), letter acuity (METHOD-OCT [18]) or decimal values
(METHOD-DTI [19)).

5.4 Optical Coherence Tomography (OCT)

OCT is a non-invasive interferometric method to generate structural cross-sectional
images of the retina. Depending on the structural composition of the retina, low-coherent
light is reflected and backscattered differently. The following interference with a reference
beam allows anatomical reconstruction with a resolution of a few micrometers
(approximately 5 um). Due to a fixed reference mirror and a simultaneous analysis of
echoes from all retinal layers by Fourier transformation, spectral-domain OCT (SD-OCT)
allows 50 to 100 times faster acquisition than previous methods, highly reduces motion
artifacts and gives better reproducibility [17]. All OCT data were acquired with Spectralis
SD-OCT (Heidelberg Engineering, Heidelberg, Germany) using automatic real time

function for image averaging (ART).

Over the last years of OCT research, the peri-papillary retinal nerve fiber layer (pPRNFL)
has been shown to be a reliable marker for neuro-axonal damage and is widely used for
diagnostic studies and clinical trials [28]. The pRNFL consists of the unmyelinated axons
of retinal ganglion cells, originating from the retina and forming the optic nerve, thereby
representing the anterograde parts of axons directly affected by ON [29]. The pRNFL is
usually measured within a 12° (~3.4 mm) diameter ring (1,536 A-scans; 1 < ART < 100)

around the optic nerve head and represents a cross-section of the full axonal content of
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the particular optic nerve. pRNFL is reported as mean thickness (in ym) in all OCT sub-
projects to quantify the severity of neuro-axonal damage after ON [29]. For METHOD-
OCT [18], retinal BV positions were automatically detected by OCTSEG [30] and
manually corrected; the relative BV contribution as percentage was calculated utilizing
PRNFL with vessels (pPRNFLuwit vesses) and pRNFL without vessels (pPRNFLuithout vessels):
[PRNFLuwith vessels — PRNFLuwithout vessels]/PRNF Lwith vessels X 100 % [18]. For all sub-projects,
intraretinal layer segmentation was performed semi-automatically (using Eye Explorer
software, Version 1.9.10.0) and manually corrected if necessary.

The pRNFL is usually accompanied by the combined ganglion cell and inner plexiform
layer (GCIP), consisting of the retinal ganglion cells and parts of retinal astrocytes. Due
to poor differentiation of the ganglion cell layer and inner plexiform layer in OCT imaging,
both are usually combined together as GCIP for analysis. The ganglion cells account for
about 34 % of the macular volume and are therefore mostly measured as perifoveal
volume (in mm3) [17,28]. The diameter of the cylinder (AQP4-CROSS-SECTIONAL [20]
and MOG-CROSS-SECTIONAL [22]: 6 mm diameter; AQP4-LONGITUDINAL [21] and
MOG-LONGITUDINAL [23]: 3 mm diameter) depends on the available OCT data.

Recently, the inner nuclear layer (INL) was reported to be swollen in neuroinflammatory
states in autoimmune diseases of the CNS [31] and was therefore quantified in the same
scan and diameter (AQP4-LONGITUDINAL [21], MOG-CROSS-SECTIONAL [22], MOG-
LONGITUDINAL [23]) as well as the total macular volume (TMV, 6 mm diameter) (AQP4-
CROSS-SECTIONAL [20]) or the macular volume (MV, 3 mm diameter) (AQP4-
LONGITUDINAL [21], MOG-LONGITUDINAL [23]) and the outer retinal layers (MOG-
CROSS-SECTIONAL [22]). However, over the period of this work, the fovea turned out
to be of particular interest in NMOSD [20,32]. It is known as the point of sharpest vision
and the parafoveal area is characterized by a high density of astrocytic Muller cells, which
express AQP4 and may thus serve as antibody-targets in AQP4-IgG seropositive
NMOSD [14,15]. Therefore, in two sub-projects (AQP4-CROSS-SECTIONAL [20], AQP4-
LONGITUDINAL [21]) the fovea thickness (FT) is reported as mean thickness of the 1-
mm-cylinder around the fovea from each collected macular scan [20]. OCT scan quality
was analyzed based on the OSCAR-IB criteria [33] and reported according to the
APOSTEL criteria [34].
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5.5 Magnetic Resonance Imaging (MRI)

All MRI data for the sub-projects METHOD-DTI [19] and AQP4-CROSS-SECTIONAL [20]
were acquired on the same 3T scanner (MAGNETOM Trio Siemens, Erlangen, Germany)
at the Berlin Center for Advanced Neuroimaging (BCAN). Diffusion tensor imaging (DTI)
estimates displacement of water molecules, and by interpreting these data along and
perpendicular to white matter tracts allows conclusions about tract integrity [16]. For each
voxel, the tensor information is summarized in the following DTl-based indices, which
correlate with different pathological tissue changes [16]: From all DTI-based indices,
fractional anisotropy (FA) represents anisotropic diffusion as a marker of microstructural
integrity and is most widely used, whereas mean diffusivity (MD) measures the total
molecular water diffusion rate and seems to reflect tissue integrity on a more global level
[16]. Of specific interest in the field of neuroimmunology are the radial diffusivity (RD) and
axial diffusivity (AD). RD is suggested to represent demyelination, whereas AD is a
potential marker of axonal damage [16]. For DTI a single-shot echo planar sequence was
used (repetition time (TR) / echo time (TE) = 7,500 ms/ 86 ms; field-of-view
(FOV) =240 x 240 mm?; matrix 96 x 96, slice thickness 2.3 mm, 64 noncollinear

directions, b-value = 1,000 s/ mm?).

A volumetric high-resolution fluid-attenuated inversion recovery sequence (3D FLAIR)
(TR /TE /inversion time (TI) = 6,000 ms/ 388 ms/ 2,100 ms; FOV = 256 x 256 mm?, slice
thickness 1.0 mm) was used for white matter lesion identification. Lesions of FLAIR
images were quantified manually using ITK-SNAP (www.itksnap.org) [35] (METHOD-DTI
[16]) or the lesion prediction algorithm in the Lesion Segmentation Toolbox (LST) for
Matlab 2013a (MathWorks, Inc., Natrick, MA) [36] (AQP4-CROSS-SECTIONAL [20]). A
volumetric high-resolution T1 weighted magnetization prepared rapid acquisition gradient
echo (MPRAGE) sequence (TR / TE / TI = 1,900 ms/ 2.55ms/ 900 ms;
FOV = 240 x 240 mm?, matrix 240 x 240; 176 slices, slice thickness 1.0 mm) was used
for co-registration (METHOD-DTI [19]).
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5.6 Probabilistic Tractography

Probabilistic tractography is a modern DTI-based modelling approach for analyzing and
visualizing white-matter tracts based on a priori anatomical knowledge of tract

terminations and course [16].

For the subprojects METHOD-DTI [19] and AQP4-CROSS-SECTIONAL [20],
probabilistic tractography of the OR was performed with MRtrix 0.2 (J-D Tournier; Brain
Research Institute, Melbourne, Australia) [37], as already established in our group and
modified from pipelines of Martinez-Heras et al. [38] and Lim et al. [39] (CSD-PROB).
Diffusion tensors were fitted by a linear least squares approach. Fiber orientation
distribution was assessed by constrained spherical deconvolution (CSD) and mapped
with a maximum harmonic order of 6. Lateral geniculate nucleus (LGN) as the seed region
of interest (ROI) and primary visual cortex (V1) as target ROl were generated as binary
masks based on the Julich probabilistic atlas. For exclusion masks, a termination coronal
plane 20 mm posterior of the temporal pole, a midline sagittal exclusion plane and a grey
matter segmentation mask were generated in the 3D coordinate system of the Montreal
Neurological Institute (MNI-152). All exclusion masks and inclusion ROIs were registered
to individual DTI space. For each OR, 10,000 uni-directional streamlines were generated
(step size: 0.2 mm; FA threshold 0.1; curvature threshold 25 %) from LGN to V1 and
subsequently transferred to the Vistalab environment (vistalab.stanford.edu/, Vistalab,
Stanford University, Stanford, CA) for tract profiling of weighted mean DTI values at 50
equally spaced positions [40]. For AQP4-CROSS-SECTIONAL [20] the middle 30
positions were used for statistical analysis to exclude potential confounders from LGN
and V1. For METHOD-DTI [19] the complete tract was analyzed to guarantee
comparability with other methodological approaches.

A second probabilistic tractography method was applied as a comparison in METHOD-
DTI [19] based on the open-source MrVista package (vistalab.stanford.edu/, Vistalab,
Stanford University, Stanford, CA) (CON-PROB). First, eddy current-induced distortion
correction and motion correction were performed within the vistalab environment.
Probabilistic tractography was then performed in parallel to the ConTrack algorithm by
Sherbondy et al. [41]. Fiber tensors were fitted by a least-squares approach. LGN and V1
were identified manually in co-registered MPRAGE images. For each OR, 75,000

unidirectional streamlines were generated (no FA threshold; curvature threshold 130°)
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from LGN to V1 and reduced to the 20 % (15,000) most likely streamlines. All ORs were
manually corrected for erroneously identified fibers using Quench. Then, as outlined
above, DTI values were derived along the OR at 50 equally-spaced positions and

reported as weighted average at the node [40].

5.7 Tract-Based Spatial Statistics (TBSS)

TBSS is an approach for group comparisons of DTI data, based on tools of the FMRIB
Software Library (FSL 5.0.9) and widely used as a fast and easy method to assess
microstructural damage in several, atlas-derived brain regions [42]. First, diffusion tensors
are calculated by a linear least squares approach and FA images are generated. The
brain is extracted by the BET-function. Subsequently, FA images of all patients are
aligned into a common space by a nonlinear registration tool called FNIRT. One FA-
skeleton for the representation of mutual tract cores of all individuals is generated. The
individual FA images can now be projected onto the FA skeleton and analyzed based on
atlas masks. For METHOD-DTI [19], OR adapted masks of the Johns-Hopkins University
1 mm white matter tractography probabilistic atlas (JHU-TBSS) and the Jalich 1 mm

probabilistic atlas (JUEL-TBSS) were used for DTl methods comparison.

5.8 Statistical Analysis

Age and sex differences in patients and HCs were tested by Chi-squared test for sex and
Mann-Whitney-U-Test for age. Analysis of OCT values and OR tractography results were
performed cross-sectionally by generalized estimated equation models (GEEs) and
longitudinally by linear mixed-effects models (LMM) to account for intra-subject inter-eye
dependencies as well as for irregular intervals between visits in longitudinal analyses.
Dependent on the research questions, models were corrected for age, sex, and history
of ON. Also, the following statistical methods were applied: paired t-test as well as one-
way and two-way repeated measures analysis of variance (ANOVA) for group
differences; Pearson correlation and Bland-Altman plots for correlation analyses; Fisher’s
z test for correlation comparison, intraclass correlation coefficients (ICC) by two-way
random-effects models for absolute agreement between methods, receiver operating

characteristic (ROC) analysis for sensitivity and specificity evaluation, Fisher combined
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probability test for combined p values of exploratory and confirmatory cohort results and
a linear spline regression model by Ratchford et al. [43]. If necessary, statistical tests
were adjusted for multiple comparisons using Bonferroni-Holm correction (BHC, for
METHOD-DTI [19]).

All statistical tests were performed using R [44] with packages psych, geepack, irr, ICC,
Ime4, Imer, ROCt, ggplot2, beeswarm, Mass, MuMIn, Rmisc and multcomp;
complemented by Graphpad Prism 6.0 (for METHOD-DTI [19], AQP4-CROSS-
SECTIONAL [20]). Significance was established at p < 0.05. All values are expressed as

mean * standard deviation (SD), if not stated otherwise.

6. Results

6.1 METHOD-OCT [18]

6.1.1 Cohort description
Forty patients participated in the study (female/male 39/1; age 44.7 + 15.4 years). Thirty-
seven patients fulfilled the 2015 NMOSD diagnostic criteria (AQP4-IgG seropositive
n = 28) [1]. Three patients had a diagnosis of MOG-IgG seropositive autoimmunity [8].
Twenty-five patients (42 eyes) had a history of ON. Due to insufficient OCT image quality,

three eyes were excluded from the analysis [33].

6.1.2 Contribution of blood vessels to retinal nerve fiber layer thickness
PRNF Luithout vessels (68.3 + 26.2 uym) was thinner than pRNFLuith vessels (76.1 £ 26.6 um;
p < 2e7'8). The relative BV contribution increased with lower pRNFL (r = -0.700; p = 1e?)
and was drastically lower in eyes with a pRNFL > 60 um (9 % £ 3 %) than in eyes with
PRNFL < 60 um (16 % = 5 %; p = 8e®). VA (36 + 19 ETDRS letters) correlated with
PRNF Luyithvessels (I =0.621; p = 2e°) as well as with pPRNFLuithout vessels (r = 0.618; p = 2e™9).
In eyes with a pRNFL < 60 pm, the correlation was marginally better for pPRNF Luwithout vessels
(r = 0.495; p = 0.007) than for pRNFLuith vesseis (r = 0.482; p = 0.009). However, this
difference did not reach significance. pRNFL and contribution of BV were not influenced

by antibody-status, time since onset or therapeutic regime.
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6.2 METHOD-DTI [19]

6.2.1 Cohort description

Sixty-two patients with autoimmune neuroinflammatory conditions participated in this
study. Nineteen patients with AQP4-IgG seropositive NMOSD and four AQP4-1gG
seronegative NMOSD patients were combined as NMOSD group for analysis
(female/male 20/3; age 46.7 £ 14.5 years) [1]. Al NMOSD patients had a history of ON.
Furthermore, 39 patients with CIS or early relapsing-remitting MS were included. All
cohorts were compared to 26 HCs (female/male 22/4, age 43.7 + 15.7 years). For
improved clarity of this summary, group differences are only reported for the comparison
between NMOSD and HCs.

6.2.2 Method comparison

All methods were equally capable to generate OR tracts in all patients’ MRI with the
exception of one CIS patient using CSD-PROB. In HCs, the relative variability quantified
by the coefficient of variation was increasing from JUEL-TBSS (4 %) over JHU-TBSS
(6 %) and CSD-PROB (7 %) to highest values in CON-PROB (14 %).

The FA values generated with all four methods showed good agreement in Bland-Altman
plots and were correlated with each other with correlation coefficients ranging between
r=0.273 (JUEL-TBSS/CON-PROB) and r = 0.871 (JHU-TBSS/JUEL-TBSS). However,
the FA value distribution of the four methods differed drastically in all patient cohorts and
absolute agreement was poor: The lowest ICC of all four methods were found for HCs
with the suspected lowest damage (ICC = 0.024) and NMOSD with the suspected highest
OR damage (ICC =0.074).

6.2.3 Comparison of NMOSD patients against healthy controls
All methods revealed significant FA differences in NMOSD (JUEL-TBSS 0.44 + 0.03,
JHU-TBSS 0.48 £ 0.04, CON-PROB 0.38 + 0.06, CSD-PROB 0.50 £ 0.04) versus HCs
(JUEL-TBSS 0.46 £+ 0.02, JHU-TBSS 0.52 + 0.03, CON-PROB 0.42 + 0.06, CSD-PROB
0.54 +0.03, all comparisons with BHC p < 0.05). ROC-analysis for the comparison of
HCs and NMOSD showed the highest area under the curve (AUC) for CSD-PROB
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(AUC = 0.812) followed by CON-PROB (AUC = 0.742), JHU-TBSS (AUC = 0.756) and
JUEL-TBSS (AUC = 0.719).

In NMOSD total T2 lesion volume and OR-specific T2 lesion volume differed from HCs
(total T2 lesion volume: HC 0.38 + 0.66 ml, NMOSD 2.15 £ 3.07 ml; OR-specific T2 lesion
volume: HCs 0.04 + 0.07 ml, NMOSD 0.44 £ 0.87 ml; both comparisons with
BHC: p < 0.05). OR-specific T2 lesion volume was weakly correlated with OR FA values,
not reaching significance in NMOSD with any method (0.15 < p < 0.76). Also, pRNFL
(HCs 96.9 £ 7.5 ym, NMOSD 67.1 + 19.7 um; with BHC p < 0.05) as well as VA of the
worse eye ([decimal values]: HCs 1.02 + 0.31, NMOSD 0.74 £ 0.47, with BHC p < 0.05)
were severely reduced in NMOSD compared to HCs. Independent of the method, pRNFL
was not correlated with OR FA values of NMOSD patients (0.32 < p < 0.74).

6.3 AQP4-CROSS-SECTIONAL [20]

6.3.1 Cohort description

For the initial cohort, 25 patients with AQP4-1gG seropositive NMOSD and 26 matched
HCs (female/male 22/4; age 43.6 + 15.7 years) were included at Charité-
Universitatsmedizin Berlin [1]. Nineteen of these patients had a history of ON (AQP4-
patients®N*; female/male 17/2; age 43.7 + 12.5 years), whereas six patients had a history
of LETM without prior ON (AQP4-patients®N-; female/male 6/0; age 43.1 + 9.8 years).

For a confirmatory cohort, six additional AQP4-1gG seropositive NMOSD patients — three
patients with a history of ON (female/male 3/0; age 44.0 + 1.0 years) and three patients
with a history of LETM only (female/male 3/0; age 41.3 + 10.7 years) - and eight HCs

(female/male 8/0; age 42.3 + 1.7 years) from Technical University Munich were included

[1].

6.3.2 OCT analysis
Compared to HCs (280 * 21 um), FT of AQP4-patients®N- (260 + 18 um, p = 0.015) and
AQP4-patients®N* (262 + 18 um, p = 2.4e*) was equally reduced and did not differ
between patient groups (p = 0.900). However, neither pRNFL nor GCIP — both markers
of neuro-axonal damage in the retina — were thinner in AQP4-patients®- (pRNFL:
105.0 £ 6.9 ym; GCIP: 1.93 + 0.11 mm?3) compared to HCs (pRNFL: 97.1 + 7.4 um,
p = 0.005; GCIP: 1.87 + 0.15 mm3, p = 0.210). pRNFL was thicker than in HCs. In AQP4-
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patients®N*, as predicted, pRNFL (71.7 + 22.8 uym) and GCIP (1.54 + 0.30 mm?) were
thinned severely compared to HCs (pRNFL: p = 2.4e'% GCIP: p = 8.3e®) as well as
compared to AQP4-patients®- (pRNFL: p = 7.0e"""; GCIP: p = 3.9¢®). With regards to
the relatively small sample size, the analysis of a second independent confirmatory cohort
was conducted, which confirmed all results. Statistical combination of p values from both
cohorts replicated OCT value differences between AQP4-patients®* and HCs (pRNFL:
p = 1.43e'8; GCIP: p = 8.87e¢%; FT: p = 1.24e'%), but also between AQP4-patients®N-
and HCs (pRNFL: p = 1.93e; FT: p = 3.52e™).

6.3.3 MRI analysis

Using CSD-PROB [16], ORs of AQP4-patients®N* showed a reduction in FA (0.53 + 0.04)
as well as an increase in MD (0.87 + 0.05) and RD (0.59 £ 0.06) compared to HCs
(FA: 0.57 £0.04; p = 1.5e®; MD: 0.83 + 0.07, p = 0.037; RD: 0.53 £ 0.08, p = 0.003).
However, FA was also reduced in AQP4-patients®N- (0.54 + 0.03) compared to HCs
(p = 0.046) pointing towards microstructural alterations in the OR of AQP4-patients®N-.
Differences in other DTl parameters did not reach significance. To exclude lesional
influences on the afferent visual system in AQP4-patients®N-, whole brain lesion volume
and OR lesions were analyzed. Two AQP4-patients®N- of the initial cohort presented with
small unspecific dot-like lesions in the OR unilaterally. No OR lesions were detectable in
any confirmatory AQP4-patient®-. Whole-brain lesion volume did not differ between
AQP4-patients®N- (0.95 + 1.30 ml) and AQP4-patients®N* (0.95 + 1.23 ml, p > 0.999).

6.3.4 Correlation of OCT and MRI parameters
In AQP4-patients®N*, reduced GCIP was correlated with FA values (r = 0.361, p = 0.030).
However, in AQP4-patients®N- neither pRNFL (r =-0.204, p = 0.500) nor GCIP (r = 0.261,
p = 0.400) showed a correlation with FA. FT was not correlated with FA in AQP4-
patients®N- (r = 0.066, p = 0.800) or AQP4-patients®N* (r = 0.210, p = 0.200).

6.3.5 Functional measurements
AQP4-Patients®N- presented with normal VA ([logMAR] -0.02 + 0.10), where mean VA of
all eyes of AQP4-patients®N* was impaired ([logMAR] 0.22 + 0.37; p = 0.002). VA was not
correlated with FT or FA in AQP4-patients®N- (FT: r = -0.312, p = 0.300; FA: r = -0.445,
p = 0.100) or AQP4-patients®N* (FT: r =0.082, p = 0.700; FA: r = 0.073, p = 0.700).
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6.4 AQP4-LONGITUDINAL [21]

6.4.1 Cohort description

Fifty-one AQP4-IgG seropositive NMOSD patients from Charité-Universitatsmedizin
Berlin (N = 23), Ludwig-Maximilians University Munich (N = 11) and Oxford University
(N =17) (94 eyes, female/male 43/8; age 47.3 + 14.4 years) were enrolled [1]. Thirty-four
eyes had an ON-attack at least five months before baseline (BL) (AQP4-eyes®N*). Sixty
eyes had no history of ON (AQP4-eyes®N-). Eyes with ipsilateral ON during F/U (N = 4),
insufficient imaging data (N = 3) or ophthalmological comorbidities (N = 1) were excluded.
Seven patients experienced attacks during follow-up (F/U): two patients with one LETM,
one patient with four LETMs, four patients (2 eyes®N-, 2 eyes®N*) with contralateral ON
during F/U. The NMOSD cohort was compared to 28 sex- and age-matched HCs
(56 eyes, female/male 22/6; age 43.1 £ 9.8 years). Median F/U time was equal between
NMOSD ([median (range)] 2.3 years (1.0 — 3.5)) and HCs ([median (range)]
2.3 (1.0 - 3.3)). VA was acquired in a subset of 22 patients with NMOSD from Berlin and
Oxford (F/U ([median (range)] 1.1 years (0.7 — 3.3)).

6.4.2 Group differences at baseline

At baseline, AQP4-eyesON* showed reduced GCIP (0.43+0.12 mm3), pRNFL
(67.0 £24.2 ym) and MV (2.11 £ 0.19 mm?3) compared to HCs (GCIP: 0.63 + 0.04 mm?3,
p<2.0e' pRNFL: 98.5+9.2um, p=5.0e"; MV:2.37+£0.10 mm3, p=23.7e"?).
GCIP (0.59 + 0.06 mm?®) and MV (2.25 + 0.15 mm?) was also reduced in AQP4-eyes®N-
compared to HCs (GCIP: p =0.002; MV: p = 6.1e®), but still higher than in AQP4-eyes®N*
(GCIP: p = 7.4e", MV: p = 1.0e®). A subset of AQP4-eyes®N, who had never
experienced ON ipsi- or contralaterally, also showed reduced GCIP (0.60 + 0.05 mm3)
compared to HCs (p = 0.016). pRNFL did not differ between AQP4-eyes®N- and HCs.
Also, INL was comparable between all three groups. Compared to HCs (278 + 19 pm),
FT reduction was replicated in AQP4-eyesON* (262 + 20 ym, p = 3.7e*) and AQP4-
eyes®N- (267 + 21 um, p = 0.040) [20,32].

6.4.3 OCT changes during follow-up
A longitudinal GCIP thinning with an annual loss of [-0.00415 + 0.01200 mm?] was
observed in  AQP4-eyes®™ (p=0.022). Compared to HCs (annual
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loss - 0.00005 + 0.00466 mm?3), this thinning was significantly larger (p =0.044,
R%marg = 0.123, RZ%0ng=0.995). Also, annual loss in AQP4-eyes® with
(- 0.00413 £ 0.00779 mm3) and without a contralateral history of ON (annual
loss - 0.00468 + 0.01310 mm?) did not differ (p = 0.805). In contrast, AQP4-eyes®N* did
not show longitudinal GCIP thinning compared to HCs (annual loss
- 0.00094 + 0.0119 mm?3, p = 0.960). Influences of ethnicity, treatment and contralateral
ON in AQP4-eyes®N- during F/U were excluded. In patients experiencing attacks during
F/U, pRNFL thickening (pRNFL difference: 1.56 + 4.39 ym) was shown, compared to
NMOSD patients without any attacks during F/U (pRNFL difference: -1.04 £ 3.21 ym;
p = 0.003). GCIP (p = 0.513), MV (p = 0.670), INL (p =0.970) or FT (p = 0.330) were not
changed by attacks during F/U.

6.4.4 Functional measurements
At baseline, VA of AQP4-eyes®N* ([logMAR] 0.41 + 0.69) was reduced, compared to
AQP4-eyes®N- ([logMAR] 0.01 + 0.25) without reaching significance (p = 0.052). VA
improvement during F/U in AQP4-eyes®N* (-0.21 + 0.40) was more pronounced than in
AQP4-eyes®N- (-0.02 + 0.07), also not reaching significance (p = 0.054).

6.5 MOG-CROSS-SECTIONAL [22]

6.5.1 Cohort description
Sixteen MOG-IgG seropositive patients from Charité-Universitatsmedizin Berlin (N = 10),
the University of Freiburg (N = 1), the University of Wiurzburg (N = 1), the University of
Dusseldorf (N = 1), the University of Heidelberg (N = 1) and the Vejle Hospital and Institute
of Molecular Medicine, University of Southern Denmark, Odense, Denmark (N = 2)
(female/male 15/1; age 44.0 + 15.2 years) were compared to 16 age- and sex-matched
AQP4-1gG-positive NMOSD patients (all female, age [mean + SD] 43.2 + 13.9 years) and
16 age- and sex-matched healthy controls (female/male 15/1; age [mean * SD]
43.9 + 15.4 years) from the NCRC’s research database. Two MOG-seropositive patients
with ophthalmologic comorbidities (glaucoma, dry macular degeneration) and two eyes
with acute ON were included in the case descriptions but excluded from the statistical
analysis together with their respective AQP4-1gG seropositive and healthy controls. Only

eyes with a history of ON (MOG-eyes®N*) were included in the statistical analysis. Thus,
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23 eyes from 14 patients (Number of ON episodes [median(range)]: 4.5 (1 - 13); time

since last ON [median(range)]: 16.4 (3-125) months) were included.

6.5.2 OCT analysis

In MOG-eyes®N*, pRNFL thickness (59 + 23 ym) and GCIP volume (1.50 + 0.34 mm?3)
was reduced compared to HC (pRNFL: 99 + 6 um; GCIP: 1.97 + 0.11 mm?3). INL was
increased in MOG-eyes®N* seropositive patients (1.03 + 0.10 mm?®) compared to HC
(0.95 + 0.04 mm3, p = 0.009). No group difference was noted between MOG-eyes®N*and
AQP4- eyes®N* regarding pRNFL, GCIP or INL.

The first ON episode caused less pRNFL loss in MOG- eyes®N* (12.8 ym, p = 0.001) than
in AQP4-eyes®N* (32.8 um, p < 0.001) compared to HC; In contrast, a second episode
caused more pRNFL loss in MOG-eyes®N* (37.8 um, p < 0.001) than in AQP4-eyes®N*
(20.8 ym, n.s.). Of note, the MOG-eyes®N* showed a higher annualized relapse rate
(p = 0.026)) and annualized ON rate (p = 0.004) compared to AQP4-eyes®N*and a higher
number of ON episodes in MOG-eyes®N* was correlated with a more severe pRNFL
(B=-4.9, SE=1.40, p <0.001) and GCIP reduction (B = -0.07, SE = 0.02, p < 0.001),
whereas retinal neurodegeneration was not associated to the number of ON episodes in
AQP4-eyesON*.

6.5.3 Functional measurements
P100 latency was reduced in 60 % (12/20 eyes) of MOG-eyes®N* with available VEP-
data. Also, VA was reduced in MOG-eyes®N* ([logMAR] 0.35 + 0.88): 70 % (16/23) of
MOG-eyes®N* had a preserved VA [logMAR] of < 0.1, whereas three eyes being legally
blind with a VA [logMAR] = 1.0. A preserved VA but no significant difference of VA was
noted compared to AQP4-eyes®N* ([logMAR] 0.72 + 1.09, p = 0.300).

6.6 MOG-LONGITUDINAL [23]

6.6.1 Cohort description
Thirty-eight eyes of 24 MOG-IgG seropositive patients without ON during follow-up
(MOG-eyes®N-, female/male 15/9; age 40.7 + 13.5 years) from the NCRC, Charité-
Universitatmedizin Berlin (N = 10), LMU Munich (N = 11), Klinikum rechts der Isar, TU

Munich (N = 2), Germany, and from the University of Lille Hospital, France (N = 1) were
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included. Patients fulfilled the diagnostic criteria for MOG-IgG seropositive NMOSD
meeting the 2015 IPND criteria for seronegative NMOSD (N = 12) or MOG-IgG
seropositive MS (N = 3) or MOG-IgG seropositive encephalomyelitis (N = 2) or MOG-IgG
seropositive recurrent ON (N = 7). Before BL, 18 eyes had no history of ON (MOG-eye®N-)
and 20 eyes had a history of ON (MOG-eye®N*; number of ONs [median (range)]: 0 (O - 8);
time since ON in years [median (range)] 2.2 (0.4 - 14.9)). Of the MOG-eye®\-, six eyes
had no attacks during F/U, whereas twelve eyes had an attack (five eyes of three patients
with a myelitis, four eyes of two patients with myelitis and brainstem attacks, one eye of
one patient with myelitis and contralateral ON and two eyes of two patients with
contralateral ON).

Fifty-six eyes of twenty-eight age- and sex-matched HCs (female/male 18/6; age
43.1 £ 9.8 years) from NCRC, Charité-Universitatsmedizin Berlin were included. Patients
with age < 15 or > 75, bilateral ON during F/U, F/U < 8 months and eyes with a history of
ON < 5 months before BL, missing OCT data, confounding diseases or ON during F/U
were excluded. Median F/U time was equal between MOG-IgG seropositive patients
([median (IQR)] 1.9 years (0.6 — 2.8)) and HCs ([median (IQR)] 1.9 (0-8 — 3.3)).

6.6.2 Group differences at baseline

At BL, MOG-eyes®N* (0.39 £ 0.12 mm?, p < 0.0001) and MOG-eyes®N- (0.57 + 0.07 mm3,
p = 0.008) had a thinner GCIP compared to HC (0.63 + 0.04 mm3). MOG-eyes®N* also
showed a thinner pRNFL (58.25 + 22.56 ym) and MV (2.19 + 0.13 mm?3) as well as a
thicker INL (0.30 + 0.05 mm?3) compared to HC (pRNFL: 98.50 + 9.17 um, p < 0.0001.
MV: 2.37 + 0.10 mm?3, p < 0.0001. INL: 0.27 + 0.03 mm?, p = 0.046) and MOG-eyes®\-
(PRNFL: 94.33 + 15.92 ym, p < 0.0001 MV: 2.34 + 0.11 mm?3, p = 0.0005. INL:
0.26 + 0.03 mm3, p = 0.004). MOG-eyes®N- did not show any other difference compared
to HC. Thirty percent (6/20) MOG-eyes®N* had macular microcysts. MOG-eyesON*
(logMAR] 0.55 + 0.81) had a reduced VA compared to MOG-eyes®N- ([logMAR]
0.05 +0.15, p = 0.058) and HC ([logMAR] -0.09 + 0.14; p = 0.010).

6.6.3 OCT changes during follow-up
No longitudinal group differences (GCIP, pRNFL, INL, MV) were observed between
MOG-eyes®- and MOG-eyes®N*. Therefore, MOG-eyes®™ and MOG-eyes®N* were

analyzed as a combined cohort compared to HC to investigate ON-independent damage.
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Longitudinally, MOG-IgG seropositive eyes suffered from pRNFL thinning (annual loss:
- 2.20 £ 4.29 um) without progressive GCIP reduction compared to HC (- 0.35 £ 1.17 ym,
p = 0.009). The loss was mainly observed in the twelve MOG-eyes®N- with an attack within
the six months before BL (not an ipsilateral ON; pRNFL: 100.2 £12.7 um vs.
82.7 £ 16.2 um; p = 0.019).

7. Discussion

7.1 METHOD-OCT [18]

The contribution of BV to average pRNFL measurements increased with thinner pRNFL.
Therefore, BV-induced noise might be particularly strong in low pRNFL measurements,
as found in severely affected eyes of NMOSD patients with multiple ON episodes.
Potential limitations of this study included the small and heterogenous NMOSD cohort
and the lack of comparison to HCs. The latter would have been especially interesting,
since Green et al. [45] described fundoscopic findings, suggesting an inner retinal BV wall
thickening in NMOSD. However, this sub-project was neither able to specify, nor account
for this effect. This small exploratory study was meant to raise awareness of the issue of
potential flooring effects in pRNFL measurements. Hence, the reduced sensitivity of
pRNFL measurements in low measuring range should be kept in mind, especially for
longitudinal studies in highly affected NMOSD patients, as in parts of the cohort for the
subproject AQP4-LONGITUDINAL [21] and MOG-LONGITUDINAL [23].

7.2 METHOD-DTI [19]

This method comparison focused on four common, widely used, and easily accessible
TBSS and probabilistic tractography pipelines. An advantage of TBSS methods is the
fully-automated implementation without manual intervention, but it is known to be highly
susceptible to FA skewing by partial volume effects of surrounding structures [42]. In
contrast, probabilistic tractography is often more time-consuming and susceptible to
image artifacts leading to an insufficient tract generation, but shows higher sensitivity for

microstructural changes and allows along-tract analyses [16]. Further, the newer CSD-
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PROB method shows improved sensitivity for crossing and kissing fibers compared to

CON-PROB, but also a higher risk of failure in tract reconstruction [16].

Despite the different approaches of TBSS-JUEL, TBSS-JHU, CSD-PROB and CON-
PROB, all methods were equally capable of detecting microstructural damage in the OR
of NMOSD patients compared to HCs and were highly correlated. Since the absolute
agreement of FA values differed drastically between methods in our study, comparisons
of FA values between different DTI studies need to be avoided. This study showed
methodical differences to be most prominent in patients with suspected severe visual
system damage like in NMOSD, making it mandatory to apply the same method to
quantify FA values in the OR within a study and to harmonize protocols for future DTI
studies in NMOSD [16].

All methods distinguished NMOSD from HCs, with the best AUC found for CSD-PROB.
All NMOSD patients in this study had a history of ON, confirmed by a prominent reduction
of pRNFL thickness and VA. Hence, these results are in line with previous studies
showing significant FA reduction within the OR as a sign of anterograde trans-synaptic
degeneration due to ON [46]. However, overall FA reduction was not correlated with
pRNFL and showed only a weak correlation with OR lesion volume pointing towards a
partly independent microstructural degenerative process in the OR and/or the retina of
NMOSD patients.

In this method comparison approach, CSD-PROB, as a fully-automated method without
manual intervention, showed the highest AUC and was therefore used in all following DTI-
based OR-analyses including the subproject AQP4-CROSS-SECTIONAL [20].
Nevertheless, future studies are warranted to validate the capacity and limitations of

different methods and to develop a gold standard for DTI-based OR analysis.

7.3 AQP4-CROSS-SECTIONAL [20]

AQP4-1gG seropositive NMOSD patients without a history of ON and normal visual
function presented with reduced OR FA values and decreased FT suggesting ON-
independent retinal and OR changes. In the past, attack-independent alterations in

NMOSD have been controversially discussed [32,47]. However, this study now clearly
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demonstrated attack- and lesion-independent afferent visual system changes in two

independent cohorts.

The foveal and parafoveal areas are characterized by a high density of astrocytic Muller
cells. Mdller cells have a relevant role in neurotransmitter and photoreceptor recycling as
well as in water balance and energy metabolism [48]. Apart from Mdller cells, two other
types of retinal astrocytes exist: elongated astrocytes located in the RNFL and star-
shaped astrocytes located in the ganglion cell layer [48]. All three types of astrocytes
express AQP4 and might serve as retinal targets of AQP4-1gG and also AQP4-specific T
cells in NMOSD [14,15]. Subsequent astrocytic dysfunction or degeneration could change
water and energy homeostasis and decrease retinal function. Also, astrocytic dysfunction
would lead to neuro-axonal damage in the retina and other brain regions [15,48,49]. The
equal thinning of the fovea in patients with and without a history of ON in this study
suggests a Muller cell associated retinal pathology independent of previous lesions or

attacks affecting the afferent visual system [20,32,50].

Beyond that, the microstructural OR changes in patients without prior ON indicate a more
widespread diffuse astrocytopathy in the afferent visual system. Previously, spinal cord
atrophy and astrocytic end feet changes in spinal cord lesions of AQP4-IgG seropositive
patients without a history of LETM have been described [13]. Also, multiple animal studies
showed the retraction of astrocytic end feet or astrocyte death suggesting a primary
astrocytopathy in NMOSD outside of acute lesions [14,49]. Including this study, the
detection of sub-clinical damage in multiple locations like the spinal cord, OR and retina,

points to a disseminated astrocytopathy in NMOSD within the CNS.

To exclude potential confounders, only AQP4-1gG seropositive patients who presented
with LETM and had no history of ON, visual symptoms or brainstem syndromes for the
patients®N- cohort were included; a lack of pRNFL thinning and VA reduction made sub-
clinical ON further unlikely. In contrast to previous studies, eyes with contralateral ON
were also excluded from this group to avoid potential carry-over effects by chiasmic
involvement [2]. Two patients®N- presented with small lesions near the OR, but their
measurements were well positioned within the data distribution of the whole cohort and
did not appear as outliers. Despite the very low sample size of the initial cohort, all OCT

results were confirmed in an independent confirmatory cohort. Nevertheless, potential
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environmental influences (prematurity, ethnicity etc.) on the highly variable foveal shape
cannot be excluded. Also, it remained unclear if the reported differences are attack-
related, for example induced by circulating antibodies or by general inflammatory states,
and whether these cross-sectional findings are indeed part of longitudinal progressive
processes or rather caused by discontinuous disease activity. The AQP4-

LONGITUDINAL [21] analysis to follow up the reported findings was therefore needed.

7.4 AQP4-LONGITUDINAL [21]

This study reported longitudinal GCIP loss in AQP4-IgG seropositive NMOSD eyes
without a history of ON. Whereas AQP-CROSS-SECTIONAL [20] and preclinical studies
previously suggested microstructural attack- and lesion-independent damage in
NMOSD, pointing towards a direct degenerative influence of AQP4-IgG and AQP4-
specific T-cells targeting retinal astrocytic cells, previous cross-sectional studies showed
conflicting results regarding the question as to whether sub-clinical neuro-axonal damage
occurs in the retina of NMOSD patients independent of ON [14,15]. While some studies
found ON-independent pRNFL and GCIP thinning compared to HCs [32], others did not
report any difference [47]. Also, the only two previous longitudinal studies in NMOSD
reported opposing results: Whereas pRNFL thinning was shown in NMOSD patients from
France over 18 months [51], Manogaran et al. did not report any significant pRNFL or
macular thickness reduction in a case series of nine NMOSD patients over four years
[52]. Using intra-retinal layer segmentation, the current study now showed longitudinal
GCIP thinning in eyes of AQP4-IgG seropositive patients without a history of ON. In eyes
with a history of ON, no significant thinning was shown compared to HCs. This may be
explained by the flooring effects in eyes affected by ON, as described for pRNFL in
METHOD-OCT [18].

Patients without a history of ON presented with thinned GCIP and TMV at baseline,
compared to HCs, suggesting pre-existing ON-independent neuro-axonal damage.
Further, the FT thinning in eyes with and without a history of ON compared to HCs
described in AQP4-CROSS-SECTIONAL [20] was replicated in this study. Together with
the longitudinal GCIP thinning, these results suggest a primary retinopathy affecting
retinal astrocytes with subsequent neuro-axonal damage in AQP4-IgG seropositive

NMOSD. FT did not change longitudinally. This might be explained by the pathological
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process in the fovea might have already taken place before inclusion in the longitudinal
study. Other potential explanations include discontinuous thinning during inflammatory
states or during transient periods of high-antibody-concentrations. Since the fovea is
already the thinnest part of the retina, FT measurements could be affected by flooring
effects or might be insensitive to subtle changes during longitudinal analyses with a short
F/U.

The absent difference between non-ON eyes with and without a history of contralateral
ON and the nonexistent influence of contralateral ON in the statistical model as well as
the unreduced pRNFL and VA in non-ON eyes makes chiasmic cross-over effects and
sub-clinical ONs highly unlikely. Nevertheless, other sources of retrograde neuro-axonal
damage have to be considered as an alternative explanation for GCIP thinning: For
example, this study did not account for potential retrograde degeneration originating from
lesions in the posterior visual pathway. This should be addressed in future confirmatory

studies.

In contrast to AQP4-CROSS-SECTIONAL [20] and in the light of the rarity of NMOSD in
Europe, this multi-center study was strengthened by a comparable high sample size and
allowed a separation of physiological (for example age-related) thinning and disease-
related degeneration based on the comparison with HCs. Nevertheless, this study was
still not able to evaluate influences of ethnicity and disease-modifying therapies in sub-
group analyses. Further potential limitations include the lack of posterior visual pathway

imaging mentioned above and the lack of HCs from all study sites.

7.5 MOG-CROSS-SECTIONAL [22]

MOG-IgG seropositive patients showed a severe neuroaxonal degeneration after ON,
which was comparable to ON-induced damage in AQP4-IgG seropositive patients. This
study further suggests that the comparable damage between both groups is caused by a
higher relapse rate in MOG-IgG compared to AQP4-IgG seropositive patients. This would
explain the contradictory results from earlier studies describing a monophasic disease, a
milder clinical phenotype, less neuro-axonal damage and a better recovery in MOG-IgG
compared to AQP4-IgG seropositive patients [53-56]. More recent studies support our

findings in MOG-IgG seropositive patients including a relapsing disease course with a
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high frequency of attacks, a retinal neuro-axonal damage after ON at least as severe as
in AQP4-1gG seropositive patients and — in some patients — with severe visual impairment
[57,58].

Interestingly, some MOG-IgG seropositive patients had a high VA despite a severe neuro-
axonal damage. More sensitive functional tests as low-contrast letter acuity or multifocal
VEP would be necessary to further investigate these findings. Further limitations of this
study comprise the lack of HCs from all centers, of non-Caucasian patients and of a
systematic testing for other optic neuropathies such as Leber’s hereditary optic
neuropathy as well as the retrospective character and the limited sample size due to the

condition’s rarity.

7.6 MOG-LONGITUDINAL [23]

In this small longitudinal study, we did not observe progressive ON-independent GCIP
thinning in MOG-IgG seropositive patients compared to HC. This is in contrast to
progressive GCIP reduction in MS and AQP4-IgG seropositive NMOSD as shown in
AQP4-LONGITUDINAL [21,59].

A previous cross-sectional study by Havla et al. observed a pRNFL and GCIP reduction
in MOG-eyes®N- compared to HC [11]. Our study now confirmed the reduced GCIP at
baseline but showed pRNFL thinning only longitudinally and without accompanying GCIP
loss. Potential explanations for the GCIP reduction only at baseline include a subclinical
optic nerve pathology, a progressive neurodegenerative retinal involvement, an affection
by subclinical ON and chiasmic crossover of contralateral ON. In light of the publication
by Ramanathan et al. describing only 5 % of ONs to involve the chiasm in MOG-IgG
seropositive patients, the latter however seems unlikely [2].

The longitudinal pRNFL reduction without GCIP loss might indicate a subclinical retinal
involvement but could also suggest drug-induced retinal damage related to
immunosuppressive treatment or a remission of pPRNFL edema. This is clearly in contrast
to AQP4-LONGITUDINAL [21] and therefore an additional hint towards a differentiation
of MOG-IgG seropositive patients from AQP4-IgG seropositive NMOSD as a separate

disease entity. Whereas a primary AQP4-1gG-induced retinopathy was also suggested
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by preclinical investigations [15], an expression of MOG in the retina has not been shown

so far, making a primary retinopathy in MOG-IgG seropositive patients further unlikely.

A study by Chien et al. recently suggested a swelling of the upper cervical cord area
during non-myelitis attacks in MOG-IgG seropositive patients as a sign of systemic
affection [10]. Our data, showing pRNFL loss especially after non-ipsilateral ON attacks,
is in line with these results. Chien et al. also showed clear differences of spinal cord
affection patterns, disability accumulation and myelitis attack frequency between AQP4-
IgG and MOG-IgG seropositive patients further supporting our findings from MOG-
CROSS-SECTIONAL [22] and MOG-LONGITUDINAL [23] pointing towards a separation

of both antibody groups as distinct immunological disorders.

Apart from the small sample size due to the rarity of the condition in Europe, further
limitations of the study are the heterogeneity of clinical phenotypes, of
immunosuppressive treatments and of applied MOG-IgG assays. Furthermore, this

project lacks MRI data to specify afferent visual pathway damage posterior to the retina.

7.7 Project outcomes and outlook

The findings, reported in this thesis, showed ON- and lesion-independent changes in the
afferent visual system of patients with AQP4-IgG seropositive NMOSD for the first time,
in both a cross-sectional and a longitudinal approach. These findings challenge the long
prevailing paradigm of pure attack-related degeneration in NMOSD and suggest an
attack- and lesion-independent process contributing to disability increase in NMOSD.
However, it is still unclear, if the progressive course is limited to an astrocytic retinopathy,
or if other functional pathways, like the [spinal cord — corticospinal tract — primary motor
cortex]-axis, are similarly affected by a diffuse astrocytopathy. The results by Ventura et
al. [13] describing LETM-independent changes in the spinal cord, as well as attack-
independent symptoms, including fatigue, depression and neuropathic pain, favor the
hypothesis of a widespread tissue alteration in NMOSD. They are in line with the diffuse
astrocytopathy in NMOSD suggested by AQP4-CROSS-SECTIONAL [20] and AQP4-
LONGITUDINAL [21], widely exceeding the confined boundaries of the afferent visual

system [3,60]. Whereas the clinical relevance of fatigue, depression and pain for the
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quality of life of NMOSD patients has already been reported [3,60], the clinical relevance
of sub-clinical afferent visual system changes still needs to be clarified, since both studies
(AQP4-CROSS-SECTIONAL [20] and AQP4-LONGITUDINAL [21]) lacked consistent
and sensitive functional data, e.g. low-contrast visual acuity or visual evoked potentials.
Independent of their functional relevance, these progressive sub-clinical alterations might
be a sensitive marker for future disease progression and a precursor of full attacks with
secondary demyelination and neuroaxonal damage. In particular, the foveal changes
might provide important information on the differential diagnoses of AQP4-IgG
seropositive  NMOSD and MS, MOG-IgG seropositive autoimmunity and other
neuroophthalmological conditions [20,32].

In contrast to AQP4-lIgG seropositive NMOSD, this thesis also showed MOG-IgG
seropositive patients to suffer from more frequent but milder ON attacks with a
subsequent poorer long-term prognosis [22]. MOG-IgG seropositive patients seem to be
preserved from progressive GCIP reduction and only showed pRNFL thinning potentially
corresponding with a reduction of retinal edema during an attack-related systemic
inflammatory state (MOG-LONGITUDINAL [23]). Both studies in MOG-IgG seropositive
patients (MOG-CROSS-SECTIONAL [22], MOG-LONGITUDINAL [23]) are highly
supportive of the theory that AQP4-IgG and MOG-IgG are in fact biomarkers of two
different disease entities [8]. However, the current long-term treatment strategies of
AQP4-IlgG and MOG- IgG seropositive patients (oral prednisolone, rituximab,
azathioprine, mycophenolate mofetil, tocilizumab) are very similar — and evidence is
mostly based on retrospective studies and uncontrolled trials [61]. The progressive
damage in AQP4-IgG seropositive patients as well as the striking differences between
both disease groups might demand an adaption of the current approach for disease-
modifying therapy (DMT) in AQP4-IgG and MOG-IgG seropositive patients, which is
currently based mainly on attack frequency. Therefore, RCTs developing safe and
effective drugs for AQP4-1gG and MOG-IgG seropositive patients are highly warranted.
Several trials are currently conducted or planned [61]. For future studies, OCT parameters
like GCIP or foveal shape characteristics should be included as endpoints to evaluate not
only structural damage of ONs, but also to sensitively track effects on progressive retinal
changes. The most widely used OCT parameter in clinical studies to date is pRNFL as it
is easily accessible and mostly standardized [28]. Nevertheless, the application of pPRNFL
could be problematic in some cases, since pRNFL is known to be swollen after ON for up
to three months in MS and for an unknown time period also in NMOSD [29]. In AQP4-
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CROSS-SECTIONAL [20], patients without a history of ON presented with a thicker
PRNFL compared to HCs. In AQP4-LONGITUDINAL [21], patients with no ipsilateral ON
but other attacks during F/U even presented with a pRNFL swelling compared to patients
without any attacks during F/U. Also, in MOG-LONGITUDINAL [23] pRNFL swelling was
one potential explanation for our findings. Although the results of these studies should
not be overstated in light of the small sample sizes, pRNFL swelling in NMOSD could
indicate tissue swelling caused by astrocytic dysfunction, a systemic infammatory state
or prednisolone treatment side-effects. Mild pRNFL swelling might conceal sub-clinical
neuro-axonal damage of the pRNFL and could potentially limit certain conclusions in
RCTs and diagnostic trials, emphasizing the necessity of new OCT endpoints for RCTs,

such as GCIP and foveal shape characteristics.

7.8 Conclusions

Methodological pre-analyses raised awareness for the potential flooring effects in OCT
measurements by retinal BVs in severely affected eyes and showed CSD-PROB to be
the most appropriate method for DTl-based OR evaluation in AQP4-IgG seropositive
NMOSD [18,19]. Following these methodological evaluations, this thesis showed attack-
and lesion-independent alterations in the afferent visual system of AQP4-1gG seropositive
patients both cross-sectionally and longitudinally for the first time [20,21]. Localizations
and extent of these changes suggest an underlying astrocytopathy of the CNS in AQP4-
IgG seropositive NMOSD with subsequent neuro-axonal damage. These results
challenge the paradigm of AQP4-IgG seropositive NMOSD-related damage to occur
solely attack-dependent and demand an adaptation of therapy response markers,
currently typically based on attack frequency. Furthermore, this thesis shows a severe
retinal damage after ON in MOG-IgG seropositive patients and striking differences in
retinal disease patterns between AQP4-IgG and MOG-IgG seropositive patients.
Longitudinally, our data suggest the absence of ganglion cell loss in MOG-IgG
seropositive patients independent of ON further underlining the differences of both
antibody groups and lending further evidence to the pathophysiological and clinical
separation of both disease entities. The functional and diagnostic relevance of the
detected afferent visual system changes as well as their applicability to other functional

systems of the CNS still needs to be investigated in the future.
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CONTRIBUTION OF BLOOD VESSELS TO
RETINAL NERVE FIBER LAYER THICKNESS IN
NMOSD

Neuromyelitis optica spectrum disorders (NMOSDs)
are relapsing inflammatory demyelinating disorders with
optic neuritis (ON) as the hallmark. ON causes neuro-
axonal damage to the optic nerve and retina, regularly
leading to severely impaired visual acuity (VA).!
Peripapillary retinal nerve fiber layer (pRNFL)
thickness measured by optical coherence tomography
(OCT) has been increasingly recognized as a marker
for neuroaxonal damage and correlate of visual dys-
function." As such, pRNFL is implemented as an
outcome in clinical trials of ON-associated disorders.
Blood vessels (BVs) running within the pRNFL con-
tribute approximately 13% to an average RNFL
thickness? and could present an important con-
founder when tracking small pRNFL changes or in
diseases with severe thinning such as NMOSD.'
Against this background, the objective of this study
was to investigate the influence of retinal BVs on
pRINFL measurements in an NMOSD cohort.

Methods. Forty patients from a prospective observa-
tional cohort study at the NCRC at Charité-
Universititsmedizin Berlin were enrolled (women/
men: 39/1, age: 44.7 = 15.4 years, 42 ON eyes).
Inclusion criteria were a minimum age of 18 years
and diagnosis of NMOSD according to the 2015
IPND criteria® (n = 37, aquaporin-4 antibody sero-
positive n = 28) or myelin oligodendrocyte glyco-
protein-IgG—associated encephalomyelitis (n = 3).%
Exclusion criteria were any other diseases which could
influence OCT results.

All patients were examined with a Spectralis
SD-OCT (Heidelberg Engineering, Heidelberg,
Germany) using automatic real time (ART) function
for image averaging. pRNFL was measured with
a 3.4 mm ring scan around the optic nerve head
(12°, 1536 A scans 16 = ART = 100) and seg-
mented semiautomatically (Eye Explorer 1.9.10.0
with viewing module 6.0.9.0) and manually cor-
rected by an experienced grader. BV positions were
automatically detected by OCTSEG® (figure, A and

B) and manually corrected. Three eyes were

Clinical/Scientific

Notes

excluded because of insufficient image quality based
on OSCAR-IB criteria.

High-contrast VA was examined monocularly
under habitual correction and photopic conditions
with ETDRS charts at a simulated 20 ft distance
using the Optec 6500 P System (Stereo Optical,
Chicago, IL).

pRNFL without vessels was calculated as mean
thickness of all ring scan positions not marked as part
of vessels and was compared with pRNFL with vessels
using paired 7 tests. We performed Pearson correla-
tion analyses for evaluation of the relationship
between pRNFL and VA and Fisher z test for corre-
lation comparison. The relative BV contribution in
percentage was calculated as ([pRNFLy;i vessels —
PRNFLyithour vessels]/PRNFLyieh vessels X 100%). All
statistical tests were performed using R 3.1 with sig-
nificance established at p < 0.05. The study was
approved by the local Ethics Committee at
Charité-Universititsmedizin Berlin and was con-
the

ducted in accordance with Declaration of

Helsinki.

Results. pRNFL measurements were thinner with-
out including BVs (76.1 * 26.6 pm with, 68.3 *
26.2 pm without, p < 2e™'¢; figure, C). Relative BV
contribution increased with lower pRNFL (r =
—0.700, p = 1e™*?) (figure, D). When only consid-
ering eyes with pRNFL thickness below 60 pm, the
mean relative BV contribution was significantly
higher with 16% = 5% compared with 9% * 3%
in eyes with RNFL >60 wm (p = 8¢7%).

VA (36 = 19 ETDRS letters) was associated with
pRNFL including BV (» = 0.621, p = 2¢7°) and
without BV (» = 0.618, p = 2¢7°). In eyes with
pRNFL measurements below 60 pm, pRNFL-VA
correlation was numerically higher for pRNFL
excluding BV (» = 0.495, p = 0.007) than pRNFL
including BV (» = 0.482, p = 0.009), but the dif-
ference was not significant (p = 0.476). There were
no influences of antibody status, disease duration and
therapy on pRNFL, relative BV contribution, or
enlargement of BV areas with pRNFL thinning (data

not shown).®

Discussion. BV contribution to average pRNFL
measurements is higher in thin compared with

normal/high pRNFL measurements.

Copyright © 2017 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology 1
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A previous study reported an average BV contribu-
tion of 13% to pRNFL measurements.> Our study
expands these findings by showing that BV contribu-
tion is increased in low pRNFL measurements like
the ones regularly found in NMOSD patients with
severe ON.

A relevant contribution of BV artifacts to measure-
ment noise has been reported.” Although our results
did not

improvement for vessel-corrected measurements, they

show a structure-function correlation

suggest a downgrade in pRNFL measurement sensi-
tivity. In NMOSD cohorts, a wide range of pRNFL

Neurology: Neuroimmunology & Neuroinflammation

thickness measurements are seen, including those
lower than 60 pm." Typically, pRNFL differences
of only a few micrometers are used to evaluate drug
efficacy in ON trials.® Thus, in longitudinal studies,
vessel artifacts potentially interfere with the compara-
bility of an absolute thickness change because the
relative vessel contribution increases with thinner
pRNFL.

We propose analyzing OCT data in studies
including NMOSD and other conditions with low
pRNFL measurements in addition to vessel correc-
tion. Further studies of retrospective and prospective
data and larger cohorts are required to confirm and
specify BV influence and to identify reliable surro-
gates for tracking ON-related damage in NMOSD.
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ARTICLE INFO ABSTRACT

Keywords: Background: Diffusion Tensor Imaging (DTI) can evaluate microstructural tissue damage in the optic radiation
DTI (OR) of patients with clinically isolated syndrome (CIS), early relapsing-remitting multiple sclerosis and neu-
Neuromyelitis optica romyelitis optica spectrum disorders (NMOSD). Different post-processing techniques, e.g. tract-based spatial

Multiple sclerosis

TBSS

Probabilistic tractography
Optic radiation

statistics (TBSS) and probabilistic tractography, exist to quantify this damage.

Objective: To evaluate the capacity of TBSS-based atlas region-of-interest (ROI) combination with 1) posterior
thalamic radiation ROIs from the Johns Hopkins University atlas (JHU-TBSS), 2) Juelich Probabilistic ROIs
(JUEL-TBSS) and tractography methods using 3) ConTrack (CON-PROB) and 4) constrained spherical decon-
volution tractography (CSD-PROB) to detect OR damage in patients with a) NMOSD with prior ON (NMOSD-
ON), b) CIS and early RRMS patients with ON (CIS/RRMS-ON) and c) CIS and early RRMS patients without prior
ON (CIS/RRMS-NON) against healthy controls (HCs).

Methods: Twenty-three NMOSD-ON, 18 CIS/RRMS-ON, 21 CIS/RRMS-NON, and 26 HCs underwent 3T MRI.
DTI data analysis was carried out using JUEL-TBSS, JHU-TBSS, CON-PROB and CSD-PROB. Optical coherence
tomography (OCT) and visual acuity testing was performed in the majority of patients and HCs.

Results: Absolute OR fractional anisotropy (FA) values differed between all methods but showed good correla-
tion and agreement in Bland-Altman analysis. OR FA values between NMOSD and HC differed throughout the
methodologies (p-values ranging from p < 0.0001 to 0.0043). ROC-analysis and effect size estimation revealed
higher AUCs and R? for CSD-PROB (AUC = 0.812; R? = 0.282) and JHU-TBSS (AUC = 0.756; R* = 0.262),
compared to CON-PROB (AUC = 0.742; R? = 0.179) and JUEL-TBSS (AUC = 0.719; R? = 0.161). Differences
between CIS/RRMS-NON and HC were only observable in CSD-PROB (AUC = 0.796; R? = 0.094). No significant
differences between CIS/RRMS-ON and HC were detected by any of the methods.

Conclusions: All DTI post-processing techniques facilitated the detection of OR damage in patient groups with

Abbreviations: AD, axial diffusivity; AUC, area under the curve; CIS, clinically isolated syndrome; CON, Contrack; CSD, constrained spherical deconvolution; DTI, diffusion tensor
imaging; DWI, diffusion weighted imaging; DW-MRI, diffusion weighted magnetic resonance imaging; FA, fractional anisotropy; FOD, fiber orientation distribution; HC, Healthy Control;
JHU, Johns Hopkins University DTI white matter atlas; JUEL, Juelich histological atlas; LGN, lateral geniculate nucleus; MD, mean diffusivity; MS, multiple sclerosis; NMOSD, neu-
romyelitis optica spectrum disorder; OCT, optical coherence tomography; ON, optic neuritis; OR, optic radiation; PROB, probabilistic tractography; RD, radial diffusivity; RNFL, retinal
nerve fiber layer thickness; ROC, receiver operating characteristic; ROI, region of interest; RRMS, relapsing-remitting multiple sclerosis; SD, standard deviation; SEM, standard error of the
mean; TBSS, tract-based spatial statistics
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severe microstructural OR degradation. The comparison of distinct disease groups by use of different methods
may lead to different - either false-positive or false-negative - results. Since different DTI post-processing ap-
proaches seem to provide complementary information on OR damage, application of distinct methods may
depend on the relevant research question.

1. Introduction

The optic radiation (OR) is an integral part of the afferent visual
system and belongs to the most frequently affected white matter
pathways in autoimmune neuroinflammatory disorders of the central
nervous system, i.e. multiple sclerosis (MS) and neuromyelitis optica
spectrum disorders (NMOSD) (Backner et al., 2018; Balcer et al., 2015;
Bennett et al., 2015; Finke et al., 2018; Martinez-Lapiscina et al., 2014;
Pache et al., 2016a, 2016b; Pache et al., 2016a, 2016b; Petzold et al.,
2014; Pfueller and Paul, 2011; Scheel et al., 2014; Schmidt et al., 2017;
Sinnecker et al., 2015b; Wingerchuk et al., 2015). Diffusion-weighted
magnetic resonance imaging (DW-MRI) yields the potential to non-in-
vasively investigate microstructural OR integrity (Assaf and Pasternak,
2008; Filippi et al., 2013).

A multitude of DW-MRI post-processing techniques have been used
in recent studies to investigate OR damage in neuroinflammatory dis-
orders (Hasan et al., 2011). TBSS is a widely used fully automated
method to perform whole brain tract diffusion tensor imaging (DTI)
analyses. ConTrack (CON-PROB) (Sherbondy et al., 2008a, 2008b) and
CSD-based probabilistic tractography (CSD-PROB) (Lim et al., 2015;
Martinez-Heras et al., 2015; Tournier et al., 2007) provide high sensi-
tivity to delineate tracts through crossing fiber regions (Auriat et al.,
2015), facilitate the selection of pathways that connect two regions
(Sherbondy et al., 2008b) and allow subsequent in-depth analysis, for
example tract profiling, by calculating DTI values at different nodes
along the OR. However, implementation of probabilistic tractography
algorithms in the individual patient is frequently more time consuming
due to manual predefinition of seed and target regions as well as
manual or semi-automated cleaning of tractography results. Moreoever,
accurate OR delineation in vivo is hampered by its complex structure
with the sharp bending in the Meyer's loop (Martinez-Heras et al.,
2015), the reduced fiber densitiy in this area compared to the body of
the OR (Lim et al., 2015; Wu et al., 2012) and the presence of crossing
fibers along the pathway (Sherbondy et al., 2008b).

Previous investigations using CON-PROB found OR DTI metrics to
be altered in long-standing MS patients compared to healthy controls
with correlations between OR FA and OR T2 lesion volume (Klistorner
et al., 2014). A study investigating clinically isolated ON patients with
CON-PROB found reduced fractional anisotropy (FA) and elevated ra-
dial diffusivity (RD) to be associated with OR lesions. No correlation
between OR DTI and retinal nerve fiber layer thickness (RNFL) mea-
sured by optical coherence tomography (OCT) was found (Raz et al.,
2015). By contrast, investigations using TBSS in MS patients with and
without prior ON found strong correlations between RNFL and FA

within the OR, suggesting trans-synaptic neurodegeneration after ON to
explain the link between low RNFL thickness and low FA values in the
OR (Scheel et al., 2014). These contradictory results fall in line with
previous studies either favoring (Oertel et al., 2017; Pache et al., 2016a,
2016b; Reich et al, 2009; Rocca et al., 2013) or disfavoring
(Dasenbrock et al., 2011) evidence on trans-neuronal changes in neu-
roinflammatory disorders. The conflicting diversity of published DTI
studies might be partially owing to cohort inhomogeneities with re-
gards to time from disease onset, severity of structural damage and
clinical deficit as well as total and region-specific lesion load. Beyond
this, the heterogeneous usage of different DTI post-processing techni-
ques and their specific inherent limitations may account for incon-
sistent reports.

Validation studies of sensitivity, specificity and technical ad-
vantages and disadvantages of different DTI post-processing methods
are thus highly required. Unfortunately, there is no “gold-standard” for
non-invasive DTI-based OR tract-probing (Lim et al., 2015; Thomas
et al., 2014), making comparability between methods and validation of
techniques difficult. To overcome these limitations, different methods
need to be compared against each other under one specific research
question.

The purpose of our study was to compare distinct TBSS-based and
probabilistic tractography-based approaches in the delineation of OR
and the detection of OR damage. We therefore investigated OR damage
with different severity levels and compared a) NMOSD patients with
prior ON with suspected severe OR damage, b) clinically isolated syn-
drome (CIS) and early relapsing-remitting multiple sclerosis (RRMS)
patients with ON and suspected moderate OR damage and c) CIS and
early RRMS patients without prior ON and potential OR damage against
healthy controls (HCs). We evaluated inter-method agreement of FA
values and compared the capacity of all methods to detect OR FA dif-
ferences in all patient cohorts compared to HCs.

2. Material and methods
2.1. Subjects

Sixty-two patients were retrospectively analyzed from our research
database. This included CIS and early RRMS with ON (CIS/RRMS-ON),
CIS and early RRMS without ON (CIS/RRMS-NON), NMOSD with ON
(NMOSD-ON) as well as 26 HCs (see Table 1). All patients were ex-
amined under supervision of a board-certified neurologist at the Neu-
roCure Clinical Research Center, Charité-Universititsmedizin Berlin
between January 2011 and July 2015.

Table 1
Study cohort description.
HC CIS/RRMS-NON CIS/RRMS-ON NMOSD-ON

Subjects [n] 26 21 18 23
Sex [f(m)] 22(4) 11(10) 11(7) 20(3)
Age [years; mean + SD] 43.7 + 15.7 33.4 + 8.6 31.2 + 7.7 46.7 + 14.5
Disease duration [months; mean + SD] na 5.40 + 6.67 4.63 + 5.15 94.17 + 95.72
EDSS [median; range] na 1.5 (0-4.0) 1.5 (0-3.5) 4.0 (0-6.5)
RRMS diagnosis [n] na 5 (23.8%) 3 (16.7%) na
AQP4-ab-positive [n] na na na 19
History of bilateral optic neuritis na na 0 4

HC = healthy control; CIS/RRMS-NON = clinically isolated syndrome without prior optic neuritis; CIS/RRMS-ON = clinically isolated syndrome with prior optic
neuritis; NMOSD-ON = neuromyelitis optica spectrum disorder with prior optic neuritis; EDSS = expanded disability status scale; RRMS = relapsing-remitting

multiple sclerosis; AQP4-ab-positive = Aquaporin-4-antibody positive.
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We included 18 CIS/RRMS-ON patients from at the time of analysis
110 participants of the Berlin CIS Cohort study (ClinicalTrials.gov
Identifier: NCT01371071; EA1/182/10). CIS/RRMS-ON patients were
investigated following a first-time ON attack after 4.61 + 5.51 months
on average (range: 1-24 months) and showed no other neurological
symptoms than ON-related visual dysfunction. All CIS/RRMS-ON pa-
tients presented with unilateral optic neuritis as their first clinical
symptom. At the time of MRI examination, 3 of these patients fulfilled
the 2010 revised McDonald criteria for MS (Polman et al., 2011) while
the other 15 patients had a CIS. Twenty-one CIS/RRMS-NON patients
from the same study were diagnosed as CIS (n = 16) or early RRMS
(n = 5) according to the 2010 revised McDonald criteria and had a
history of only one neurological attack distinct from ON (e.g. myelitis).
Additionally, 23 patients meeting the international consensus diag-
nostic criteria for NMOSD (Wingerchuk et al., 2015) (19 Aquaporin-4-
antibody-positive: 82.6%) (Jarius et al., 2014; Metz et al., 2016;
Zekeridou and Lennon, 2015) with a clinically definitive episode of at
least one ON (NMOSD-ON) were included from at the time of analysis
53 patients of our neuromyelitis optica observational study (EA1/041/
14). NMOSD-ON patients had a time lapse from last ON of
73.2 = 87.1 months (range: 5-404 months). We enrolled 26 HCs from
our imaging research database. Patients were excluded if they 1) were
outside age range of 18-70, 2) suffered from ophthalmological defects
other than ON, 3) had a history of neurological diseases distinct from
MS or NMOSD, 4) had no available DTI acquisition. Further exclusion
criteria were similar to general exclusion criteria valid for MRI at 3 T.
Part of NMOSD-ON patients' and HCs' DTI data have been investigated
and published in a previous study (Oertel et al., 2017). All participants
provided written informed consent prior to their inclusion in the study.
The study was approved by the local ethics committee and was per-
formed in accordance with the 1964 Declaration of Helsinki in its
currently applicable version.

2.2. MRI acquisition and analysis

All MRI data were acquired on the same 3T scanner (Tim Trio
Siemens, Erlangen, Germany) using a single-shot echo planar imaging DTI
sequence  (TR/TE = 7500/86ms; FOV = 240 x 240mm?  matrix
96 x 96, 61 slices no gap, slice thickness 2.3 mm, 64 non-colinear direc-
tions, b-value = 1000 s/mm?), a volumetric high-resolution T1 weighted
magnetization prepared rapid acquisition gradient echo (MPRAGE) se-
quence (TR/TE/TI = 1900/2.55/900 ms, FOV = 240 x 240 mmz, matrix
240 x 240, 176 slices, slice thickness 1 mm) as well as a volumetric high-
resolution fluid-attenuated inversion recovery sequence (3D FLAIR) (TR/
TE/TI = 6000/388/2100ms; FOV = 256 x 256 mm?, slice thickness
1.0 mm). 3D FLAIR images of all patients were checked and verified for
total lesion volume and OR-specific lesion volume by three expert raters
under the supervision of a board-certified radiologist. Whole-brain seg-
mentation and quantification of lesions of FLAIR images were performed
using ITK-SNAP (www.itksnap.org) (Yushkevich et al., 2006).

2.3. Image processing

2.3.1. Tract-based spatial statistics analysis (TBSS)

DTI data analysis was carried out using TBSS (Smith et al., 2006)
with tools from the FMRIB Software Library (FSL 5.0.9).

First, eddy-current and motion correction were run in FSL, then FA
images were created by fitting a tensor model to the raw diffusion data
using a least-squares algorithm in FDT, and then brain-extracted using
BET (Smith, 2002). FA data were then aligned into a common space
using the nonlinear registration tool FNIRT which uses a b-spline re-
presentation of the registration warp field. Next, the mean FA image
was created and thinned to produce a mean FA skeleton that represents
the centres of all tracts common to the group. Each subject's aligned FA
data was then projected onto this skeleton (Supplemental Fig. S1A and
B; see Supplemental material for further method description).
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TBSS skeleton masks were overlaid with two different atlas masks:
(A) OR ROIs derived from the Juelich 1 mm probabilistic atlas optic
radiation ROI thresholded to exclude the lowest 10% (JUEL-TBSS) and
(B) Johns Hopkins University 1 mm white matter tractography prob-
abilistic atlas' posterior thalamic radiation ROI (JHU-TBSS) (Hua et al.,
2008; Wakana et al., 2007).

2.3.2. ConTrack probabilistic tractography and Vistalab tract profiling

DTI data analysis was performed using the open-source mrVista
package (http://vistalab.stanford.edu/software). Probabilistic fiber
tracking was performed using the Contrack algorithm (CON-PROB)
(Sherbondy et al., 2008a, 2008b), designed to identify the most likely
pathway between two ROIs. Prior to tractography, Eddy current-in-
duced distortion correction and motion correction were performed in
all subjects within the vistalab framework. The schematic diagram is
shown in Supplemental Fig. S1C (see also Supplemental material for
pipeline details). Fiber tensors were fitted using a least-squares algo-
rithm. The eigenvalue decomposition of the diffusion tensors was
computed and FA measures were derived along the OR bundles, at 50
equally-spaced positions, resulting in an FA tract profile (Raz et al.,
2015). Measurements were calculated by taking a weighted average of
the measurements of each individual fiber at the node (so called “fiber
core”) (Yeatman et al., 2012) to combine measures throughout the
length of the fibers across different subjects.

2.3.3. CSD-based probabilistic tractography and Vistalab tract profiling

We applied a combination of previously published OR tractography
based on high order fiber orientation distributions estimated with CSD
(CSD-PROB) (Lim et al., 2015; Martinez-Heras et al., 2015) and
weighted mean diffusivity calculation as well as tract profiling perfor-
mance in Vistalab (Yeatman et al., 2012). Probabilistic tractography
from seed to target masks was performed in each hemisphere using the
MRtrix3 package (http://www.mrtrix.org/) (Tournier et al., 2004,
2007, 2008). First, diffusion image preprocessing was performed, in-
cluding eddy current-induced distortion correction and inter-volume
subject motion correction by the use of MRtrix3-in-built usage of FSL's
eddy tool (Andersson and Sotiropoulos, 2016; Smith et al., 2004).

Maps of the fiber orientation distributions (FODs) were calculated
using CSD with a maximum harmonic order of 6 (CSD algorithm). OR
reconstruction pipeline was modified after Martinez-Heras et al. and
Lim et al. (Lim et al., 2015; Martinez-Heras et al., 2015) with non-linear
transformation of atlas ROIs in MNI space to individual T1 space using
FSL FNIRT (Smith et al., 2004) and subsequent registration of ROIs
from individual T1 space to individual DWI space using FSL FLIRT
(Jenkinson et al., 2002). The tensors were fitted using a linear least
squares approach. The schematic diagram of the pipeline is presented in
Supplemental Fig. S1D (see also Supplemental material for pipeline
details). We then used the resulting fibers to transfer them into the
Vistalab environment and compute tract profiling and weighted mean
FA of each tract modified after the procedure outlined in the CON-
PROB and Vistalab profiling section.

2.4. Optical coherence tomography and visual acuity assessment

Optical coherence tomography (OCT) investigations were per-
formed in all CIS/RRMS-NON patients, in 17 out of 18 CIS/RRMS-ON
patients, in 22 out of 23 NMOSD-ON patients and in 21 out of 26 HC
using a Heidelberg Engineering Spectralis spectral domain OCT
(Heidelberg Engineering, Heidelberg, Germany) with automatic real-
time (ART) function for image averaging. The peripapillary retinal
nerve fiber layer (pRNFL) was measured with activated eye tracker
using 3.4-mm ring scans around the optic nerve head (12°, 1536 A-
scans 16 < ART < 100). Segmentation of global RNFL was performed
semiautomatically using software provided by the OCT manufacturer
(Eye Explorer 1.9.10.0 with viewing module 6.0.9.0; Heidelberg
Engineering). Visual acuity tests were performed by either using ETDRS
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charts or the Traditional Snellen Eye Chart in all CIS/RRMS-NON, in 17
out of 18 CIS/RRMS-ON patients, in 21 out of 23 NMOSD-ON patients
and in 21 out of 26 HC. Visual testing outcomes were converted in
decimals.

2.5. Statistical analysis

For statistical analysis we used Graphpad Prism 6.0 (Graphpad
Software, San Diego, CA, USA) software and R version 3.1.2 with
packages psych, geepack, irr, ICC, Ime4, ROCt and ggplot. For com-
parison and correlation of absolute FA values between methods we used
separate FA values of left and right OR and conducted a two-way re-
peated measures ANOVA to account for the effect of 1) method choice
and 2) OR side on FA values within each patient group and an intraclass
correlation coefficient (ICC) analysis. Agreement of FA values between
methods was evaluated by Pearson's correlation coefficient analysis and
Bland-Altman plots (BA-analysis within Graphpad Prism 6.0).

Exploratory comparisons of patient groups regarding T2 lesion vo-
lume, RNFL and visual acuity of worse eye were conducted using one-
way ANOVA. For group comparisons and correlation analyses with
clinical data, we combined FA measures of left and right optic radiation
and calculated the simple mean of both values in JHU-TBSS, JUEL-TBSS
and CON-PROB. Since OR volumes differed between right and left side
in CSD-PROB, we used weighted mean of both values for CSD-PROB
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Fig. 1. Absolute FA values of different DTI post-processing methods.
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based group comparison and correlation analyses. Comparisons of pa-
tient groups regarding FA values were assessed using linear model
analyses to account for FA values with subsequent R? effect size mea-
sures estimation. A receiver operating characteristic (ROC) analysis was
used to assess sensitivity and specificity of methods to discriminate each
patient group from healthy controls corrected for age. Comparison of
tract profiles was conduected using two-way ANOVA comparing FA
values of patient groups in every node against HC group. Correction for
multiple comparison was performed using Bonferroni correction.
Correlations between OR FA values and OR T2 lesion volume, RNFL and
visual acuity were performed using linear model analysis. For all sta-
tistical analyses, a p-value of < 0.05 was regarded as significant. Data
are presented as mean * SD, except for tract profling results that are
displayed in mean * standard error of the mean (SEM).

3. Results
3.1. Method comparison

3.1.1. Image processing quality

All four methods successfully generated visually appropriate OR
tracts, with the exception of one subject in the CIS/RRMS-ON group
using the CSD-PROB method.
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Optic radiation FA values are shown for A healthy controls (HC), B CIS patients without prior optic neuritis, C CIS patients with optic neuritis in their medical history
and D NMOSD-ON patients. Comparison of FA distribution yielded significant differences between all methods except for the comparison of JHU-TBSS and CSD-

PROB in CIS/RRMS-NON, CIS/RRMS-ON and NMOSD-ON patients.

JUEL-TBSS = Juelich-based atlas ROI TBSS approach; JHU-TBSS = Johns-Hopkins University posterior thalamic radiation ROI TBSS approach; CON-
PROB = ConTrack-based probabilistic tractography. CSD-PROB = constrained spherical deconvolution based probabilistic tractography. TBSS = tract-based spatial

statistics.
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3.1.2. Coefficient of variation in healthy controls

Coefficient of variation in HC group was lowest in JUEL-TBSS
(3.99%) and highest in CON-PROB (13.54%) with comparable coeffi-
cients of variation in JHU-TBSS (5.88%) and CSD-PROB (7.21%).

3.1.3. Comparison of FA values between methods

Absolute FA value distribution of the different methods for ORs of
both sides within each subject group are shown in Fig. 1 (separate left
and right OR FA values are shown in Fig. S2). Two-way repeated
measures ANOVA revealed a significant impact of 1) method choice and
2) OR side on FA values (see supplementary material, Table S1). Post-
hoc tests with Bonferroni correction revealed significant differences
between all methods except for the comparison of JHU-TBSS and CSD-
PROB in CIS/RRMS-NON, CIS/RRMS-ON and NMOSD-ON. ICC analysis
of absolute agreement of all FA values between methods showed poor
agreement between methods with ICC values ranging from 0.112 to
0.432 (see Table 2). Lower ICC values were found in patient groups
with no suspected visual system damage (HC) and in NMOSD-ON with
highest suspected OR damage whereas higher ICC agreement was found
in patient groups with suspected moderate damage (CIS/RRMS-ON and
CIS/RRMS-NON-group).

3.1.4. Inter-method agreement of FA values

Pearson correlation analysis revealed significant correlations when
analyzing all methods against each other with Pearson's r ranging from
0.2730 (JUEL-TBSS vs. CON-PROB) to 0.8714 (JUEL-TBSS vs. JHU-
TBSS; see Table 3, Fig. 2, Fig. S3).

Bland-Altman plots showed good agreement between all methods
with most FA values ranging within the 95% confidence interval from
average of differences. Best limits of agreement (LOA) were observed
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between values of both TBSS-based approaches (LOA distance: 0.0934;
see Supplemental Fig. S4A; Table 4). Comparison of probabilistic trac-
tography based methods with TBSS based methods generally showed a
proportional error with overestimation of high FA values and under-
estimation of low FA values in probabilistic tractography (Fig. S4C and
E). Best agreement of relative and absolute FA values between all
methods were seen at medium FA values (0.45-0.5) suggesting good
agreement in methods in identifying minimal to medium damage.

3.2. Comparison of patient groups against healthy controls

3.2.1. Patient group differences from HC and effect size

Comparison of patient groups against healthy controls regarding T2
lesion volume, OCT RNFL, visual acuity and optic radiation FA values
are shown in Table 5. All patient groups showed higher T2 lesion vo-
lume and increased OR specific T2 lesion volume compared to HC.
RNFL was significantly decreased compared to HC in CIS/RRMS-ON
and NMOSD-ON, while visual impairment was only seen in NMOSD-ON
group. Linear model analysis of FA differences between each patient
group and healthy controls showed FA differences between NMOSD-ON
and HCs throughout all methodologies (JUEL-TBSS: p = 0.0043; JHU-
TBSS: p = 0.0002; CON-PROB: p = 0.0024; CSD-PROB: p < 0.0001;
Fig. 3). p-Values and R? as the effect size and proportion of variance
explained by the method are displayed in Table 6. Highest effect size in
the discrimination of HC and NMOSD was seen in CSD-PROB
(R? = 0.282). CSD-PROB revealed significant FA differences between
CIS/RRMS-ON patients and HCs, that were not observable when other
methods were applied.

Table 2
ICC analysis results of method comparisons by patient group.
All patients HC CIS/RRMS-NON CIS/RRMS-ON NMOSD-ON

All methods® 0.155 0.024 0.208 0.252 0.074
JUEL-TBSS vs. JHU-TBSS 0.389 0.215 0.391 0.350 0.527
JUEL-TBSS vs. CON-PROB 0.129 —0.084 0.236 0.300 —0.006
JUEL-TBSS vs. CSD-PROB 0.140 0.048 0.175 0.162 0.100
JHU-TBSS vs. CON-PROB 0.122 0.004 0.205 0.260 —0.003
JHU-TBSS vs. CSD-PROB 0.432 0.232 0.447 0.578 0.246
CON-PROB vs. CSD-PROB 0.165 —-0.014 0.085 0.155 0.061

HC = healthy control; CIS/RRMS-NON = clinically isolated syndrome without prior optic neuritis; CIS/RRMS-ON = clinically isolated syndrome with prior optic
neuritis; NMOSD-ON = neuromyelitis optica spectrum disorder with prior optic neuritis; JUEL-TBSS = Juelich histological atlas optic radiation ROI based tract-
based spatial statistics; JHU-TBSS = Johns Hopkins University atlas posterior thalamic ROI based tract-based spatial statistics; CON-PROB = Contrack-based
probabilistic tractography; CSD-PROB = constrained spherical deconvolution based probabilistic tractography.

* p < 0.05.

? ICC analysis of all 4 methods (JUEL-TBSS, JHU-TBSS, CON-PROB and CSD-PROB).

Table 3
Pearson correlation analysis between all methods by patient groups.
All patients HC CIS/RRMS-NON CIS/RRMS-ON NMOSD-ON
Pearson'sr  p-Value Pearson'sr  p-Value Pearson's r p-Value Pearson's r p-Value Pearson'sr  p-Value
JUEL-TBSS vs. JHU-TBSS 0.8714 < 0.0001 0.8076 < 0.0001 0.8523 < 0.0001 0.8683 < 0.0001 0.9272 < 0.0001
JUEL-TBSS vs. CON-PROB 0.2730 0.0003 —0.2188 0.1191 0.4967 0.0008 0.6002 0.0001 —0.0151 0.9207
JUEL-TBSS vs. CSD-PROB 0.4186 < 0.0001 0.2707 0.0523 0.4543 0.0025 0.6094 0.0002 0.2614 0.0864
JHU-TBSS vs. CON-PROB 0.3508 < 0.0001 0.0164 0.9084 0.4494 0.0028 0.7063 < 0.0001 —0.0119 0.9372
JHU-TBSS vs. CSD-PROB 0.4883 < 0.0001 0.2940 0.0344 0.5134 0.0005 0.6428 < 0.0001 0.2836 0.0621
CON-PROB vs. CSD-PROB 0.2270 0.003 —0.0629 0.6576 0.1509 0.3398 0.5423 0.0013 0.2695 0.0769

HC = healthy control; CIS/RRMS-NON = clinically isolated syndrome without prior optic neuritis; CIS/RRMS-ON = clinically isolated syndrome with prior optic
neuritis; NMOSD-ON = neuromyelitis optica spectrum disorder with prior optic neuritis; JUEL-TBSS = Juelich histological atlas optic radiation ROI based tract-
based spatial statistics; JHU-TBSS = Johns Hopkins University atlas posterior thalamic ROI based tract-based spatial statistics; CON-PROB = Contrack-based
probabilistic tractography; CSD-PROB = constrained spherical deconvolution based probabilistic tractography.

* p < 0.05.
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Fig. 2. Correlation of all FA values regarding each method.
Correlation of all OR FA values assessing A JUEL-TBSS vs. JHU-TBSS, B JUEL-TBSS vs. CON-PROB, C JUEL-TBSS vs. CSD-PROB, D JHU-TBSS vs. CON-PROB, E JHU-
TBSS vs. CSD-PROB, F CON-PROB vs. CSD-PROB.
JUEL-TBSS = Juelich-based atlas ROI TBSS approach; JHU-TBSS = Johns-Hopkins University posterior thalamic radiation ROI TBSS approach; CON-PROB = ConTrack-based
probabilistic tractography. CSD-PROB = constrained spherical deconvolution based probabilistic tractography. TBSS = tract-based spatial statistics; OR = optic radiation.

3.2.2. ROC-analysis
AUC values to discriminate HCs from NMOSD-ON were highest in
CSD-PROB (AUC = 0.812), while slightly lower in CON-PROB

Table 4
Bias and limits of agreement of Bland-Altman analysis.

Estimation of bias 95% Limits of agreement (LOA) (AUC = 0.742) JHU-TBSS (AUC = 0.756) and JUEL-TBSS
Bias SD of bias From To (AUC = 0.719; Fig. 4). ROC-analysis results of comparison between HC
vs. CIS/RRMS-ON and HC vs. CIS/RRMS-NON are shown in Table 7.
JUEL-TBSS vs. JHU-TBSS ~ 0.0466  0.0206 0.0063 0.0871
JUEL-TBSS vs. CON-PROB ~ 0.0218  0.0728 -0.1209 0.1646 . . .
JUEL-TBSS vs. CSD-PROB  —0.0664 0.0452 —0.1550 0.0221 3.2.3. Tract profiling — subject group comparison
JHU-TBSS vs. CON-PROB  0.0922  0.0612 —0.0279 0.2123 Tract profiles comparing patient groups are shown in Fig. 5. Sig-
JHU-TBSS vs. CSD-PROB ~ —0.0198 0.0453 —0.1085 0.0689 nificant differences between NMOSD-were seen in both methods (CON-
CSD-PROB vs. CON-PROB  0.1121  0.0708 —0.0266 0.2508 PROB: nodes 26-47; CSD-PROB: nodes 20-25 and 48-50; Fig. 5).

SD = standard deviation; JUEL-TBSS = Juelich histological atlas optic radia- ) )
tion ROI based tract-based spatial statistics; JHU-TBSS = Johns Hopkins 3.2.4. OR-specific lesions and OR FA

University atlas posterior thalamic ROI based tract-based spatial statistics; We investigated possible correlations between OR FA values and
CON-PROB = Contrack-based probabilistic tractography; CSD- optic radiation specific lesion volume. JUEL-TBSS, JHU-TBSS and CSD-
PROB = constrained spherical deconvolution based probabilistic tractography. PROB showed significant correlations between FA and OR T2 lesion
Table 5
Comparison of patient groups against healthy controls regarding T2 lesion volume, visual parameters and optic radiation FA values.
HC CIS/RRMS-NON CIS/RRMS-ON NMOSD-ON ANOVA p
Total T2 lesion volume [ml; mean + sd] 0.38 + 0.66 2.87* + 4.39 2.59* + 3.17 2.15* + 3.07 0.084
OR-specific T2 lesion volume [ml; mean *+ sd] 0.04 = 0.07 0.70" + 1.02 0.57* + 0.70 0.44" + 0.87 0.017
RNFL [pm; mean * sd] 96.90 + 7.50 98.21 + 12.16 87.92° + 14.76 67.12° + 19.72 < 0.001
Visual acuity of worse eye [mean + sd] 1.02 = 0.31 1.00 = 0.37 0.96 + 0.29 0.74* + 0.47 0.003
FA [JUEL-TBSS] 0.46 = 0.02 0.46 = 0.02 0.46 = 0.02 0.44 = 0.03 0.012
FA [JHU-TBSS] 0.52 = 0.03 0.50 = 0.04 0.51 *= 0.04 0.48 = 0.04 0.004
FA [CON-PROB] 0.42 = 0.06 0.43 = 0.07 0.42 = 0.06 0.38" = 0.06 0.010
FA [CSD-PROB] 0.54 = 0.03 0.52" + 0.04 0.53 = 0.03 0.50" + 0.04 0.001

HC = healthy control; CIS/RRMS-NON = clinically isolated syndrome without prior optic neuritis; CIS/RRMS-ON = clinically isolated syndrome with prior optic
neuritis; NMOSD-ON = neuromyelitis optica spectrum disorder with prior optic neuritis; FA = fractional anisotropy; JUEL-TBSS = Juelich histological atlas optic
radiation ROI based tract-based spatial statistics; JHU-TBSS = Johns Hopkins University atlas posterior thalamic ROI based tract-based spatial statistics; CON-
PROB = Contrack-based probabilistic tractography; CSD-PROB = constrained spherical deconvolution based probabilistic tractography.
Exploratory ANOVA and subsequent t-test p-values.

* p < 0.05 (significant from HC).
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Fig. 3. OR mean FA comparison of patient groups and HCs arranged by methods.

Mean FA distribution of individual TBSS skeletons within JUEL-TBSS (A) and JHU-TBSS (B). Both approaches show significant differences between HC and NMOSD
group. JHU also shows significant differences between NMOSD and all CIS groups and differences between HC and CIS and HC and CIS/RRMS-NON. Comparison of
weighted mean FA distribution within CON-PROB tracts (C) and CSD-PROB OR fibers (D) reveal similar significant differences between HC and NMOSD and NMOSD
with all CIS/RRMS-subgroups. CSD-PROB also reveals significant differences between HC and all CIS-subgroups.

FA = fractional anisotropy; HC = healthy controls; OR = optic radiation; TBSS = tract-based spatial statistics; JHU = Johns Hopkins University; ROI = region of

interest; CSD = constrained spherical deconvolution; NMOSD = neuromyelitis optica spectrum disorder.

*p < 0.05; ** p < 0.005; *** p < 0.0005; **** p < 0.0001.

Table 6
FA differences between patient groups and healthy controls.

CIS/RRMS-NON vs. CIS/RRMS-ON vs. HC  NMOSD-ON vs. HC

HC

p-Value R? p-Value R? p-Value R?
JUEL-TBSS 0.661 0.004 0.628 0.005 0.004 0.161
JHU-TBSS  0.134 0.049 0.362 0.020 < 0.001 0.262
CON-PROB  0.663 0.004 0.818 0.001 0.002 0.179
CSD-PROB  0.035 0.094 0.298 0.026 < 0.001 0.282

HC = healthy control; CIS/RRMS-NON = clinically isolated syndrome without
prior optic neuritis; CIS/RRMS-ON = clinically isolated syndrome with prior
optic neuritis; NMOSD-ON = neuromyelitis optica spectrum disorder with prior
optic neuritis; JUEL-TBSS = Juelich histological atlas optic radiation ROI based
tract-based spatial statistics; JHU-TBSS = Johns Hopkins University atlas pos-
terior thalamic ROI based tract-based spatial statistics; CON-PROB = Contrack-
based probabilistic tractography; CSD-PROB = constrained spherical deconvo-
lution based probabilistic tractography.
* p < 0.05.

volume in the CIS/RRMS-NON group (see Table 8).
3.2.5. RNFL and OR FA

Associations between RNFL and OR FA were exclusively shown in
the CIS/RRMS-NON group by all methods (see Table 8).

3.2.6. Visualy acuity and OR FA

Associations between visual acuity and OR FA were exclusively
shown in the CIS/RRMS-NON group by JUEL-TBSS and JHU-TBSS. (see
Table 8).

4. Discussion

Our study compared TBSS and probabilistic tractography based
approaches to quantify OR damage in patients with NMOSD-ON and
CIS with and without ON. While the distribution of absolute FA values
differed among methods, correlation analyses and Bland-Altman plots
revealed good agreement of FA values, especially in FA magnitudes of
suspected mild OR damage, reflected by OR-specific lesion load and
RNFL decrease (CIS/RRMS-ON and CIS/RRMS-NON). Both, TBSS and
probabilistic tractography methods detected microstructural damage in
NMOSD-ON patients compared to HCs.

4.1. Robustness of methods

CSD-PROB failed to generate OR tracts in one CIS/RRMS-ON pa-
tient, while successfully generating tracts in all other subjects. All other
methods successfully identified the ORs in all subjects. It has been re-
ported, that extensive white matter lesions in neurological disorders,
such as stroke or multiple sclerosis, may lead to erroneous termination
of the tracking algorithm or may cause a deviation of the bundles at the
level of the lesions (Ciccarelli et al., 2008). A previous study in stroke
patients showed that a CSD-based approach resulted in successful
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Fig. 4. ROC curves and AUCs for TBSS and CSD-based analysis methods.
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ROC curves and AUCs are displayed comparing HC with NMOSD corrected for age by use of A JUEL-TBSS, B JHU-TBSS, C CON-PROB and D CSD-PROB.
ROC = receiver operating characteristics; AUC = area under the curve; HC = healthy controls; NMOSD = neuromyelitis optica spectrum disorder; TBSS = tract-
based spatial statistics; CSD = constrained spherical deconvolution; JHU = Johns Hopkins University.

Table 7
AUC values for the comparison of patient groups against healthy controls by
each method corrected for age.

Method Group 1 Group 2 AUC

JUEL-TBSS HC CIS/RRMS-NON 0.611
JUEL-TBSS HC CIS/RRMS-ON 0.625
JUEL-TBSS HC NMOSD-ON 0.719
JHU-TBSS HC CIS/RRMS-NON 0.743
JHU-TBSS HC CIS/RRMS-ON 0.704
JHU-TBSS HC NMOSD-ON 0.756
CON-PROB HC CIS/RRMS-NON 0.704
CON-PROB HC CIS/RRMS-ON 0.523
CON-PROB HC NMOSD-ON 0.742
CSD-PROB HC CIS/RRMS-NON 0.796
CSD-PROB HC CIS/RRMS-ON 0.626
CSD-PROB HC NMOSD-ON 0.812

HC = healthy control; CIS/RRMS-NON = clinically isolated syndrome without
prior optic neuritis; CIS/RRMS-ON = clinically isolated syndrome with prior
optic neuritis; NMOSD-ON = neuromyelitis optica spectrum disorder with prior
optic neuritis; JUEL-TBSS = Juelich histological atlas optic radiation ROI based
tract-based spatial statistics; JHU-TBSS = Johns Hopkins University atlas pos-
terior thalamic ROI based tract-based spatial statistics; CON-PROB = Contrack-
based probabilistic tractography; CSD-PROB = constrained spherical deconvo-
lution based probabilistic tractography.

corticospinal tract reconstruction in 76 out of 78 tracts, while a com-
parative DTI-based fiber tractography resulted in the corticospinal tract
reconstruction in 67 out of 78 potential tracts (Auriat et al., 2015). For
both approaches unsuccessful fiber tract reconstruction occurred in the
ipsilesional hemisphere of participants, indicating lesions to be
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responsible for insufficient tract generation and different tractography
to yield distinct susceptibilities towards lesion-associated tract gen-
eration failure (Auriat et al., 2015). In our study, unsatisfactory tract
generation in our CIS/RRMS-ON patient using CSD-PROB might be
caused by extensive white matter lesions that were observed in the
patient's optic radiations.

4.2. Inter-method comparison of FA distribution

In our study, CON-PROB showed highest coefficient of variation of
FA in HC, while JUEL-TBSS showed lowest coefficient of variation.
Supposing that a homogeneous and normally distributed cohort was
investigated, low coefficients of variation may suggest a correlate of
good method quality. High coefficients of variation in HCs in CON-
PROB, possibly caused by the mainly manual approach, might impair
the validity of the method. However, high coefficients may on the other
hand indicate higher method sensitivity. A recently published study
compared a) individual CON-PROB with b) healthy control-based CON-
PROB template OR reconstructions and c) Juelich histological atlas-
based OR ROI approach in 35 healthy controls and 70 MS patients
(Wang et al., 2018). Despite differences in the reconstructed OR vo-
lumes, both OR lesion volume and OR diffusivity measurements in MS
subjects were highly comparable in this study. The authors found dif-
fusivity differences between different OR segmentation techniques to be
consistently small across low and high values.

By contrast, the distribution of absolute OR FA values significantly
differed in our study between nearly all methods in all patient groups
and showed poor absolute agreement in the ICC analysis, except for
JHU-TBSS and CSD-PROB. We conclude that differences between
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Fig. 5. Tract profiles of the optic radiation in different patient groups.

OR partitioning into 50 equally divided nodes in NMOSD (red), CIS/RRMS-ON
(orange) and CIS/RRMS-NON (yellow) patients and Healthy controls (green)
using (A) Contrack-based probabilistic tractography (B) CSD-based tracto-
graphy.

OR = optic radiation; CIS = clinically isolated syndrome; ON = optic neuritis;
CSD = constrained spherical deconvolution; NMOSD = neuromyelitis optica
spectrum disorder; FA = fractional anisotropy.

NeuroImage: Clinical 19 (2018) 538-550

absolute OR FA values may impede comparisons of previous and future
DTI study results investigating microstructural OR damage. The appli-
cation of the exact same method is therefore necessary to allow for any
statements on possible differences between OR FA values within a
specific cohort of patients. These findings may be of particular sig-
nificance in any case of OR DTI comparison, regardless of within-study
analyses or comparisons of OR DTI results between studies, for example
in meta-analyses. Comparisons of absolute OR DTI values that did not
use the same post-processing approach are not valid and must therefore
be avoided.

4.3. Inter-method comparison of FA correlations and agreement

OR FA values of all methods showed significant correlations sug-
gesting underlying associations of FA values and actual OR specific
microstructural damage regardless of method choice. Subgroup ana-
lyses of Pearson correlation coefficient analyses revealed best correla-
tions of OR FA values in CIS/RRMS-ON and CIS/RRMS-NON. These
findings are in line with a recent study reporting on good agreement
between CON-PROB, template-based OR reconstruction and a Juelich
OR ROI-based approach in HC and MS measured by Pearson correlation
coefficents and Bland-Altman analysis (Wang et al., 2018).

By contrast, only limited correlations of OR FA values were seen in
our study in the non-damage group (HC) and patients with suspected
extensive OR damage (NMOSD-ON).

In a recent study, CSD-PROB was investigated in ten HCs and five
MS patients to compare tractography results with histological masks. It
showed a good sensitivity ranging from 65% to 81% and a specificity up
to 100% (Martinez-Heras et al., 2015). Another recent study compared
CSD-PROB with Juelich histological atlas in 20 patients with various
neurological conditions, showing a good match of the probabilistic
tractography approach with a mean AUC of 0.87 (Lim et al., 2015).
These findings are in line with our study showing relatively little bias
between JUEL-TBSS masking approach and CSD-PROB in the conducted
Bland-Altman analysis. Bland-Altman analysis revealed best agreement
between all methods at medium FA values (0.45-0.5) suggesting good
agreement of methods in identifying damage of medium magnitude
(CIS/RRMS-ON and CIS/RRMS-NON). These findings might — at least to
a certain extent — suggest the convertibility of results by different DTI
post-processing methods when applied to patient groups with OR da-
mage of mild to moderate magnitude. Concrete research approaches to

Table 8
Correlations of optic radiation specific lesion volume, RNFL and visual acuity with optic radiation FA values by method.
JUEL-TBSS JHU-TBSS CON-PROB CSD-PROB
Estimate Std error p-Value Estimate Std error p-Value Estimate Std error p-Value Estimate Std error p-Value
OR T2 Lesion volume
HC -0.073 0.060 0.23 —-0.124 0.089 0.17 0.152 0.142 0.29 0.026 0.108 0.24
CIS/RRMS-NON —0.022 0.005 < 0.01 —0.044 0.008 < 0.01 —0.022 0.017 0.21 —0.031 0.012 0.01
CIS/RRMS-ON —-0.011 0.009 0.26 —0.022 0.015 0.15 —-0.014 0.023 0.54 —-0.027 0.014 0.06
NMOSD-ON —0.010 0.007 0.18 -0.013 0.008 0.15 —0.016 0.011 0.15 —0.003 0.009 0.76
RNFL
HC 0.001 0.000 0.57 0.001 0.000 0.98 0.001 0.000 0.37 0.001 0.000 0.21
CIS/RRMS-NON 0.001 0.000 < 0.01 0.002 0.000 < 0.01 0.002 0.000 0.01 0.001 0.001 0.01
CIS/RRMS-ON 0.001 0.000 0.06 0.001 0.000 0.24 0.001 0.000 0.10 0.001 0.000 0.07
NMOSD-ON 0.000 0.000 0.52 0.001 0.000 0.74 0.001 0.000 0.32 0.001 0.000 0.44
Visual acuity
HC 0.022 0.008 0.01 0.019 0.019 0.12 —0.055 0.019 < 0.01 0.024 0.011 0.03
CIS/RRMS-NON 0.026 0.008 < 0.01 0.041 0.015 0.01 0.021 0.027 0.44 0.010 0.017 0.55
CIS/RRMS-ON 0.012 0.011 0.30 0.014 0.017 0.45 0.033 0.024 0.17 0.011 0.019 0.56
NMOSD-ON 0.016 0.001 0.10 0.012 0.011 0.28 0.006 0.014 0.68 0.003 0.012 0.77

JUEL-TBSS = Juelich histological atlas optic radiation ROI based tract-based spatial statistics; JHU-TBSS = Johns Hopkins University atlas posterior thalamic ROI
based tract-based spatial statistics; CON-PROB = Contrack-based probabilistic tractography; CSD-PROB = constrained spherical deconvolution based probabilistic
tractography. RNFL = retinal nerve fiber layer thickness. Significant p-values are displayed in bold.

* p < 0.05.
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patient groups with suspected mild OR damage, for example CIS pa-
tients, could be sufficiently tackled by all investigated methods, while
investigations regarding HCs or severely affected patient groups
(NMOSD-ON) might lead to different results, highly dependent of the
chosen method.

The presence of systematic bias and proportional errors in the
comparison of DTI TBSS-based and tractography based methods may
lead to false positive or false negative results when different patient
groups are compared by different methods. While one method might
produce significant differences in group comparison due to under-
estimation of low FA values, another method may yield non-significant
results due to relative overestimation of low FA values. These findings
might be a causative factor of today's equivocal findings (Assaf and
Pasternak, 2008) of previous DTI visual pathway analyses that impede
the evaluation of DTI as a potential biomarker (Inglese and Bester,
2010).

4.4. NMOSD vs. HC group comparison

Group comparison showed FA differences between NMOSD-ON and
HCs throughout all TBSS and probabilistic tractography based methods.
Best effect size and AUC values to distinguish both groups were ob-
served for CSD-PROB. JHU-TBSS, JUEL-TBSS and CON-PROB showed
slightly lower AUC values and effect size. Our study results are in line
with previous investigations using DTI reporting on microstructural
degradation with significant FA reduction within the OR (Oertel et al.,
2017; Pache et al., 2016a, 2016b; Rueda Lopes et al., 2012; Yu et al.,
2006). A previous study in NMOSD patients, using TBSS, found FA
values to be exclusively reduced in regions associated to the visual
system by making use of a TBSS ROI and a multivariate comparison
approach. These results provide evidence of anterograde trans-synaptic
degeneration due to ON (Pache et al., 2016a, 2016b). By contrast, one
TBSS-based study demonstrated reduced FA involving not only the OR
but also diffuse subcortical white matter structures in frontal, parietal,
temporal, occipital and limbic regions (von Glehn et al., 2014). Another
study used CSD-PROB OR tractography and revealed FA reductions
within the OR of 25 AQP4-antibody seropositive NMOSD patients
(Oertel et al., 2017). Notably, OR FA was not only reduced in NMOSD
patients with previous ON but FA reductions were also detectable in 6
NMOSD patients with longitudinally extensive transverse myelitis
(LETM) without evidence of prior ON. These results were corroborated
by another study that used FSL-based probabilistic tractography (FSL's
probtrackx) to delineate the OR and found FA reduction within the OR
of 24 NMOSD patients with prior ON (58.3% AQP4-antibody ser-
opositive) as well as in 12 NMOSD patients without prior ON (66.6%
AQP4-antibody positive) (Tian et al., 2017). These findings suggest
microstructural changes in the afferent visual system independent of
ON attack-related mechanisms.

Although clinical history of our NMOSD patients with prior uni-
lateral or bilateral ON, long disease duration and pronounced visual
impairment and OCT RNFL thinning suggests the presence of attack-
related optic radiation FA decrease in our NMOSD cohort, we did not
find any direct associations between OCT RNFL or visual acuity and
optic radation FA, irrespective of the method. However, our data mirror
the clinical experience as well as findings from conventional imaging
studies showing that neurological disability and tissue damage in the
visual pathway are on average more pronounced in NMOSD as com-
pared to MS/CIS, as it can be seen in the relatively frequent bilateral
manifestation of optic neuritis in our NMOSD-cohort compared to CIS/
RRMS-ON (Bennett et al., 2015; Kim et al., 2015; Schmidt et al., 2017).

4.5. CIS/RRMS-ON and CIS/RRMS-NON vs. HC
No difference of OR FA between CIS/RRMS-ON and HC was seen in

any of the methods used. CSD-PROB showed differences between HC
and CIS/RRMS-NON. In CIS and early stages of MS, OR microstructural
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damage is most likely caused by 1) trans-synaptic neurodegeneration
after ON (Gabilondo et al., 2014) and 2) impact of T2 inflammatory
lesions within the OR (Graham and Klistorner, 2017; Sinnecker et al.,
2015a, 2015b).

Damage in the OR of ON patients due to inflammatory T2 lesions
has been investigated previously. Raz et al. reported on reduced OR FA
by making use of CON-PROB in patients with clinically isolated ON
compared to healthy controls. In this study, reduced OR FA was asso-
ciated with OR specific T2 lesion volume suggesting FA differences to
be explained by intrabundle lesions (Raz et al., 2015). In our CIS/
RRMS-NON cohort, OR FA in JUEL-TBSS, JHU-TBSS and CSD-PROB
was associated with OR specific T2 lesion volume, indicating TBSS
approaches to be more sensitive to lesional damage than probabilistic
tractography approaches. These findings indicate lesional damage to be
at least partly responsible for damage within the ORs of CIS/RRMS
patients without prior ON. However, recent findings indicated the
presence of a measurable, time-dependent trans-synaptic neurodegen-
eration effect on the OR after ON, independent of T2 lesion load.
Longitudinal investigations using an atlas-based OR template ROI in 38
acute ON patients over 12 months showed FA reduction at baseline and
subsequent additional FA decrease at an average rate of —2.6% per
year (Kolbe et al., 2016). Another study investigated twenty-eight acute
ON patients by use of the FSL based probabilistic tractography algo-
rithm and found no difference between patients' and controls' mean OR
FA at baseline but a constant decrease over time after 3, 6 and
12 months (Tur et al., 2016). No associations between RNFL and OR FA
were found in CIS/RRMS-ON patients. Given the relatively short time
after ON in our CIS/RRMS-ON cohort with a mean disease duration of
4.63 + 5.15months after ON, we presume that the early timepoint of
MRI acquisition after ON makes the determination of any trans-synaptic
effect on the optic radiations unlikely.

4.6. Tract profiling using probabilistic tractography methods

Tract-profiling group differences between HC and NMOSD were
seen in higher proportion of nodes in CON-PROB compared to CSD-
PROB, indicating CON-PROB tract-profiling to yield higher sensitivity
for the detection of microstructural OR damage in NMOSD compared to
CSD-PROB tract profiling. Using CON-PROB, tract-profiling enabled the
distinction between OR fibers affected by T2 lesions and non-lesional
OR fibers. Radial diffusivity, mean diffusivity and FA changes were
detected along the entire OR, while axial diffusivity changes were
confined to the posterior half of the OR. This discrepancy implied dis-
tinct pathophysiologic processes to be detectable by DTI tract profiling
(Klistorner et al., 2015).

In our study, tract profiling showed middle and posterior parts of
the OR to be more affected than anterior OR sections in NMOSD
compared to HC. These findings may suggest distinct regions of the OR
to exhibit more pronounced damage by trans-synaptic neurodegenera-
tion or distinct OR T2 lesional damage affecting only specific regions of
the OR due to Wallerian degeneration (Klistorner et al., 2015). How-
ever, in our analysis overall NMOSD OR FA was not associated with
optic radiation T2 lesion volume. Distinct regions of the OR are sup-
posed to be less affected by contamination from craniocaudally oriented
crossing fibers to the optic radiation. Neighbouring and crossing white
matter pathways may additionally lead to a reduced FA in OR fiber
regions (Kamali et al., 2014). Exclusive microstructural OR damage is
more likely to be observable by DTI in regions that are not affected by
crossing or kissing fibers, which are represented by distinct middle and
posterior parts of the OR. Both, the affection of the OR by crossing and
kissing fibers, as well as distinct damage patterns caused by the loca-
lization of OR-specific T2 lesions or trans-synaptic neurodegeneration
damage patterns may therefore be the cause of different levels in FA
decrease along OR regions.
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4.7. Technical aspects

TBSS can be implemented fully-automated requiring no manual
intervention. In TBSS, the average FA may be affected by surrounding
structures due to partial voluming (Smith et al., 2006). Probabilistic
tractography is more time-consuming due to manual and calculation
processes inherent to the specific algorithm (Wang et al., 2018). Trac-
tography algorithms are known to be - at least to a certain extent -
susceptible to image artifacts with possible insufficient tract generation
(Auriat et al., 2015). However, the CSD-PROB approach used in our
study represents a feasible and fully-automated probabilistic tracto-
graphy method, requiring no manual intervention compared to pre-
viously used CON-PROB (Wang et al., 2018).

4.8. Limitations

Given the multitude of methods that exist for tractography and the
comparison of DWI measures, our study naturally fails to comprehen-
sively include all alternative methods for comparison. Our study is
limited by the small sample size of the respective subpopulations mi-
tigating validity of our cross-method comparison.

5. Conclusion

To our knowledge, this is the first study to compare multiple
probabilistic tractography and TBSS-based approaches to quantify mi-
crostructural OR damage in patients with neuroinflammatory visual
pathway damage. We proved TBSS-based and probabilistic tracto-
graphy based DWI processing techniques to be feasible in detecting
microstructural damage within the OR. Absolute FA values differed
between the methods, preventing comparisons of OR FA analyses of
previous and future studies with different post-processing approaches.
Correlation and agreement of all methods' FA values were best in pa-
tients with suggested mild to moderate OR FA damage (CIS/RRMS
patients), indicating methods to be exchangeable — at least to a certain
extent — in the analysis of CIS/RRMS patients but not if healthy controls
or patients with suspected severe damage (NMOSD-ON) are in-
vestigated. Due to systematic bias and proportional errors of FA be-
tween methods, the comparison of subject groups by use of different
methods leads to different (either false-positive or false-negative) re-
sults. Although the pattern of differences between the patient cohorts
was similar in our study, CSD-PROB showed significant FA differences
between HC and CIS/RRMS-NON patients. Although these CSD-PROB
derived differences between the groups could result from the above-
mentioned systematic bias, we suggest CSD-PROB to be more sensitive
to early neuroinflammatory damage, partially associated with lesions.
All methods were successful in differentiating NMOSD-ON patients
from HCs. Given that CSD-PROB showed highest AUC and effect size
followed by JHU-TBSS, JUEL-TBSS and CON-PROB, CSD-PROB ap-
proach might be the method of choice to further investigate differential
diagnostic aspects between HC and NMOSD. Tract-profiling differences
between HC and NMOSD were more pronounced in CON-PROB, which
might be the method of choice for tract profiling assessments. In our
study, TBSS-based approaches showed better correlations with OR
specific lesions, which could favor them as the method of choice for
future studies to investigate the relationship between T2 lesions and
DTL. Given the lack of a “gold-standard” for non-invasive DW-MRI OR
delineation (Kuchling et al., 2017; Lim et al., 2015; Thomas et al.,
2014), future studies are required to fully validate the capacity and
limitations of different post-processing methods with regards not only
to differential diagnosis and T2 lesional impact on DTI, but also con-
cerning longitudinal FA assessment and OR DTI relationships with vi-
sual function.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nicl.2018.05.004.
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Microstructural visual system changes in

AQP4-antibody—seropositive NMOSD

ABSTRACT

Objective: To trace microstructural changes in patients with aquaporin-4 antibody (AQP4-ab)-
seropositive neuromyelitis optica spectrum disorders (NMOSDs) by investigating the afferent
visual system in patients without clinically overt visual symptoms or visual pathway lesions.

Methods: Of 51 screened patients with NMOSD from a longitudinal observational cohort study,
we compared 6 AQP4-ab-seropositive NMOSD patients with longitudinally extensive trans-
verse myelitis (LETM) but no history of optic neuritis (ON) or other bout (NMOSD-LETM) to 19
AQP4-ab-seropositive NMOSD patients with previous ON (NMOSD-ON) and 26 healthy controls
(HCs). Foveal thickness (FT), peripapillary retinal nerve fiber layer (pbRNFL) thickness, and ganglion
cell and inner plexiform layer (GCIPL) thickness were measured with optical coherence tomog-
raphy (OCT). Microstructural changes in the optic radiation (OR) were investigated using diffusion
tensor imaging (DTI). Visual function was determined by high-contrast visual acuity (VA). OCT
results were confirmed in a second independent cohort.

Results: FT was reduced in both patients with NMOSD-LETM (p = 3.52e14) and NMOSD-ON (p =
1.24e-1%) in comparison with HC. Probabilistic tractography showed fractional anisotropy reduc-
tion in the OR in patients with NMOSD-LETM (p = 0.046) and NMOSD-ON (p = 1.50e-%) com-
pared with HC. Only patients with NMOSD-ON but not NMOSD-LETM showed neuroaxonal
damage in the form of pRNFL and GCIPL thinning. VA was normal in patients with NMOSD-
LETM and was not associated with OCT or DTI parameters.

Conclusions: Patients with AQP4-ab-seropositive NMOSD without a history of ON have micro-
structural changes in the afferent visual system. The localization of retinal changes around the
Muller-cell rich fovea supports a retinal astrocytopathy. Neurol Neuroimmunol Neuroinflamm
2017;4:e334; doi: 10.1212/NX1.0000000000000334

GLOSSARY

AD = axial diffusivity; ART = automatic real time; DTI = diffusion tensor imaging; FT = foveal thickness; GCIPL = ganglion
cell and inner plexiform layer; GEE = general estimate equation; HC = healthy control; LETM = longitudinally extensive
transverse myelitis; LGN = lateral geniculate nucleus; LPA = lesion prediction algorithm; LST = Lesion Segmentation
Toolbox; MD = mean diffusivity; NMOSD = neuromyelitis optica spectrum disorder; OCT = optical coherence tomography;
ON = optic neuritis; OR = optic radiation; pRNFL = peripapillary retinal nerve fiber layer; RD = radial diffusivity; ROl = region
of interest; VA = visual acuity.

Neuromyelitis optica spectrum disorders (NMOSDs) are relapsing inflammatory conditions of
the CNS presenting with optic neuritis (ON) and longitudinally extensive transverse myelitis
(LETM) as key clinical features and less frequently brainstem and cerebral involvement.'
NMOSD is associated with serum antibodies to the astrocytic water channel aquaporin-4
(AQP4), which can be detected in 60%-80% of patients.>® The remainder may not only
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[ Table 1 Demographic data of HCs and patients with NMOSD (mean + SD) ]
HC NMOSD-LETM NMOSD-ON
Subject, n 26 6 19
Sex, female/male 22/4 6/0 17/2
Age, y 43.6 + 15.7 431 + 9.83 437 + 125
Disease duration, y 3.0+ 37 9.5 + 89
EDSS, median (min-max) 3.5(1.5-6.5) 4 (0-6)

Abbreviations: EDSS = Expanded Disability Status Scale; HC = healthy control; LETM =
longitudinally extensive transverse myelitis; NMOSD = neuromyelitis optica spectrum dis-
order; NMOSD-LETM = NMOSD patients with a history of LETM but no history of ON;
NMOSD-ON = NMOSD patients with a history of ON; ON = optic neuritis.

comprise patients with false-negative AQP4-
antibody tests but also true AQP4 seronega-
tives that may harbor other autoantibodies
(e.g., myelin oligodendrocyte glycoprotein)
and may thus suffer from distinct disease
entities.*’

In contrast to MS, patients with NMOSD
virtually never present clinically with progres-
sive disease.® However, advanced imaging and
histopathologic studies have shown conflicting
results as to whether covert tissue damage can
occur independent of attack-associated lesions
in patients with NMOSD.”” One possible
explanation for these discrepancies may be
the heterogeneity of previously investigated
cohorts  comprising both AQP4-antibody
(AQP4-ab) positive and negative patients.
Also on clinical examination, it may be diffi-

cult to identify subtle findings beyond the

overtly affected functional system (i.e., optic
nerve or spinal cord).

Against this background, we investigated
microstructural and lesion-independent CNS
tissue changes in a homogeneous cohort of
exclusively AQP4-ab—seropositive NMOSD
patients. To exclude any focal attack-related
damage, we limited our study to patients
who were only presenting with LETM but
were otherwise asymptomatic. We used 2
imaging techniques: optical coherence tomog-
raphy (OCT) to measure retinal thickness and
diffusion tensor imaging (DTI)-based proba-
bilistic tractography to analyze the optic radi-
ation (OR).

METHODS Patients. We screened 51
NMOSD participating in an ongoing prospective observational

patients  with

cohort study at the NeuroCure Clinical Research Center at the
Charité—Universititsmedizin Berlin. Six patients with a history
of LETM but no other attack (i.e., history of ON) (NMOSD-
LETM), 19 NMOSD-ON, and 26 age- and sex-matched healthy
controls (HCs) were enrolled (table 1). In a previous study
including nineteen (76%) of the 25 patients with NMOSD,
normal subcortical gray matter volumes and microstructural
changes were found." Inclusion criteria were a minimum age
of 18 years and a definite diagnosis of AQP4-ab—seropositive
NMOSD according to the 2015 International Consensus Diag-
nostic Criteria.'" AQP4-ab were determined by a cell-based assay
Liibeck,
ophthalmologic (e.g., glaucoma, myopia >5 dpt) or systemic

(Euroimmun, Germany).  Patients  exhibiting
diseases (e.g., systemic lupus erythematosus), which can
potentially influence OCT or DTI results, were excluded from
the study (figure 1). Visual function was tested monocularly with
habitual correction and under photopic conditions. For high-

contrast visual acuity (VA), Early Treatment in Diabetes

[ Figure 1 Flowchart of cohort selection

NMOSD patients with complete MRI and OCT imaging
(N=51)

Excluded (n=10):
* AQP4-1gG negative (3)
* MOG-IgG positive patients (7)

Excluded (n=16):
« Patients with systemic or ophthalmologic
comorbidities (16)

¥

AQP4-IgG positive patients
(n=41)

¥

AQP4-1gG positive patients
without comorbidities
(n=25)

o

AQP4-1gG positive patients (n=25):
« History of optic neuritis (19)
» No history of optic neuritis (6)

AQP4 = aquaporin-4; MOG = myelin oligodendrocyte glycoprotein; NMOSD = neuromyelitis optica spectrum disorder; OCT =

optical coherence tomography.
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Retinopathy Study charts were used at a 20-ft distance with an
Optec 6500 P system (Stereo Optical, Chicago, IL)."?

We additionally included a confirmatory OCT cohort consist-
ing of 3 patients with AQP4-ab—seropositive NMOSD-LETM
(women/men: 3/0; age: 41.3 * 10.7 years; disease duration:
2.8 * 2.1 years), 3 patients with AQP4-ab—seropositive
NMOSD-ON (women/men: 3/0; age: 44.0 = 1.0 years; discase
duration: 2.9 * 0.8 years), and 8 HCs (women/men: 8/0; age:
423 * 1.7 years) following the same inclusion and exclusion
criteria from a longitudinal prospective observational cohort study
at the Department of Neurology, Klinikum rechts der Isar at the
Technical University of Munich, Germany.

Ethics statement. The local ethics committee of the Charité—
Universititsmedizin Berlin approved this study (EA1/131/09).
OCT data from the confirmatory cohort were collected under
an ethics vote from the ethics committee at the Technical
University of Munich (166/16S). The study was conducted
in accordance with the Declaration of Helsinki in its currently
applicable version and the applicable German laws. All patients

provided written informed consent.

Optical coherence tomography. All retinal examinations were
performed using a Heidelberg Engineering Spectralis spectral
domain OCT (Heidelberg Engineering, Heidelberg, Germany)
with automatic real-time (ART) function for image averaging.
The peripapillary retinal nerve fiber layer (pRNFL) was
measured with activated eye tracker using 3.4-mm ring scans
around the optic nerve head (12°, 1,536 A-scans 16 = ART =
100). The combined ganglion cell and inner plexiform layer
(GCIPL) volume was measured using a 6-mm  diameter
cylinder around the fovea from a macular volume scan (25° X
30°, 61 vertical B-scans, 768 A-scans per B-scan, ART = 15)."
of pRNFL and GCIPL was
semiautomatically using software provided by the OCT

Segmentation performed
manufacturer (Eye Explorer 1.9.10.0 with viewing module
6.0.9.0; Heidelberg Engineering). All measurements were
checked for segmentation errors and corrected if necessary by

an experienced rater. Foveal thickness (FT) was measured as

the mean thickness of a 1-mm diameter cylinder around the
fovea from each collected macular scan. We report our
OCT data in line with the APOSTEL

recommendations.'*

quantitative

Magnet resonance imaging. All MRI data were acquired on
the same 3T scanner (MAGNETOM Trio Siemens, Erlangen,
Germany) using a single-shot echo planar, DTI sequence
(repetition time [TR]/echo time [TE] = 7,500/86 ms; field-of-
view [FOV] = 240 X 240 mm?; matrix 96 X 96, slice thickness
2.3 mm, 64 noncollinear directions, b-value = 1,000 s/mm?), as
well as a volumetric high-resolution fluid-attenuated inversion
recovery sequence (3D FLAIR) (TR/TE/TT = 6,000/388/
2,100 ms; FOV = 256 X 256 mm?, slice thickness 1.0 mm).
3D FLAIR images of patients with NMOSD-LETM were
checked and verified for OR lesions by a board-certified
radiologist. Whole-brain segmentation and quantification of
lesions of FLAIR images were performed using lesion
prediction algorithm in the Lesion Segmentation Toolbox

(LST) for MATLAB 2013a (MathWorks, Inc., Natick, MA)."

Probabilistic tractography. Diffusion tensors on the DTI im-
ages were fitted by a linear-least square approach. MRtrix package
0.2 (J-D Tournier; Brain Research Institute, Melbourne,
Australia) was used to perform probabilistic tractography from
seed to target mask.'® Fiber orientation distribution was
estimated with constrained spherical deconvolution and
mapped with a maximum harmonic order of 6. The OR
reconstruction pipeline was modified from the Martinez-Heras
et al."” and Lim et al."® pipeline. The Juelich probabilistic atlas
was used to generate binary masks of lateral geniculate nucleus
(LGN) as the seed region of interest (ROI) and primary visual
cortex (V1) as the target ROIL For binary exclusion masks,
a midline sagittal exclusion plane, a termination coronal plane
20 mm posterior to the temporal pole, and a gray matter
segmentation mask were created in the 3D coordinate system
of the Montreal Neurological Institute (MNI-152). These were
subsequently registered to individual DTI space, serving as

a binary exclusion ROI for tractography. Ten thousand

[ Table 2 OCT and DTI results from HC and NMOSD subgroups (mean + SD)

NMOSD-LETM vs HC

NMOSD-ON vs LETM NMOSD-ON vs HC

HCs NMOSD-LETM NMOSD-ON B SE p Value B SE p Value B SE p Value
FT, pm 280 + 21 260 + 18 262 + 18 -20.38 8.233 15e2 0.952 7.890 9.0e* -20.32 5540 24e 4
pRNFL, pm 971 +74 105.0 + 6.9 717 + 22.8 -8.28 2968 53e® -33.03 5066 7.0e* —-25.6 4.045 24e1°
GCIPL, mm? 187 +015 193 =*0.11 1.54 + 0.30 0.061 0.049 21e* -0.389 0.071 39e® -0.333 0.062 8.3e®
FA 0.57 = 0.04 0.54 = 0.03 0.53 +0.04 -0.029 0.015 46e? -0014 0015 32e? -0.046 0.011 1.5e°
MD 0.83 + 0.07 0.90 = 0.06 0.87 + 0.05 0.050 0.032 12e* -0.020 0.026 4.5e* 0.003 0.016 3.7e2
AD 143 + 0.08 1.49 = 0.09 1.43 + 0.06 0.044 0.040 27e* -0.048 0.036 1.8e* —-0.003 0.020 8.7et
RD 0.53 £ 0.08 0.61 = 0.06 0.59 + 0.06 0.054 0.031 83e2 -0.006 0.026 82e* 0.053 0.018 2.7e?
Confirmatory cohort
FT, pm 286 = 10 257 = 4 246 + 4 -27.89 372 6.6e 4 -11.36 262 1.4e° -40.62 4.60 <2.0e16
pRNFL, pm 98.2 + 4.6 1140+ 7.2 66.70 = 14.9 15.68 277 15e® -46.51 515 <2.0e® -32.04 4098 1.3e °
GCIPL, mm?3 204 = 0.09 2.07 = 0.07 1.37 = 0.14 004 005 b51le* -070 005 <20e® -069 003 <20e

Abbreviations: AD = axial diffusivity; B = estimate; FA = fractional anisotropy; FT = foveal thickness; GCIPL = ganglion cell and inner plexiform layer
volume; HC = healthy control; LETM = longitudinally extensive transverse myelitis; MD = mean diffusivity; NMOSD = neuromyelitis optica spectrum
disorder; NMOSD-LETM = NMOSD patients with a history of LETM but no history of ON; NMOSD-ON = NMOSD patients with a history of ON; OCT =
optical coherence tomography; ON = optic neuritis; pPRNFL = peripapillary retinal nerve fiber layer thickness; RD = radial diffusivity.
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unidirectional streamlines from the LGN to V1 were generated
(fractional anisotropy (FA) threshold: 0.1; curvature threshold:
25%; step size: 0.2 mm) for each OR. Streamlines were
thresholded for 25% of the maximum value. Resulting fibers
were transferred to the Vistalab environment (vistalab.stanford.
edu/, Vistalab, Stanford University, Stanford, CA) to compute
tract profiles of weighted mean DTI values of FA, mean
diffusivity (MD), radial diffusivity (RD), and axial diffusivity at
50 equally spaced positions. We used the middle 30 of the 50
positions for statistical analysis for the exclusion of potential
confounders from the LGN to V1 and to have a pure OR

volume only.

Statistical analysis. Group differences were tested with a x* test
for sex and a Wilcoxon-Mann-Whitney U test for age. Group
differences in OCT, DTI, and VA were evaluated by general
estimate equation (GEE) models accounting for within-subject
intereye dependencies and correcting for age and sex.
Relationships between structural and functional parameters

were analyzed using GEE models and correcting for age and

sex. Combined p values of exploratory and confirmatory cohort
results were calculated by Fisher combined probability test. All
tests were performed with R version 3.1.2 with packages psych,
geepack, and ggplot2. Graphical representations were created
with R and Graphpad Prism 6.0 (Graphpad Software, San
Diego, CA). For all calculations, statistical significance was
established at p < 0.05.

RESULTS OCT analysis. The fovea is a region rich in
AQP4—positive Miiller cells, and foveal thinning has
previously been reported in eyes from patients with
NMOSD without ON." We found that FT in eyes
from patients with NMOSD-LETM was lower than
that in HC, as was FT in patients with NMOSD-ON
patients. Remarkably, FT in eyes from patients
with NMOSD-LETM never experiencing visual
symptoms was comparable to FT' in eyes from

patients with NMOSD-ON (table 2 and figure 2).

[ Figure 2 OCT results
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Initial cohort Confirmatory cohort B Initial cohort Confirmatory cohort
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Initial cohort Confirmatory cohort
251 p<0.001 p<0.001
Mns. <0.001" Mns. <0.001"
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Boxplots of mean OCT values with values of individual eyes (jitter) in HC (left, white), NMOSD-LETM (middle, light blue), NMOSD-ON (right, dark blue), and for
each confirmatory cohort (without color) for (A) FT values (um); (B) pRNFL thickness (um); (C) GCIPL volume (mm?); (D) FT in a representative macular scan of
right eye from an HC; (E) FT changes in a representative macular scan of right eye from a patient with NMOSD-LETM. FT = foveal thickness; GCIPL =
combined ganglion cell and inner plexiform layer volume; HC = healthy control; LETM = longitudinally extensive transverse myelitis; NMOSD-LETM =
NMOSD patients with a history of LETM but no history of ON; NMOSD-ON = NMOSD patients with a history of ON; OCT = optical coherence tomography;
ON = optic neuritis; pRNFL = peripapillary retinal nerve fiber layer thickness.
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The FT reduction reflected a change in foveal
shape, from an open V-shape in eyes from HCs to
a wide U-shape in eyes from patients with NMOSD
(figure 2, D-E).

In eyes from patients with NMOSD-LETM,
pRNFL and GCIPL as markers of retinal neuroaxonal
degeneration were not reduced but pRNFL instead
increased in comparison with HC (table 1 and figure
2). By contrast and as expected, eyes with previous
ON in the NMOSD-ON group presented with
severe pRNFL and GCIPL loss, indicating ON-
dependent neuroaxonal damage.?*! All OCT results
were confirmed in a second independent cohort (fig-
ure 2). Statistical combination of p values from the
initial and confirmatory cohorts produced immense
FT and pRNFL differences between NMOSD-
LETM and HC (FT p = 3.52¢ ", pRNFL p =
1.93e7?, and GCIP n.s.) as well as NMOSD-ON
and HC (FT p = 1.24e7'¢, pRNFL p = 1.43¢7 %,

and GCIP p = 8.87¢7?%), supporting a high

likelihood of true-positive results, despite the low
sample size in either cohort.

MRI analysis. Microstructural white matter changes in
the OR were analyzed using DTI-based probabilistic
with  NMOSD-LETM

presented with FA reduction in comparison with

tractography.  Patients
HC (p = 0.046), which suggests structural changes
in the OR of patients with NMOSD-LETM (table 2
and figures 3 and 4). Patents with NMOSD-ON
expectedly  showed  pathologic  changes in
comparison with HCs (FA: p = 1.5¢7% MD: p =
0.037; and RD: p = 0.003).

To ascertain that patients with NMOSD-LETM
wete indeed asymptomatic with respect to their visual
system, we analyzed lesion distribution and volume
on brain MRI. Whole-brain lesion volume did not
differ between NMOSD-ON (0.95 * 1.23 mL)
and NMOSD-LETM (0.95 £ 130 mL; p >
0.999). Two patients with NMOSD-LETM had

[ Figure 3 DTl results 1
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(A) Tract presentation of OR from LGN to V1 for averaged weight-mean DTl values of 50 segments in HC (white), NMOSD-
LETM (light blue), and NMOSD-ON (dark blue) for FA (mean + SEM). (B) Boxplot of mean FA values for middle 3/5 of the ORin
HC (left, white), NMOSD-LETM (middle, light blue), and NMOSD-ON (right, dark blue). (C) Example of resulting fibers from
tractography analysis. DTI = diffusion tensor imaging; FA = fractional anisotropy; HC = healthy control; LETM = longitu-
dinally extensive transverse myelitis; LGN = lateral geniculate nucleus; NMOSD = neuromyelitis optica spectrum disorder;
NMOSD-LETM = NMOSD patients with a history of LETM but no history of ON; NMOSD-ON = NMOSD patients with
a history of ON; ON = optic neuritis; OR = optic radiation; V1 = primary visual cortex.
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unspecific small dot-like lesions in the OR unilater-
ally. All confirmatory patients with NMOSD-LETM
presented without any lesions in the OR. In patients
with NMOSD-LETM, OR FA did not correlate with
FT (- = 0.066, » = 0.800), pRNFL (» = —0.204,
» = 0.500), or GCIPL (» = 0.261, p = 0.400),
suggesting a structurally independent alteration with-
out dependency on the observed foveal changes or

covert retinal neuroaxonal damage. In padents

with NMOSD-ON, reduced OR FA correlated with

reduced GCIP (» = 0.361, p = 0.030), but not with
FT (r = 0.210, p = 0.200).

Functional measurements. VA ([logMAR]: —0.02 *
0.10) was normal in all patients with NMOSD-
LETM. As expected, patients with NMOSD-ON
had worse mean VA of all eyes ([logMAR]: 0.22 *
0.37; p = 0.002). In patients with NMOSD-LETM
and NMOSD-ON, VA did not correlate with
FT (NMOSD-LETM: r = —0.312, p = 0.300;

[ Figure 4 DTl results 2
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(A.a-C.a) Boxplots of mean DTl values for middle 3/5 of the OR and (A.b-C.b) Tract presentation of OR from the LGN to V1
for averaged weight-mean DTl values of 50 segments in HC (white), NMOSD-LETM (light blue), and NMOSD-ON (dark blue)
for (A) MD, (B) AD, and (C) RD (mean + SEM for all). AD = axial diffusivity; DTl = diffusion tensor imaging; FA = fractional
anisotropy; HC = healthy control; LETM = longitudinally extensive transverse myelitis; LGN = lateral geniculate nucleus; MD =
mean diffusivity; NMOSD = neuromyelitis optica spectrum disorder; NMOSD-LETM = NMOSD patients with a history of
LETM but no history of ON; NMOSD-ON = NMOSD patients with a history of ON; ON = optic neuritis; OR = optic radiation;

RD = radial diffusivity; V1 = primary visual cortex.
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NMOSD-ON: r = 0.082, p = 0.700) and OR FA
(NMOSD-LETM: VA: r = —0.445, p = 0.100;
NMOSD-ON: » = 0.073, p = 0.700).

DISCUSSION Patients with AQP4-ab—positive
NMOSD without a history of ON and with nor-
mal visual function and otherwise normal neuro-
axonal retinal measurements (pRNFL, GCIPL)
have foveal thinning and reduced OR fractional
anisotropy, suggesting microstructural changes in
the afferent visual pathway in the absence of
clinical attacks of ON.

In NMOSD, 55% of all first clinical events are
ONs,** which in conjunction with subsequent attacks
cause damage to the optic nerve with resultant visual
impairment.?>??>-%> However, subclinical tissue al-
terations in NMOSD affecting the afferent visual sys-
tem have been controversially discussed.’*' For
example, while one study reported axonal damage
in eyes that never experienced ON," another study
did not find any signs of neuroaxonal damage in eyes
without ON in patients with NMOSD.?!

Our study now clearly demonstrates structural ret-
inal and OR changes outside attack-related lesions.?
The parafoveal area is characterized by a high density
of retinal astrocytic Miiller cells, which express AQP4
and may thus serve as retinal targets in NMOSD. ">
Miiller cells regulate the retinal water balance and
have a relevant role in neurotransmitter and photo-
pigment recycling, as well as in energy and lipid
metabolism.?” Miiller cell dysfunction or degenera-
tion could thus lead to impaired retinal function
including changes in water homeostasis. Of interest,
both the initial cohort and the confirmatory cohort
showed a mild increase of pRNFL thickness, which
could indicate tissue swelling. These findings are sup-
ported by animal studies showing retraction of astro-
cytic end feet in some and astrocyte death in other
cases, suggesting a primary astrocytopathy in
NMOSD also outside acute lesions.**** The changes
we identified in the OR in this study furthermore
indicate that a presumptive astrocytopathy may not
be confined to the retina.'®**?* This is in line with
astrocytic end feet changes reported in biopsies from
LETM spinal cord lesions and spinal cord atrophy in
AQP4-ab—positive patients without previous myeli-
tis.”** Whether these changes lead to subtle clinical
manifestations should be further investigated using
more sensitive functional measures such as visual
evoked potentials or low-contrast VA. If confirmed,
this would be in line with a preferential affection of
the visual system, even without apparent clinical
symptoms in NMOSD.

Reduction of FT in patients with NMOSD with-
out overt clinical evidence of optic nerve involvement
(normal VA, normal pRNFL, and GCIPL values) was

comparable with that of patients with previous ON.
To assure that we were only detecting AQP4-ab—
associated  pathologies, we rigorously excluded
potential confounders. Most importantly, we only
included a homogeneous group of AQP4-ab-
seropositive patients who are expected to display
a well-defined astrocytopathy phenotype.®* Patients
were only eligible if they presented with LETM and
no history of ON, visual symptoms, or other typical
NMOSD-associated bouts. Since our patients with
NMOSD-LETM did not show pRNFL and GCIPL
thinning, a previous subclinical ON is highly
unlikely. However, a potential pRNFL swelling
might have masked a mild subclinical neurodegener-
ation, but the effects would likely be small and would
not be able to explain the observed changes, which are
comparable to eyes after severe ON.?! In light of
a recent animal study,” it is conceivable that
AQP4-specific T cells also contribute to foveal astro-
cytopathy. However, disease-independent factors in
NMOSD, such as prematurity and environmental
conditions,” may also play a role in foveal thinning.

Previous studies investigating retinal changes in
patients with NMOSD regularly included measure-
ments from unaffected fellow eyes from patients with
unilateral ON. This is problematic since ON in
NMOSD often involves the optic chiasm, and
carry-over effects by chiasmic involvement of symp-
tomatically unilateral ON have been reported in up
to 64% of patients with AQP4-ab—positive
NMOSD.* This sets our study apart from a pre-
vious study reporting FT reduction in eyes without
previous ON in a cohort of patients with NMOSD,
which could have been alternatively explained by
both non-AQP4 pathologies and chiasmic carry-over
effects.”” Furthermore, none of the patients with
NMOSD-LETM had NMOSD-related attacks other
than LETM, minimizing the potential of attack- or
lesion-related tissue alteration as the cause of the
observed changes. Attack-related tissue alteration
could have been the case in a recent study reporting
spinal cord atrophy in AQP4-ab—positive NMOSD
patients with ON.? Of interest, despite all patients in
the NMOSD-LETM group reporting and showing
no symptoms of visual dysfunction, a few patients
showed small lesions near the OR. Measurements
from these patients were not outliers but well posi-
tioned within the data distribution of the whole
cohort (not shown).

One important limitation of our study, which we
share with the majority of other studies published in
NMOSD, is the small sample size. We were able to
confirm our results, however, in a second indepen-
dent cohort. Furthermore, our study cannot answer
whether the reported changes are attack related or
attack (e.g., due to

independent circulating
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antibodies). That at least some occult changes might
be caused during acute attacks was suggested by
a study reporting a correlation of brain volumes and
perfusion change with the number of ON attacks in
patients with NMOSD.3¢

We found microstructural changes in the afferent
visual system in visually asymptomatic patients with
AQP4-ab—posiive  NMOSD-LETM, which were
most apparent in the fovea, a region rich in AQP-
expressing Miiller cells. Localization and extent of
these changes are suggestive of an astrocytopathy with-
out apparent neuroaxonal damage. Identifying occult
brain changes in patients with NMOSD is important
for a number of reasons. These occult changes could be
relevant for symptoms that are not directly related to
attacks, e.g., cognitive dysfunction, fatigue, and depres-
sion*”~? and could predispose to full attacks causing
severe astrocytic damage, demyelination, and neuro-
axonal damage. As such, occult CNS including retinal
changes in NMOSD may be an important diagnostic
and target. Retinal imaging of NMOSD-specific
changes could aid in early differential diagnosis of
NMOSD and help to identify patients in need of an
NMOSD-specific therapy. Although highly specific,
antibody testing takes too much time during an initial
attack of a de novo NMOSD patient, making acute
attack-related therapeutic diversification currently dif-
ficult. Future research should thus focus on the sensi-
tivity and specificity of the retinal findings in NMOSD
also in contrast to relevant differential diagnoses such
as myelin oligodendrocyte glycoprotein antibody
(MOG-ab)-associated encephalomyelopathy or MS.%
Finally, retinal assessment could aid as therapy
response marker during novel drug development.
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Abstract

Background: Antibodies against myelin oligodendrocyte glycoprotein (MOG-IgG) have been reported in patients
with aquaporin-4 antibody (AQP4-IgG)-negative neuromyelitis optica spectrum disorders (NMOSD). The objective of
this study was to describe optic neuritis (ON)-induced neuro-axonal damage in the retina of MOG-IgG-positive
patients in comparison with AQP4-IgG-positive NMOSD patients.

Methods: Afferent visual system damage following ON was bilaterally assessed in 16 MOG-IgG-positive patients
with a history of ON and compared with that in 16 AQP4-IgG-positive NMOSD patients. In addition, 16 healthy
controls matched for age, sex, and disease duration were analyzed. Study data included ON history, retinal optical
coherence tomography, visual acuity, and visual evoked potentials.

Results: Eight MOG-IgG-positive patients had a previous diagnosis of AQP4-lgG-negative NMOSD with ON and
myelitis, and eight of (mainly recurrent) ON. Twenty-nine of the 32 eyes of the MOG-IgG-positive patients had
been affected by at least one episode of ON. Peripapillary retinal nerve fiber layer thickness (pRNFL) and ganglion
cell and inner plexiform layer volume (GCIP) were significantly reduced in ON eyes of MOG-IgG-positive patients
(PRNFL =59 + 23 um; GCIP =150+ 034 mm?) compared with healthy controls (PRNFL=99+6 pm, p <0.001; GCIP
=197+011 mm?, p<0001). Visual acuity was impaired in eyes after ON in MOG-IgG-positive patients (0.35 + 0.88
logMAR). There were no significant differences in any structural or functional visual parameters between MOG-IgG-
positive and AQP4-gG-positive patients (PRNFL: 59+ 21 pm; GCIP: 141+ 027 mm?; Visual acuity =0.72 + 1.09
logMAR). Importantly, MOG-lgG-positive patients had a significantly higher annual ON relapse rate than AQP4-IgG-
positive patients (median 069 vs. 0.29 attacks/year, p=0004), meaning that on average a single ON episode
caused less damage in MOG-IgG-positive than in AQP4-lgG-positive patients. pRNFL and GCIP loss correlated with
the number of ON episodes in MOG-IgG-positive patients (p < 0.001), but not in AQP4-lgG-positive patients.
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Conclusions: Retinal neuro-axonal damage and visual impairment after ON in MOG-lgG-positive patients are as
severe as in AQP4-IlgG-positive NMOSD patients. In MOG-IgG-positive patients, damage accrual may be driven by
higher relapse rates, whereas AQP4-lgG-positive patients showed fewer but more severe episodes of ON. Given the
marked damage in some of our MOG-lgG-positive patients, early diagnosis and timely initiation and close
monitoring of immunosuppressive therapy are important.

Keywords: Myelin oligodendrocyte glycoprotein antibodies (MOG-IgG), aquaporin-4 antibodies (AQP4-IgG), NMO-
IgG, neuromyelitis optica, Devic syndrome, neuromyelitis optica spectrum disorders (NMOSD), optic neuritis, optical
coherence tomography, visual evoked potentials, visual acuity, retinal neuro-axonal damage

Background

Myelin oligodendrocyte glycoprotein (MOG) is expressed
on the outer surface of oligodendrocytic myelin sheaths,
representing approximately 0.05 % of all myelin-
constituting proteins [1]. Antibodies against MOG
(MOG-IgG) have been detected in a proportion of
aquaporin-4 (AQP4)-IgG-seronegative patients with
neuromyelitis optica spectrum disorder (NMOSD) pheno-
type [2—6]. MOG-IgG have further been reported in chil-
dren with acute and relapsing-remitting inflammatory
demyelinating encephalomyelitis as well as in a proportion
of adults with inflammatory demyelinating diseases such
as optic neuritis (ON) [7-9].

Currently it is debated whether MOG-IgG-associated
encephalomyelitis should be classified as an NMOSD
subtype or as a separate disease entity [10-12]. MOG-
IgG-seropositive patients from NMOSD cohorts can
show clinical features of recurrent transverse myelitis
and ON, similar to AQP4-IgG-seropositive patients [4].
However, the cellular target of AQP4-IgG is an astro-
cytic water channel, suggesting a different mechanism of
injury from MOG-IgG. This is supported by a recent
case study of a MOG-IgG-seropositive patient who
showed severe demyelination with no evidence of astro-
cytopathy [13] and by further brain biopsy case studies
[14-16].

ON in NMOSD patients is often severe with marked
retinal nerve fiber layer and ganglion cell layer loss, se-
vere visual impairment including blindness, and a high
frequency of bilateral events [17, 18]. In around 20 % of
affected eyes, macular microcysts are found in the inner
nuclear layer as a sign of severe ON-related retinal in-
jury [19, 20]. In comparison, the extent of afferent visual
system damage following ON in MOG-IgG-seropositive
patients is less well understood.

Some previous studies, employing either structural or
clinical assessment of visual function, suggested that
MOG-IgG-positive patients have fewer attacks, better
recovery from relapses, and less neuro-axonal retinal
damage than AQP4-IgG-positive patients [4, 21, 22].
However, it is a potential drawback that observation pe-
riods were relatively short and sample sizes low in those

studies. Moreover, some included mostly or exclusively
Asian patients [4, 22]; this could be relevant in that gen-
etic factors have been proposed to play a role in
NMOSD pathogenesis [17]. By contrast, more recent
studies by others [23, 24] and us [25] demonstrate that
the disease follows a relapsing course in the long run in
most MOG-IgG-positive patients.

The objective of this retrospective multicenter study
was to investigate visual system damage after ON in a
larger cohort of Caucasian patients with MOG-IgG-
associated encephalomyelitis and long-term follow-up
using a comprehensive assessment of the afferent visual
system including structural, functional, and clinical pa-
rameters, and to compare it with that in AQP4-IgG-
positive NMOSD patients.

Methods

Patients

MOG-IgG-seropositive patients with a history of ON
and available optical coherence tomography (OCT) data
were recruited from a large retrospective study [25, 26].
Sixteen patients (15 female; mean age 44.0 + 15.2 years)
were enrolled from six university hospitals in Europe
(Germany: Berlin, Freiburg, Diisseldorf, Heidelberg,
Wiirzburg; Denmark: Vejle). The inclusion criteria were
age >18 years, a confirmed history of ON (more than
3 months prior to visual assessments), and seropositivity
for MOG-IgG. A MOG-antibody serum titer of >1: 160
was classified as positive [26]. Clinical and paraclinical
data on disease onset, relapse history, expanded disabil-
ity status scale (EDSS) [27], visual acuity, OCT, magnetic
resonance imaging (MRI), and immunotherapy were
retrospectively collected.. Annualized relapse rate was
calculated as the ratio of number of attacks and years
since disease onset, excluding patients with disease dur-
ation of less than 1 year. All patients were of Caucasian
descent; all MOG-IgG-positive patients tested seronega-
tive for AQP4-IgG, and vice versa (Table 1). Eight (50 %)
MOG-IgG-positive patients had a previous diagnosis
of—mainly recurrent—ON, and eight (50 %) had been
diagnosed with NMOSD based on the clinical symptoms
of ON and myelitis before anti-MOG-IgG was tested.
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Table 1 Demographic data
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MOG-lgG AQP4-gG MOG-gG vs. AQP4-IgG (MWU/Chi?)
p

Patients N 16 16
Age (years) Mean + SD 440+ 152 432+139 0.838
Sex (f/m) 15/1 16/0 >0.999
Ophthalmologic comorbidities N 2% (13 %) 0 (0 %)
Age at onset (years) Mean + SD 37.2+15.1 347+ 148 0.669
Time since onset (years) Mean = SD 69+65 84+68 0.287
ON eyes N (%) 29 (91.6 %) 25 (78.1 %)
Number of ON episodes Median (range) 45 (1-13) 2 (1-4) 0.012
Myelitis prevalence N (%) 8 (50 %) 15 (93.8 %) 0.018
ARR Median (range) 1.25 (0.38-7.14) 0.64 (0.17-1.44) 0.026
ON ARR Median (range) 0.69 (0.17-7.14) 0.29 (0.07-0.96) 0.004
EDSS Median (range) 3.0 (1.0-7.5) 40 (1.0-6.5) 0.064

Abbreviations: AQP4-IgG aquaporin-4 antibody-seropositive NMOSD patients, ARR annualized relapse rate, EDSS expanded disability status scale, f female, m male,

MOG-IgG myelin oligodendrocyte glycoprotein antibody-seropositive patients, MWU Wilcoxon-Mann-Whitney U test, ON optic neuritis, SD standard deviation
?Early stage dry macular degeneration in both eyes and suspect for early stage glaucoma, respectively

p-values in bold emphasis depict significant values (p < 0.05)

AQP4-IgG-positive NMOSD patients [28] (n=16, all
female, mean age 43.2 +13.9 years) and healthy con-
trols (HC, n = 16, 15 female, mean age 43.9 + 15.4 years)
were randomly selected from the research database of
the NeuroCure Clinical Research Center (Charité —
Universititsmedizin Berlin, Berlin, Germany), matched
for sex and age on cohort basis. Two MOG-IgG-
positive patients had co-occurring ophthalmologic
conditions in both eyes: one had early-stage dry macu-
lar degeneration, and glaucoma was suspected in the
other patient. These two patients and their matched
AQP4-IgG-positive patients and HC were included in
the case descriptions but excluded from statistical analyses
of OCT and visual function parameters. Furthermore, only
eyes with a previous ON were included in statistical ana-
lyses. The local ethics committees approved the study
protocol in accordance with the Declaration of Helsinki
(1964) in its currently applicable version. All participants
provided informed written consent.

MOG-IgG and AQP4-IgG assay

MOG-IgG antibodies were detected using a live cell-
based assay and a fixed cell-based assay, both employing
HEK293 cells transfected with human full-length MOG;
mock-transfected cells were used as control substrates (see
part 1 for details [26]). AQP4-IgG were detected using a
commercially available cell-based assay (EUROIMMUN,
Lubeck, Germany) [29, 30].

Optical coherence tomography

OCT was performed using the Spectralis SD-OCT de-
vice (Heidelberg Engineering, Heidelberg, Germany) with
the automatic real time function for image averaging.

Peripapillary retinal nerve fiber layer thickness (pRNFL)
was derived from a standard ring scan around the optic
nerve head (12°, 768 or 1536 A-scans, 16<ART<100). A
macular volume scan (25° x 30°, 61 vertical or horizontal
B-scans, 768 A-scans per B-scan, 9<ART<15) was ac-
quired for retinal layer analysis. All scans underwent qual-
ity control [31] and post-processing by one experienced
rater in a standardized manner. Layer segmentation was
performed with the device’s software (Eye Explorer
1.9.10.0 with viewing module 6.0.9.0). Automatic segmen-
tation results were carefully checked for errors and cor-
rected if necessary by an experienced rater masked for the
diagnosis of the subjects. Combined ganglion cell and
inner plexiform layer volume (GCIP), inner nuclear layer
volume, and outer retinal layers volume including the
outer plexiform and nuclear layer, inner and outer photo-
receptor segments, and retinal pigment epithelium, were
extracted from a 6-mm-diameter cylinder around the
fovea [32]. Furthermore, all scans were examined for
macular microcysts [19] and other retinal pathologies.
The OCT parameters are visualized in Fig. 1.

Visual function testing

Visual function testing was performed in MOG-IgG-
positive and AQP4-IgG-positive patients at the same
visit as OCT, except for one patient (see Additional file
1: Table S1). Visual evoked potentials (VEP) were re-
corded with checkerboard stimulation (1°) with the
device routinely used at the sites. P100 peak latency was
included in analysis and considered as abnormal when
higher than 112 ms [33] or when no clear signal could
be evoked. Habitually corrected visual acuity was tested
with letter charts obtained as part of routine clinical care
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Macular microcysts

Fig. 1 Sample images from patient 1. a Sample images from a peripapillary ring scan. On the left, a scanning laser ophthalmoscopy image shows scan
positioning (in green). On the right, an OCT scan shows severe peripapillary retinal nerve fiber layer (pRNFL) loss (between the inner limiting membrane
[ILM], shown in red, and the lower border, in turquoise). b Ring-scan data in comparison with normative device data from both eyes of this patient.
Black numbers display the thickness measurements (in um) of the subject, green numbers the average thickness in the age-matched reference group.
Sectors are classified in comparison with the reference group: green, thickness values within the 5th and 95th percentile range; yellow, 1st to 5th
percentile range; red, below the 1st percentile. Abbreviations: G global, NS nasal-superior, N nasal, NI nasal-inferior, T/ temporal-inferior, T temporal, TS
temporal-superior. ¢ Macular scan of the same patient. On the left, the dark, sickle-shaped area on and around the macula represents tissue with
microcysts in the inner nuclear layer (INL). The white circle indicates the 6-mm-diameter cylinder in which intraretinal layers are analyzed. The green line
with arrow shows the scanning position of the OCT scan on the right. Here, the defined layers are the RNFL, the ganglion cell and inner plexiform layer
(GCIP), then INL and the outer retinal layers (ORL). Macular microcysts can be seen as small black dots in the INL

and converted into logMAR units. A visual acuity of 0.2
logMAR and worse was considered abnormal. When no
letter could be recognized by the patient, visual acuity
was registered with 2.0 logMAR for finger counting and
3.0 logMAR for hand motion recognition [34].

Data analysis

Statistics were performed in R version 3.1.2 [35] using
the packages psych, MASS, geepack and ggplot. Differ-
ences in demographics between the cohorts were tested
with Pearson chi-square test and non-parametric tests
(Mann-Whitney U for two cohorts and Kruskal-Wallis
for three cohorts). Comparisons of visual system data
between cohorts were performed using generalized

estimating equation (GEE) models accounting for intra-
subject inter-eye dependencies. GEE results are provided
with regression coefficient (B) and standard error (SE).
To investigate the extent of damage caused by subse-
quent ON episodes we employed a linear spline regres-
sion model as proposed by Ratchford et al. [36]. Due to
the exploratory nature of this study, no correction for
multiple comparisons was performed.

Results

The demographic and clinical features of MOG-IgG-
positive patients are presented in Table 1 and case-by-
case clinical details are provided in Additional file 1:
Table S1. One patient had pediatric onset of the disease,
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at 6 years of age; her case has been reported in an earlier
publication [11]. All other patients had adult onset. All
MOG-IgG-positive patients had experienced at least one
episode of ON (median 4.5, range 1-13) and, except for
one with a short follow-up period (8 months, patient 8),
presented with an unequivocally relapsing disease
course. Age at onset and disease duration at the time of
examination did not differ between MOG-IgG-positive
and AQP4-IgG-positive patients (Table 1). Detailed case
studies, including therapy, are provided in parts 2 and 3
of this series of articles [25, 37].

OCT and visual function in MOG-IgG-positive ON

Two eyes from two patients had to be excluded from the
analysis owing to acute ON at the time of assessment.
Thus, 23 eyes from 14 MOG-IgG-positive patients were
analyzed at a median time of 16.4 months (range 3-125
months) since the most recent episode of ON. Detailed
afferent visual system parameters of all patients are given
in Table 2, and case-by-case descriptions are provided in
Additional file 2: Table S2.

Reduced pRNFL thickness compared with the manu-
facturer’s normative data was found in 18 of the 23
(782 %) ON-affected eyes of the MOG-IgG-positive
group (mean 59 +23 pm). In addition, two fellow eyes
without clinically evident previous ON and with normal
VEPs showed reduced RNFL thickness (51 pm and
75 pm, respectively). Five ON eyes (21.7 %) but none of
the non-ON eyes had macular microcysts in the inner
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nuclear layer. Of 20 ON eyes with available VEP data, 12
(60 %) eyes had abnormal P100 latencies—two (10 %) of
them despite normal pRNFL—while all four non-ON
fellow eyes had normal VEPs. Visual acuity was on aver-
age reduced in ON eyes (mean 0.35+0.88 logMAR),
with three eyes being legally blind at a visual acuity of 1.0
logMAR and worse. On the other hand, 16 of 23 ON eyes
(70 %) preserved visual acuity of 0.1 logMAR or better.

There were no significant differences in OCT and visual
function measurements between MOG-IgG-positive pa-
tients with a history of both ON and myelitis (n = 8)
and MOG-IgG-positive patients with a history only of
recurrent ON (7 = 8) (not shown).

Comparison with HC and AQP4-IgG-positive NMOSD
patients

We then compared the afferent visual system damage in
ON eyes of MOG-IgG-positive patients with age- and
sex-matched HC and with ON eyes of AQP4-IgG-
positive NMOSD patients (Table 2, Fig. 2). As expected,
pRNFL and GCIP were significantly lower than in HC
both in the MOG-IgG-positive group (both p < 0.001)
and in the AQP4-IgG-positive group (both p <0.001).
Furthermore, inner nuclear layer volume was signifi-
cantly greater than HC in the MOG-IgG-positive sub-
group (p=0.009), but not in the AQP4-IgG-positive
NMOSD subgroup. By contrast, no significant difference
was noted between MOG-IgG-positive and AQP4-IgG-
positive patients regarding retinal layer measures. Macular

Table 2 Structural and functional data of MOG-IgG-positive patients’” ON eyes in comparison to AQP4-IgG-positive patients

and control data

MOG-IgG positive ON  AQP4-IgG positive ON  HC (n = 28 eyes from

(n=23 eyes from
14 subjects)

(n=21 eyes from
14 subjects)

MOG-IgG positive vs. MOG-IgG positive

Retinal OCT
Average pRNFL (um) 59+23 59+ 21
Nasal pRNFL (um) 44 + 21 45+ 24
Temporal pRNFL (um) 44+16 40+ 15
GCIP (mm?) 150 034 1414027
INL (mm?) 1.03£0.10 1.01£0.11
ORL (mm?) 486026 493+026
Eyes with macular 5(21.7 %) 4 (19.0 %)
microcysts (n)

Visual function
Visual acuity/logMAR 0.35+088 0.72£1.09
Abnormal P100 latency* 12 (57 %) 10 (50 %)

14 subjects) AQP4-IgG positive (GEE)  vs. HC (GEE)

B SE p B SE p
99+6 -06 758 094 390 601 <0.001
7412 02 785 098 286 601 <0.001
71£10 =30 451 0.50 276 426 <0.001
1.97+0.11 -0.10 010 035 047 008 <0.001
0.95+0.04 -002 004 055 —-0.07 003 0.009
4.73+0.21 0.04 009 070 -0.13 009 0.4

Chi? >0.99

- 033 032 030
- Chi? 088

OCT and visual function results are not including data from the two patients with early stage dry macular degeneration in both eyes and glaucoma, respectively, and
their respective AQP4-IgG-positive controls and healthy controls. Furthermore, two eyes of two MOG-lgG positive patients were excluded due to acute ON at time of
examination. Explanations: All data are given as mean =+ standard deviation (minimum — maximum), if not declared different

AQP4-1gG aquaporin-4 antibody-seropositive NMOSD patients, GCIP ganglion cell and inner plexiform layer, HC healthy controls, INL inner nuclear layer, ON eyes
with history of optic neuritis, MOG-IgG myelin oligodendrocyte glycoprotein antibody-seropositive patients, ORL outer retinal layers including layer from outer

plexiform layer to Bruch’s membrane, pRNFL peripapillary retinal nerve fiber layer

p-values in bold emphasis depict significant values (p < 0.05)

* VEP data were available for 20 out of 23 ON eyes of MOG-IgG positive patients and 20 out of 21 eyes of AQP4-IgG positive patients
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Fig. 2 Retinal layer measures of MOG-lgG-positive and AQP4-IgG-positive ON eyes. Boxplots for the comparison of retinal layer measures of the
eyes in the healthy control group and the ON eyes of MOG-IgG-positive (MOG-IgG+) and AQP4-lgG-positive (AQP4-IgG+) NMOSD patients. (a)
Peripapillary retinal nerve fiber layer thickness derived from a ring scan (pRNFL); (b-d) Intraretinal layer volumes quantified in a 6-mm-diameter
cylinder around the fovea centralis: (b) ganglion cell and inner plexifom layer volume (GCIP); (c) inner nuclear layer volume (INL); (d) outer retinal
layer volume comprising all layers from outer plexiform layer to Bruch's membrane
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microcysts were found in both subgroups in similar preva-
lence, but differences in microcyst size or extend might
have led to a high variability of inner nuclear layer volume
values (Table 2). Visual acuity was less impaired in the
MOG-IgG-positive subgroup (mean 0.35 + 0.88 logMAR)
than in the AQP4-IgG-positive subgroup (0.72 + 1.09);
however, the difference was not significant (p = 0.30).

Of note, the MOG-IgG-positive patients showed a
significantly higher annualized relapse rate both for all
relapses and—even higher—for ON than the AQP4-IgG-
positive patients (p =0.026 and p =0.004, respectively),
despite similar disease duration (Table 1).

Retinal damage and number of ON episodes

In MOG-IgG-positive patients, a higher number of ON epi-
sodes was associated with more severe pRNFL and GCIP
loss (GEE: pRNFL B = -4.9, SE = 1.40, p <0.001; GCIP B =
-0.07, SE=0.02, p<0.001), but not with changes of the
inner nuclear layer or outer retinal layers. By contrast, in
AQP4-IgG-positive patients the extent of retinal layer
changes did not correlate with the number of ON attacks.

In our cross-sectional data, the first ON episode
caused a mean pRNFL loss of 12.8 pm (p =0.001) in
MOG-IgG-positive patients and 32.8 ym (p <0.001) in
AQP4-IgG-positive patients in comparison with HC
eyes. In contrast, a second episode of ON caused add-
itional pRNFL loss of 37.8 um (p <0.001) in MOG-IgG-
positive patients and 20.8 um in AQP4-IgG-positive pa-
tients, although that difference was not significant (p =
0.07) (Fig. 3). A similar association was found for GCIP
volume (data not shown).

Discussion
This study shows that ON in MOG-IgG-positive patients
leads to severe pRNFL and GCIP thinning and visual
function impairment, the extent of which is comparable
to ON in patients with AQP4-IgG. Moreover, it suggests
that the damage accrual may be driven by higher relapse
rates in MOG-IgG-positive patients, in contrast to more
severe ON-associated damage during a single ON epi-
sode in AQP4-IgG-positive patients.

Some earlier studies of MOG-IgG-positive patients,
which were characterized by relatively short observation
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Fig. 3 Retinal nerve fiber layer loss as a function of optic neuritis in MOG-IgG-positive and AQP4-IgG-positive patients. Peripapillary retinal nerve
fiber layer (pRNFL) loss caused by sequential episodes of optic neuritis (ON), estimated from cross-sectional data, in comparison with eyes without
optic neuritis from the healthy control (HC) cohort. (@) ON eyes from MOG-lgG-seropositive patients (MOG-IgG+); (b) ON eyes from AQP4-IgG-
seropositive patients (AQP4-IgG+). P-values were computed with linear regressions
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periods, suggested that MOG-IgG-seropositive patients
present more often with monophasic disease and have a
milder clinical phenotype and better recovery than patients
with AQP4-IgG-seropositive NMOSD [4, 5, 38]. By con-
trast, all but one of our patients showed a relapsing disease
course with a high frequency of attacks, protracted ON ep-
isodes, and, in some cases, severe visual impairment. In
line with our findings, two more recent studies have also
demonstrated that MOG-IgG seropositivity is frequently
associated with a recurrent disease course in patients with
ON [23, 24]. Concerning neuro-axonal damage of the ret-
ina, a recent study including 19 MOG-IgG-positive pa-
tients reported less retinal nerve fiber and ganglion cell
layer damage than in AQP4-IgG-positive patients following
ON [22]. As a limitation, however, that study included ex-
clusively monophasic patients. By contrast, in our study we
demonstrated that retinal neuro-axonal damage after ON
in MOG-IgG-positive patients is at least as severe as in
AQP4-IgG-positive NMOSD patients, compared with our
own control cohort as well as with previously published
AQP4-IgG-positive cohorts [39, 40] when patients with
long-term follow-up (mean ~7 years) and, accordingly, re-
lapsing disease course are included in the analysis.

Notably, although average visual function was impaired
in relapsing ON of both MOG-IgG-positive and AQP4-
IgG-positive patients, some MOG-IgG-positive patients
performed comparably well on high-contrast visual acuity
testing despite severe neuro-axonal retinal damage: 70 %
of ON eyes retained a visual acuity of 0.1 logMAR or
better after ON. However, visual acuity was obtained in
non-standardized manner as high-contrast letter acuity in

clinical routine; thus the reliance on functional testing
may underestimate the actual extent of damage to the
afferent visual system. The impact of structural damage as
demonstrated in the present study should be further
investigated with low-contrast letter acuity, color vision
testing, visual fields, and quality of life scales.

Our study features strengths and limitations. Among
its strengths we count the relatively high number of
patients included, given the low prevalence of the dis-
ease, the fact that reliable assays for detecting antibodies
to full-length human MOG have become available only
relatively recently, and the fact that OCT is not yet rou-
tinely and generally available. A further potential strength
is that our cohort was genetically homogeneous with all
patients and controls being of Caucasian origin. As a po-
tential limitation, not all patients were systematically
tested for other optic neuropathies, such as Leber’s heredi-
tary optic neuropathy (LHON). While a mitochondrial
mutation may have contributed to the marked pRNFL
thinning in the female patient with pediatric onset of dis-
ease (patient 4 in Additional file 1: Table S1), the time
course (approximately 10 years before the contralateral
eye demonstrated a mild decrease in visual acuity) is un-
usual for LHON, a condition which typically affects both
eyes within months of each other without a relapsing and
remitting course. Finally, data were collected retrospect-
ively in a multicenter approach. As a result, additional
data, e.g., the Multiple Sclerosis Function Composite or
OCT scans obtained during acute optic neuritis, were not
available. Moreover, we were not able to systematically
correlate optic nerve MRI [23, 41] and OCT in this study,



Pache et al. Journal of Neuroinflammation (2016) 13:282

which would require highly standardized MRI protocols
and a prospective study design. However, prospective
studies as well as single-center studies in MOG-IgG-
positive patients are difficult to perform due to the condi-
tion’s rarity and the currently limited access to MOG-IgG
testing. Moreover, all patients with available data seen at
the various centers were included in the analysis, thereby
reducing the risk of referral bias. Nonetheless, the prelim-
inary evidence derived from this retrospective exploratory
study needs to be confirmed in further prospective and
independent studies.

Conclusions

In summary, we demonstrate (a) that a substantial propor-
tion of MOG-IgG-seropositive patients develop retinal
neuro-axonal damage; (b) that visual impairment and
structural damage increase with the number of attacks
and thus with disease duration; and, importantly, (c) that
the extent of neuro-axonal damage in MOG-IgG-positive
patients with ON is not different from that in patients
with AQP4-IgG-positive ON in the long-term course of
the disease, i.e., when patients with relapsing rather than
monophasic ON are taken into account. Given the
marked structural and functional damage in some of our
ON patients, early diagnosis, timely initiation of immuno-
suppressive therapy, and close monitoring of treatment
efficacy seem paramount. Although no systematic investi-
gations of drugs for relapse prevention in this condition
have yet been conducted, retrospective data on treatment
responses (see part 2 of this series [25]), as well as avail-
able evidence in favor of a pathogenic role of MOG-IgG
[16, 30], suggest that—in accordance with treatment rec-
ommendations for AQP4-IgG-positive NMOSD [42]—pa-
tients with MOG-IgG-positive ON may benefit from
high-dose intravenous methylprednisolone treatment and,
possibly, plasma exchange for acute attacks as well as
from immunosuppression for attack prevention.

Additional files

Additional file 1: Table S1. Demographic, clinical and serological data.
% Early stage dry macular degeneration in both eyes; ® Suspected early
stage glaucoma. © Visual assessments were performed during acute ON OS.
Abbreviations: ON: optic neuritis. VEP P100: visually evoked potential P100
latency. n.e:: not evocable; pRNFL: peripapillary retinal nerve fiber layer
thickness. GCIP: combined ganglion cell and inner plexiform layer volume.
INL: inner nuclear layer volume. ORL: outer retinal layers volume including
layers from outer plexiform layer to Bruch’s membrane. (DOCX 21 kb)

Additional file 2: Table S2. Visual evoked potentials, visual acuity, and
OCT results. @ Protracted relapses were registered as one episode; ® Early
stage dry macular degeneration in both eyes; © Suspected early stage
glaucoma; @ Medication other than acute relapse therapy
(immunotherapy). Abbreviations: AQP4-IgG = aquaporin-4 antibodies;
CRION = chronic relapsing inflammatory optic neuropathy; EDSS = ex-
panded disability status scale; F = female; MOG-IgG = myelin
oligodendrocyte glycoprotein antibodies; NMOSD = neuromyelitis optica
spectrum disorders; (ON = (recurrent) optic neuritis. (DOC 59 kb)
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Abbreviations

AQP4-IgG: Aquaporin-4 immunoglobulin G; ARR: Annualized relapse rate;
EDSS: Expanded disability status scale; GCIP: Ganglion cell and inner
plexiform layer volume; GEE: Generalized estimating equation; LHON: Leber’s
hereditary optic neuropathy; MOG-IgG: Myelin oligodendrocyte glycoprotein
antibody-seropositive patients; MWU: Wilcoxon-Mann-Whitney U test;

OCT: Optical coherence tomography; ON: Optic neuritis; pRNFL: Peripapillary
retinal nerve fiber layer thickness; SD: Standard deviation; SE: Standard error;
VEP: Visual evoked potentials
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Abstract

and 20 eyes with history of ON (Eye™™*)

Background: Serum antibodies against myelin-oligodendrocyte-glycoprotein (MOG-IgG) are detectable in a
proportion of patients with acute or relapsing neuroinflammation. It is unclear, if neuro-axonal damage occurs only in
an attack-dependent manner or also progressively. Therefore, this study aimed to investigate longitudinally intra-retinal
layer changes in eyes without new optic neuritis (ON) in MOG-lgG-seropositive patients.

Methods: We included 38 eyes of 24 patients without ON during follow-up (F/U) [median years (IQR)] 1.9 (1.0-2.2) and
56 eyes of 28 age- and sex-matched healthy controls (HC). The patient group’s eyes included 18 eyes without (Eye™™)

. Using spectral domain optical coherence tomography (OCT), we acquired
peripapillary retinal nerve fiber layer thickness (pRNFL) and volumes of combined ganglion cell and inner plexiform layer
(GCIP), inner nuclear layer (INL), and macular volume (MV). High-contrast visual acuity (VA) was assessed at baseline.

Results: At baseline in Eye®™™, pRNFL (94.3 + 15.9 pm, p = 0.36), INL (0.26 + 0.03 mm? p=0.11), and MV (2.34+0.11
mm?, p=0.29) were not reduced compared to HC; GCIP showed thinning (0.57 + 0.07 mm?; p = 0.008), and VA was
reduced (logMAR 0.05+ 0.15 vs. —0.09 £ 0.14, p = 0.008) in comparison to HC. Longitudinally, we observed pRNFL
thinning in models including all patient eyes (annual reduction —2.20 £4.29 um vs. — 035+ 1.17 um, p = 0.009) in
comparison to HC. Twelve Eye®™ with other than ipsilateral ON attacks < 6 months before baseline showed thicker
PRNFL at baseline and more severe pRNFL thinning in comparison to 6 Eye

Conclusions: We observed pRNFL thinning in patients with MOG-lIgG during F/U, which was not accompanied by
progressive GCIP reduction. This effect could be caused by a small number of Eye®™ with other than ipsilateral ON
attacks within 6 months before baseline. One possible interpretation could be a reduction of the swelling, which could
mean that MOG-IgG patients show immune-related swelling in the CNS also outside of an attack’s target area.

Keywords: Optical coherence tomography, Optic neuritis, Myelin-oligodendrocyte-glycoprotein

N without other clinical relapses.

Background
Antibodies against conformation-dependent epitopes of
myelin-oligodendrocyte-glycoprotein  (MOG-IgG) have
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been described in patients with central nervous system
(CNS) inflammation of putative autoimmune etiology [1-
4]. MOG is also the dominant antigen for demyelinating
antibodies in experimental autoimmune encephalomyelitis
(EAE), the predominant animal model of multiple scler-
osis (MS), and MOG-IgG can augment demyelination by
cell-mediated and humoral immune responses [1]. In
neuropathology studies, MOG-IgG are associated with
MS-like pathology directed against myelin and oligoden-
drocytes and biopsies present a MS pattern II [5, 6].
MOG-IgG affinity-purified from the blood of patients with

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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optic neuritis (ON) enhanced inflammation and induced
demyelination upon transfer into experimental animals in-
dicating the pathogenic potential of MOG-IgG detected in
the blood of these patients [7]. It is discussed whether
MOG-IgG define a separate disease entity tentatively
called MOG-IgG-associated diseases, MOG-IgG auto-
immunity or MOG-IgG seropositive encephalomyelitis ra-
ther than being part of several autoimmune disorders,
especially neuromyelitis optica spectrum disorders
(NMOSD) [1, 3, 8, 9]. However, the bouquet of clinical
phenotypes in MOG-IgG-associated diseases at clinical
onset is not easy to differentiate and overlaps with
aquaporin-4-IgG (AQP4-IgG)-seropositive NMOSD and
in rare cases with MS [2, 10-12], although distinct clinical
features such as seizures have been described [13-15].
ON is the most common manifestation and can lead to
substantial neuro-axonal damage after multiple relapses,
as shown in different cohorts [11, 16]. The pattern of ret-
inal degeneration after ON seems to be similar in all
MOG-IgG-seropositive cohorts as shown by optical co-
herence tomography (OCT) studies [11, 16]. OCT proved
to be a precise and reproducible method for non-invasive
visualization and quantification of retinal layers and plays
a crucial role in analyzing retinal changes in various neu-
roinflammatory disorders [17-20]. In a cross-sectional
study, MOG-IgG-related OCT features indicated subclin-
ical pathology in eyes without a history of ON (Eye“™)
[16]. However, no longitudinal OCT data is reported in
MOG-IgG-associated diseases so far and the pattern of
longitudinal retinal damage still remains elusive. Using
OCT, we assessed retinal layer thinning as a marker of
neuro-axonal damage in a cohort of MOG-IgG-
seropositive patients without ON during follow-up (F/U).
We aimed to investigate at baseline and longitudinally
microstructural changes in MOG-IgG-seropositive pa-
tients, extending previous work in AQP4-IgG-seropositive
NMOSD [21, 22].

Methods

Study populations

Twenty-four patients were seen and followed [F/U (years;
median (inter-quartile-range (IQR))) 1.9 (1.0-2.2)] at four
university tertiary care centers specialized in neu-
roimmunological diseases (Institute of Clinical Neuroim-
munology, Ludwig Maximilians University (LMU),
Munich, Germany, N =11; NeuroCure Clinical Research
Center, Charité — Universititsmedizin Berlin, Germany,
N = 10; Department of Neurology, University of Lille Hos-
pital, Lille, France, N = 1; Department of Neurology, Klini-
kum Rechts der Isar, Technische Universitit Miinchen
(TUM), Munich, Germany, N = 2). Written informed con-
sent was obtained from all patients participating in the
study. The local ethics committees approved the study
protocol in accordance with the Declaration of Helsinki
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(1964) in its currently applicable version. All patients were
matched by age (W =370, p=0.542) and sex (y* = 0,937,
p=0.333) to 56 eyes of 28 healthy controls (HC; F/U)
[years; median (IQR)] 1.9 (1.9-2.3) from the NeuroCure
Clinical Research Center, Charité — Universititsmedizin
Berlin, Germany. Inclusion criteria were the detection of
MOG-IgG, complete longitudinal clinical and OCT im-
aging data with minimum F/U of 8 months and age be-
tween 15 and 75years at baseline. Only eyes without
concomitant potentially confounding diseases (glaucoma,
diabetes mellitus, retinal surgery, retinal disease, ametro-
pia > 6 diopters) were included. Eyes with a history of ON
<5 months before baseline were excluded. Clinical data
(diagnosis, disease onset, number of ON, date last ON,
brain attacks, myelitis, EDSS, relapses, treatment history)
were collected for all patients. For detection of MOG-IgG,
serum samples from all patients were analyzed at least
once by established cell-based assays at the discretion of
each center using the laboratory’s cutoffs (MOG IFT,
EUROIMMUN, Laboratory Stocker, Germany; Molecular
Neuroimmunology Group, University Heidelberg, Heidel-
berg, Germany; Reindl Lab, Medical University of Inns-
bruck, Innsbruck, Austria; Meinl Lab, LMU, Munich,
Hemmer Lab, TUM, Munich) [3, 7, 23].

Optical coherence tomography

All centers used SPECTRALIS spectral-domain OCT
(Heidelberg Engineering, Heidelberg, Germany) with
automatic real-time (ART) function for image aver-
aging. We acquired peripapillary retinal nerve fiber
layer thickness (pRNFL) and volumes of combined
ganglion cell and inner plexiform layer (GCIP), inner
nuclear layer (INL) and macular volume (MV) by
OCT. GCIP, INL and MV were calculated as a 3 mm
diameter cylinder around the fovea from a macular
volume scan (25°x30°, 61 vertical B-scans, 12<
ART <18; 20°x20°, 25 vertical B-scans, 27 < ART <
49). The peripapillary RNFL (pRNFL) was measured
with activated eye tracker using ring scans around the
optic nerve (12°, 1536 A-scans, 57 < ART <100) or
the most inner ring of a star-and-ring scan around
the optic nerve (12°, 768 A-scans, 27 < ART < 33). For
two patients (8.3%), the ring scan protocol changed
during the acquisition period (ring scan to inner ring
of a star-and-ring scan). Segmentation of all layers
was performed semi-automatically using software pro-
vided by the OCT manufacturer (Eye Explorer
1.9.10.0 with viewing module 6.3.4.0, Heidelberg En-
gineering, Heidelberg, Germany). Experienced raters
(BK for TU Munich data, JH for all other data) care-
fully checked all scans for sufficient quality and seg-
mentation errors and corrected if necessary. OCT
data in this study is reported and analyzed according
to the APOSTEL and OSCAR-IB recommendations
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[24, 25]. Macular microcysts were defined as the pres-
ence of cystic lesions on at least one scan detected by
experienced raters (BK for TU Munich scans, JH for
all other scans). Additionally, we collected habitually
corrected monocular high-contrast visual acuity (VA)
using ETDRS (Early Treatment Diabetic Retinopathy
Study) charts at baseline in 20 ft distance for a subset
of patients (N = 15).

Statistical methods

Group differences between MOG-IgG patients and HC
were tested by chi-squared test for sex and Wilcoxon
rank-sum test for age. Main outcomes were change of
GCIP, pRNFL, INL and MV and VA over F/U. Cross-
sectional differences of OCT values and VA between all
groups were analyzed pairwise by generalized estimating
equation (GEE) models to account for inter-eye within-
patient correlations of monocular measurements. Longi-
tudinal analyses of OCT and VA were performed with
linear mixed effects models using time from baseline
and group as fixed effects and patient-ID and eye-ID as
random effects; results are reported for effect “Time
from Baseline * Group”, which reflects the group-
specific change over time. Annual loss was estimated for
each individual as change to baseline at last visit divided
by F/U time in years. All tests and graphical representa-
tions were performed with R version 3.3.1 [http://www.
R-project.org]. Statistical significance was established at
»<0.05, and all results were interpreted in the context
of an exploratory analysis and therefore not adjusted for
multiple comparison.

Results

Cohort description and follow-up

We included 38 eyes of 24 patients without ON during
F/U. 70% of the patients from Berlin [7/10] and 64% of
the patients from LMU Munich [7/11] have been in-
cluded in previous cross-sectional studies [7, 10, 16].
MOG-IgG-seropositive patients had the following diag-
nosis: recurrent ON (N=7), MOG-IgG-seropositive
NMOSD (N = 12) meeting the 2015 IPND (International
Panel for Neuromyelitis Optica Diagnosis) criteria for
seronegative NMOSD [26], MOG-IgG-seropositive MS
(N=3) and MOG-IgG-seropositive meningoencephalo-
myelitis (N = 2). All patients had > 1 F/U visit(s) [median
(range) 2 visits (2-7)]. The MOG-IgG-seropositive co-
hort included 18 eyes without (Eye®™") and 20 eyes with
a history of ON (EyeON+) (number of ONs [median
(range)] 0 (0 — 8); time since ON in years [median
(range)] 2.2 (0.4 — 14.9)). From the 18 Eye°™", we identi-
fied 12 eyes with other than ipsilateral ON attacks
within 6 months before baseline (five eyes of three pa-
tients with a myelitis, four eyes of two patients with
myelitis and brainstem attacks, one eye of one patient
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with myelitis and contralateral ON and 2 eyes of 2 pa-
tients with contralateral ON; age 40 + 9, male/female 5/
3, EDSS 2.5, median follow-up 14 + 5.9 months)) and six
eyes without other attacks (age 39.0 + 21.0, male/female
1/4, EDSS 3.5, median follow-up 26 *4.5 months).
Retrospectively, one patient (2 eyes) could not be in-
cluded in the study analysis because he had ONs on
both sides during F/U and another patient (2 eyes) could
not be included because he had insufficient follow-up
less than 8 months. Data of further 8 eyes had to be ex-
cluded (five eyes with ON during F/U, one eye with ON
less than 5 months before study inclusion, one eye with
missing data, one eye with OCT-confounding disease).
Clinical characteristics of all included patients are shown
in Table 1.

Group differences at baseline

First, we analyzed group differences at baseline between
MOG-IgG-seropositive patient eyes with a history of
ON (Eye®™*), patient eyes without previous ON
(Eye®™) and eyes from HC. At baseline, in Eye°™,
pRNFL, INL and MV were not significantly different,
but GCIP was significantly thinner in comparison to HC
(p =0.008) (Table 2, Fig. 1). VA was lower in Eye®™ in
comparison to HC (p = 0.013).

In Eye®N* at baseline pRNFL, GCIP and MV were sig-
nificantly lower in comparison to HC (pRNFL p <
0.0001, GCIP p <0.0001, MV p <0.0001). In contrast,
INL was significantly thicker in Eye®™* (INL 0.30 + 0.05
mm? vs. 0.27 + 0.03 mm? (p = 0.046)). VA was also lower
in Eye®™* (0.55+0.81) in comparison to HC [-0.09
(0.14), p = 0.01) and Eye®™" [0.05 (0.15), p = 0.058).

One Eye®™ showed a massive thinness of the pRNFL at
baseline despite a missing history of ON. We found macu-
lar microcysts within the INL in 6/20 (30%) Eye°™*.

OCT changes during F/U

Longitudinally, we observed pRNFL thinning, which was
not accompanied by progressive GCIP reduction, in eyes
without ON during F/U (annual loss: —2.20 +4.29 pym
vs. HC -0.35+1.17 um, p=0.009) (Fig. 2; individual
changes in Additional file 1). There were no longitudinal
group differences between Eye®™" and Eye“™" for GCIP,
pRNFL, INL and MV as well as between MOG-IgG-
seropositive NMOSD and other MOG-IgG-seropositive
patients (Table 3). In a previous study investigating
spinal cord changes in MOG-IgG patients, we suspected
edematous changes in patients close to a clinical attack
[27]. We therefore investigated patients with a non-
ipsilateral ON attack within 6 months of the baseline
visit in a subgroup analysis. At baseline, the pRNFL in
12 Eye®™" with a non-ipsilateral ON attack within the 6
months before baseline was thicker in comparison to 6
Eye®™ without a non-ipsilateral ON attack within the 6
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Table 1 Clinical characteristics of patients. Age (W= 370, p=0.542) and sex (¥’ = 0.937, p=0.333) did not differ between MOG-lgG-

seropositive patients and HCs

HC MOG-IgG-seropositive patients
Subjects [N] 28 24
Number of eyes [N] 56 38
F/U [median years (min, max)] 1.9 (0.8-33) 1.9 (06-2.8)
Age [mean (SD)]; [range at baseline] 4312 (9.76); [11-68] 4066 (13.53); [15-68]
Sex [male (%)] 6(214) 9 (375

Clinical phenotypes (MOG-lgG-associated diseases) -
EDSS at baseline [median (IQR)] -
Disease duration at baseline in years [median (IQR)] -
Eyes with a history of ON [Eye®™*, N (%)] -
Patients with a history of ON [N (%)] -
Number of ON in EyeON+ [median (range)] -
Eyes without a history of ON [Eye®™, N (%)] -
Time since ON [years; median (range)] -
Eyes with contralateral ON during F/U [N (%)] -

Treatment at baseline [N] -

ON (N=7), NMOSD (N =12), MS (N = 3), meningoencephalomyelitis (N = 2)
25 (20;3.0)

3.0(1.1; 88)

20 (52.6%)

15 (62.5%)

2 (1-8)

18 (47.4%)

22 (04-14.9)

5(13.2)

AZA [4], MTX [1], NAT [1], RIX [8], IVIG [1], PRED [2], NONE [7]

Abbreviations: HC healthy controls, N number, SD standard deviation, F/U follow-up, AZA azathioprine, MTX methotrexate, NAT natalizumab, RIX rituximab, IVIG
intravenous immunoglobulins, PRED prednisone, TOC tocilizumab, MMF mycophenolate mofetil, NONE no treatment

months before baseline (pRNFL 100.2 + 12.7 ym vs.
82.7+162um (p=0.019)) (Fig. 3A). Reduction of
pRNFL thickness was seen mainly in 3 eyes of the sub-
group analysis. Two of the 3 eyes had no clinical evi-
dence of unilateral ON attacks of the contralateral eye
within the 6 months prior to inclusion in the study. One
of the 3 eyes had a relapse complex with myelitis, brain
attack and contralateral ON within 6 months prior to
baseline. An ON-affection of these 12 Eye®™" with a
non-ipsilateral ON attack was further ruled out by a
stable high-contrast visual acuity (HCVA) without a
change during F/U (HCVA as decimal, median (range):
at baseline 1.0 (0.6—1.1); at last visit 1.0 (0.6—1.6)). A

longitudinal graphical display of Eye“™ showed the
pRNFL thinning to be predominantly present in Eye®™"
with an attack before baseline (Fig. 3B). However, due to
the small sample size, no statistical analysis could be
performed.

Discussion

In this study, we investigated longitudinally, MOG-
IgG-seropositive patients for potential progressive or
covert damage in the retina in the absence of new
clinical ON. We could not detect progressive GCIP
thinning during F/U in MOG-IgG-seropositive pa-
tients, which is in contrast to progressive GCIP

Table 2 Baseline OCT results of MOG-IgG-seropositive patients and HCs

Baseline results HC MOG-IgG- MOG-IgG- HC vs Eye™™ HC vs Eye™™* Eye™N vs EyeON*

seropositive seropositive

patients Eye®™  patients

EyeO/\H
N (eyes)=56 N (eyes)=18 N (eyes)=20 [B] [SE] [p] [B] [SE] [p] [B] [SE] [p]

GCIP [mean (SD)] 0.63 (0.04) 0.57 (0.07) 0.39 (0.12) —-0057 0022 0008 -0235 0033 <00001 -0178 0037 <0.0001
PpRNFL [mean (SD)] 9850 (9.17) 9433 (15.92) 5825 (2256) —4.167 4577 0360 —4025 5864 <00007 —3608 6311 <0.0001
INL [mean (SD)] 0.27 (0.03) 0.26 (0.03) 0.30 (0.05) —-0014 0009 0110 0026 0013 0046 0.041 0014 0.004
MV [mean (SD)] 237 (0.10) 2.34(0.11) 2.19 (0.13) —-0036 0034 029 -0183 0039 <00001 -0147 0042 00005
HCVA in logMAR —0.09 (0.14) 0.05 (0.15) 0.55 (0.81) 0.146 0059 0013 03% 0.134 00032 0.248 0131 0058

[mean (SD)]

Abbreviations: B estimate, GCIP combined ganglion cell and inner plexiform layer, HC healthy control, INL inner nuclear layer, Eye®"” MOG-lgG-seropositive patients
without a history of ON, Eye®™* MOG-lgG-seropositive patients with a history of ON, OCT optical coherence tomography, ON optic neuritis, p p value, pRNFL
peripapillary retinal nerve fiber layer, SD standard deviation, SE standard error, MV macular volume, vs versus, N number of eyes
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Fig. 1 Baseline data: bee swarm plots of cross-sectional OCT data for HC (gray, left), MOG-lgG-seropositive EyeON' (blue, middle) and MOG-IgG-
seropositive Eye OV (red, right) (median + IQR, single eyes as dots) for a pRNFL, b GCIP, ¢ INL, and d MV. Abbreviations: Eye N MOG-lgG-
seropositive eyes without a history of ON; Eye “N*: MOG-IgG-seropositive eyes with a history of ON; GCIP: combined ganglion cell and inner
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reduction in AQP4-IgG-seropositive NMOSD and MS
[22, 27]. Instead, we observed a longitudinal pRNFL
reduction, which in a consequent subgroup analysis
appeared to primarily occur in patients with non-
ipsilateral ON attacks within 6 months before base-
line. A hypothetical explanation of this finding could
be a remission of pRNFL edema.

Cross-sectional retinal imaging studies have shown
conflicting results as to whether MOG-IgG-
associated diseases have a more favorable outcome
compared to patients with ON in other disease con-
texts [28—34]. The presumed higher relapse rates in
MOG-IgG-seropositive patients could be associated
with a severe retinal neuroaxonal loss and an un-
favorable visual outcome [11]. Although OCT data
regarding MOG-IgG-associated retinal damage are
inconsistent [11, 16, 30, 35], neuroaxonal retinal
damage may occur as a consequence of clinical epi-
sode(s) of ON or of subclinical involvement [11, 16].
ON was associated with macular microcysts, a bio-
marker suggestive of severe optic neuropathy [16, 36,

37]. A previous study investigating a smaller cohort
of MOG-IgG-positive patients showed a significant
reduction of the pRNFL and the ganglion cell layer
in Eye®™" compared to HC cross-sectionally [16]. By
contrast, in our current study, we could only con-
firm a significant GCIP reduction in Eye®™" at base-
line but no significant reduction of the pRNFL as a
hint towards subclinical retinal pathology. However,
PRNFL edema as a marker of immune-related swell-
ing in the CNS after relapses and also outside of re-
lapses could have contributed to this finding. The
GCIP reduction at baseline could be discussed as
progressive neurodegenerative retinal involvement,
subclinical optic nerve pathology, chiasmal crossover
of ON in contralateral eyes, or as an expression of
subclinical ON in the previous patient’s history.
However, according to Ramanathan et al,, only 5% of
ONs in MOG-IgG-seropositive patients shows chias-
mal involvement [38].

Longitudinally, we observed pRNFL but not GCIP thin-
ning. We hypothesize that this can be explained not only
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by subclinical retinal or optic nerve involvement or drug-
induced retinal damage related to immunosuppressive
treatment, but also by a remission of non-ipsilateral ON at-
tacks that has occurred in Eye®™ within 6 months before
baseline since patients without clinical attacks <6 months
before baseline did not present significant pRNFL or GCIP
loss during F/U. This is clearly in contrast to our recently
published data about longitudinal GCIP thinning in
AQP4-IgG-seropositive NMOSD [22] or earlier studies
reporting GCIP loss in MS [27] and might be an import-
ant hint towards the differentiation of MOG-IgG-
associated diseases from AQP4-IgG-seropositive NMOSD.
AQP4-IgG-seropositive NMOSD is an astrocytopathy,

damage is supported by animal studies and recently also
clinical studies [22, 39]. In contrast, the retina does not
harbor myelin-producing oligodendrocytes and an
expression of MOG has not been shown, making a
primary retinopathy unlikely.

Further, data showing clear differences between AQP4-
IgG-seropositive NMOSD and MOG-IgG-associated dis-
eases were presented recently by Chien et al. [40]. Spinal
cord imaging data showed differences in spinal cord affec-
tion patterns and disability accumulation. A higher preva-
lence of myelitis with clinical attacks and chronic spinal
cord lesions was detected for AQP4-IgG-seropositive
NMOSD patients in comparison to MOG-IgG-associated

and a primary retinopathy caused by antibody-mediated diseases [40]. Interestingly, ~MOG-IgG-seropositive
Table 3 Longitudinal OCT results of MOG-IgG-seropositive patients and HCs
Longitudinal OCT ~ HC MOG-IgG- MOG-IgG- HC vs MOG-IgG-seropositive EyeN vs EyeON*
data seropositive seropositive patients (Eye N and EyeON+)
patients Eye®™  patients Eye®N*

Absolute change to baseline

N (eyes)=56 N (eyes)=18 N (eyes)=20 [B] [95%Cl] [SEl  [p] (8] [95%(Cl] [SEl  [p]
GCIP [mean (SD)] 0.00 (0.01) 0.00 (0.01) 0.00 (0.05) —-0.000 -0004;0005 0002 0884 -0006 -0.016;0.003 0005 0214
pRNFL [mean (SD)] —061 (200) —4.5 (5.89) —1.60 (4.48) -1645 -2819; 0599 0009 0.168 —1.380; 1.717 0.790 0.832

—0471
INL [mean (SD)] 0.00 (0.01) 0.01 (0.02) 0.00 (0.03) 0.002 -0.002; 0.005 0002 0312 -0003 -0011; 0.004 0381
0.004

MV [mean (SD)] 0.00 (0.02) —0.01 (0.04) —0.01 (0.05) —-0008 —0016;00013 0004 0.103 0002 —0013;0018 0008 0.769

Abbreviations: 95%Cl 95% confidence interval, B Estimate (beta-coefficient), GCIP combined ganglion cell and inner plexiform layer, HC healthy control, INL inner
nuclear layer, Eye® MOG-lgG-seropositive patients without a history of ON, Eye®™* MOG-lgG-seropositive patients with a history of ON, OCT optical coherence
tomography, p p value, pRNFL peripapillary retinal nerve fiber layer, SD standard deviation, SE standard error, MV macular volume, vs versus, N number of eyes
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Fig. 3 a Bee swarm plots of cross-sectional OCT data for HC (gray, left), Eye® with non-ipsilateral ON attacks < 6 months before baseline (blue,
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longitudinal OCT data. Plotted change (mean + standard error) for rounded time since baseline for pRNFL of EyeON' with other attacks (blue,
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eyes without a history of ON; ON: optic neuritis; OCT: optical coherence tomography; pRNFL: peripapillary retinal nerve fiber layer; N: number of

patients showed a swelling of the upper cervical cord area
during other non-myelitis attacks, also pointing towards a
systemic inflammatory affection in MOG-IgG-associated
diseases as potentially shown here in the pRNFL during
different attacks [40]. Our data is in line with the conclu-
sion that AQP4-IgG-seropositive NMOSD and MOG-
IgG-associated diseases are distinct immunological disor-
ders, but share common clinical patterns [22, 40—42].

Limitations of our study are the heterogeneity of
MOG-IgG-seropositive patients with different clinical
phenotypes in our cohort, the heterogeneity of immuno-
suppressive treatments of our patients, and due to the
rarity of MOG-IgG-seropositive patients in Europe, the
small sample size, which leads to outliers possibly having
a larger effect on the results, short and variable F/U, and
the evaluation of MOG-IgG by different labs using dif-
ferent assays. Additionally, our study lacks magnetic res-
onance imaging data on optic nerve lesion lengths and
lesion volumes of the afferent visual system as well as
whole-brain lesion volume to further evaluate subclinical
retinal atrophy in MOG-IgG-associated diseases.

Conclusions

We report in this small explorative study of MOG-IgG-
associated diseases no evidence of GCIP thinning during
F/U. Additionally, we found pRNFL reduction without
GCIP loss during F/U predominantly in Eye®™ with

other than ipsilateral ON attacks <6 months before
baseline. We will investigate in a planned longitudinal
study involving more centers, whether this reduction is
actually due to a remission of edema or reflects retinal
neurodegenerative processes or drug-induced retinal
damage related to aggressive immunosuppressive
treatment.

Additional file

Additional file 1: Figure S1. Spaghetti plots of longitudinal OCT data.
Plotted absolute values of all subjects for time since baseline in years for
(A) pRNFL and (B) GCIP, (C) MV for eyes of MOG-lgG-seropositive patients
(turquoise) and HC (red), as well as (D) plotted absolute values of all Eye-
s with (green) and without (red) an attack in the 6 months before
baseline. Abbreviations: GCIP: Combined ganglion cell and inner plexi-
form layer, HC: Healthy control, Eye “™: MOG-IgG-seropositive eyes with-
out a history of ON, ON: Optic neuritis, OCT: Optical coherence
tomography, pRNFL: Peripapillary retinal nerve fiber layer, MV: Macular
volume. (TIFF 47160 kb)

Abbreviations

AQP4-1gG: Aquaporin-4 antibodies; ART: Automatic real time; B: Estimate;
CNS: Central nervous system; EAE: Experimental autoimmune
encephalomyelitis; EDSS: Expanded disability status scale; Eye“™" Eyes
without a history of optic neuritis; Eye®*: Eyes with a history of optic
neuritis; F/U: Follow-up; GCIP: Combined ganglion cell and inner plexiform
layer; GEE: Generalized estimated eq,; HC: Healthy control; INL: Inner nuclear
layer; IQR: Inter-quartile range; LMU: Ludwig-Maximilians University Munich;
MOG-IgG: Myelin-oligodendrocyte glycoprotein antibodies; MS: Multiple
sclerosis; N: Number; NCRC: NeuroCure Clinical Research Center Berlin;
NMOSD: Neuromyelitis optica spectrum disorders; OCT: Optical coherence
tomography; ON: Optic neuritis; p: p value; pRNFL: Peripapillary retinal nerve
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fiber layer; SD: Standard deviation; SE: Standard error; MV: Macular volume;
TUM: Technical University Munich; VA: Visual acuity
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