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"Well, maybe it started that way, as a dream, but doesn’t
everything? Those buildings. These lights. This whole city.
Somebody had to dream about it first. And maybe that is what
I did. | dreamed about coming here, but then I did it.”

Roald Dahl. James and the Giant Peach
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Abstract

Optic Neuritis (ON) is a common initial manifestation in Aquaporin-4 -
Neuromyelitis Optica spectrum disease (AQP4-NMOSD) and Myelin oligodendrocyte
glycoprotein (MOGAD), which are rare inflammatory antibody-mediated disorders of
the central nervous system. Whether there is subclinical visual pathway damage and
whether this accumulates overtime is unclear, especially in MOGAD. To address these
questions, | have set up a cross-sectional study to interrogate two of the largest cohorts
of AQP4-NMOSD and MOGAD in the world along with a matched healthy control
population. Using optic coherence tomography (OCT), visual evoked potentials (VEP),
detailed foveal morphometry and clinical outcomes | assessed the differential patterns
of retinal damage in these two conditions. Longitudinal data was available in a subset
of cases.

In AQP4-NMOSD, beyond the ON eye, | demonstrated that the retina was affected in
fellow eyes and “never affected” eyes (from patients with no previous history of ON),
this was characterised by total macular volume loss and significant thickening in inner
nuclear layer (INL) respectively. To explore whether these observations could be
attributed to subclinical inflammatory demyelinating events of the optic nerve, or to a
foveal damage in AQP4-expressing Muller cells in the absence of clinically overt ON,
microstructural changes in the retina of AQP4-NMOSD patients were assessed in
detail with foveal morphometry analysis. | have shown that the parafoveal area is
altered in AQP4-NMOSD patients who never experienced clinical inflammatory
demyelinating events of the anterior visual pathway, while they are minor compared
with those with ON events, these changes are likely to be independent from
neuroaxonal damage related to subclinical inflammatory demyelinating events of the
optic nerve, as macular and peripapillary layers appeared not to be affected in the
subset of those without history of ON.

Recovery times after ON were studied in both AQ4-NMOSD and MOGAD; affected
and fellow AQP4-NMOSD eyes showed a prolonged recovery after the acute phase in
total macular volume (mean 0.08mm? and 0.35mm?3 per year respectively) while a
significant decrease in foveal thickness (mean - 0.06 um per year) was found in “never
affected” eyes. In MOGAD macular volumes and foveal thickness were preserved
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cross-sectionally and longitudinally in all eyes not affected by ON. Finally, |
investigated subclinical visual pathway changes and pathophysiological mechanisms
of retinal damage in AQP4-NMOSD and MOGAD patients with normal central visual
function and its relation to visual function outcomes. | demonstrate that subclinical
visual abnormalities (delayed VEP and inner retinal layers thinning) can occur without
symptoms and although the relevance of the subclinical abnormalities is unknown,
cumulative damage could well lead to clinical impairment, moreover, OCT has proved
to have greater sensitivity than VEPs in detecting subclinical damage in MOGAD
patients with normal visual function.

In conclusion, in this thesis | have shown different patterns of visual pathway
involvement in AQP4-NMOSD and MOGAD and highlighted the importance of the use
of OCT and foveal morphometry to determine subclinical retinal damage. This data
may not only improve differential diagnosis and management but also contribute to the
understanding of the underlying disease mechanisms and pathogenesis of these two
disorders.
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Resumen

La neuritis optica (ON) es una manifestacion inicial comun en el trastorno del espectro
de la neuromielitis optica (AQP4-NMOSD) y la enfermedad asociada a anticuerpos anti-MOG
(MOGAD), que son enfermedades inflamatorias raras del sistema nervioso central mediadas
por anticuerpos. A dia de hoy, no esta claro si estos pacientes presentan dafio subclinico de
la via visual y si este se acumula con el tiempo, especialmente en MOGAD. Para abordar estas
preguntas, esta tesis propone un estudio de linea base para interrogar a dos de las cohortes
mas grandes de AQP4-NMOSD y MOGAD disponibles, junto con una poblacion de control
sana emparejada, utilizando tomografia de coherencia optica (OCT), potenciales evocados
visuales (PEV), morfometria de la févea y pruebas clinicas para evaluar los patrones
diferenciales de dafio retiniano en estas dos enfermedades, con datos longitudinales para un
subconjunto de casos.

En AQP4-NMOSD esta tesis demuestra, ademas del dafio neuro axonal esperado en ojos con
historia de ON, una afectacion de los ojos contralaterales y de los ojos "nunca afectados" (de
pacientes sin antecedentes de ON). Dicho dafio se caracteriza por pérdida total del volumen
macular y engrosamiento significativo en la capa nuclear interna (INL) respectivamente. Para
explorar si estas observaciones podrian atribuirse a eventos desmielinizantes inflamatorios del
nervio Optico o al dafno a las células de Muller que expresan AQP4 en la févea en ausencia de
una ON clinicamente evidente, se evaluaron en detalle los cambios microestructurales en la
retina de pacientes con AQP4-NMOSD analizando la morfometria de la fovea. Esta tesis
demuestra que el area parafoveal esta alterada en pacientes AQP4-NMOSD que nunca
experimentaron eventos clinicos inflamatorios desmielinizantes de la via visual anterior; siendo
probable que estos cambios sean independientes del dafo neuro axonal relacionado con
eventos desmielinizantes inflamatorios del nervio optico, ya que las capas maculary peripapilar
parecen no estar afectadas en ojos sin historia de ON.

Los tiempos de recuperacion post- ON se estudiaron tanto en AQ4-NMOSD como en
MOGAD; Los ojos afectados (bilateral o unilateralmente) y sus contralaterales sanos en AQP4-
NMOSD mostraron una recuperacion prolongada después de la fase aguda en el volumen
macular total (media de 0,08 mm3 y 0,35 mm? por afio, respectivamente) mientras que se

encontré una disminucion significativa en el grosor foveal (media -0,06 um por afio) en ojos de
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pacientes sin previa historia de ON. En MOGAD, los volumenes maculares y el grosor foveal
se conservaron en linea base y longitudinalmente en todos los ojos no afectados por ON y no
mostraron diferencias con aquellos de sujetos sanos. Finalmente, esta tesis investiga los
cambios subclinicos de la via visual en pacientes con AQP4-NMOSD y MOGAD con funcion
visual central normal y su relacion con los resultados de agudeza visual, demostrando que las
anomalias visuales subclinicas (PEV retardado y perdida de grosor de las capas internas de la
retina) pueden ocurrir sin sintomas, y aunque se desconoce la relevancia de estas anomalias
subclinicas, el dafio acumulativo bien podria conducir al deterioro clinico. Ademas, esta tesis
demuestra una mayor sensibilidad del OCT sobre los PEV en la deteccién de dicho dafio
subclinico en pacientes MOGAD con funcion visual normal.

En conclusion, en esta tesis he mostrado diferentes patrones de afectacion de la via visual
en AQP4-NMOSD y MOGAD vy resaltado la importancia del uso de la OCT y la morfometria
de la fovea para determinar el dafo retiniano asintomatico. Estos datos pueden no solo
mejorar el diagndstico diferencial y el manejo de los pacientes, sino también contribuir a la
comprension de los mecanismos subyacentes de la enfermedad y la patogenia de estos dos

trastornos.
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1. INTRODUCTION
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1.1. The retina and the optic nerve: a window into CNS

antibody mediated disorders

Aquaporin-4 (AQP4) antibody-related Neuromyelitis Optica Spectrum Disorder (AQP4-
NMOSD) and Myelin oligodendrocyte glycoprotein (MOG) antibody disease (MOGAD)
are rare inflammatory antibody-mediated disorders of the central nervous system (CNS),
which can mimic Multiple Sclerosis (MS). Unlike in MS, disability, and thus prognosis, in
AQP4-NMOSD and MOGAD is thought to be exclusively a result of relapses and not from
progression of neurological dysfunction independent of relapses (1,2).

Optic neuritis (ON) is a common initial manifestation of these three disorders. Access to
reliable antibody tests (3,4) can help in determining the cause of ON; however the
diagnosis can be challenging in some cases where the interpretation of clinical features
is key to reach the diagnosis (5), and in consequence so the correct
treatment/management is. The retina and optic nerve provide the clinician a window to
the CNS through which paraclinical tests can reliably quantify changes in this structure
providing useful biomarkers, not only for diagnosis but also treatment response and
prognosis. It can also inform on disease mechanisms, as it can provide objective markers
on neurodegeneration.

In this thesis introduction, | will review key aspects of the visual pathway neuroanatomy
and advances in paraclinical tests used to assess its health and disease, focusing on the
retina and ON. | will critically analyse the current literature on how AQP4-NMOSD and
MOGAD can affect the visual system, highlighting some of the literature gaps, especially
in MOGAD. This will serve as the background for the study of the visual pathways in one
of the largest cohorts of AQP4-NMOSD and MOGAD in the world, presented in the
following sections of this thesis.

23



1.2. The visual system

Vision is perhaps one of the most important of the perceptual senses. It helps us picture

the surrounding environment and provides an essential context for the rest of the senses.
The vision process starts in our eyes, where our retina converts information from visible
light into a chemical signal.
The brain receives and processes the information arriving from the optic nerve and
transmits this signal along the visual pathway, traveling along the optic nerves, chiasm,
optic tracts, lateral geniculate nucleus (LGN) of the thalamus, superior colliculus, optic
radiations, striate cortex, and extrastriate associative cortices (figure 1-1). Visual
processing requires an enormous computational power in the brain, and takes over
approximately 55% of the cortex in primates (6). A good understanding of the structure-
function relationship in the visual system, combined with expert examinations, will allow
a precise description of the pathological process in AQP4-NMOSD and MOGAD, and will
be key for the clinical management of these diseases.
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Optic nerve

Optic chiasm
Optic Tract

LGN

Optic radiations

Visual cortex

Figure 1-1: Schematic view of the primary visual pathways

Abbreviations: LGN, Lateral geniculate nucleus. Colours represent how the
information from right and left visual fields is organised along the visual pathway
(Original ~ figure: Adobe Inc., 2019. Adobe lllustrator, Available at:

https://adobe.com/products/illustrator)




1.2.1. The retina

The retina is a membrane that lines the inner surface of the eyeball. This sensory
membrane is around 0.5 mm thick (7) , and it is composed by cells organized into layers
that work cross-sectionally and in parallel for message encoding. The retina is divided
between the central — also called “macula” — and the peripheral regions (figure 1-2). The
landmark defining these two territories is the fovea, which is the eye’s maximum acuity
point. This structure is considered the centre of the macula and extends across a circular
area, spreading 6mm around its central point (7). Compared to the peripheral retina, the
macula is particularly thick due to the high density of photoreceptors, particularly cones,
and bipolar and ganglion cells. In this thesis, | will focus on the macular and foveal regions

exclusively.

Figure 1-2 Schematic representation of the Eye
The square mark represents the macula, which is the central region of the retina.
(Original figure: Adobe Inc., 2019. Adobe lllustrator, Available at:

https://adobe.com/products/illustrator)
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1.21.1. The macula: a trip from the outer to the inner layers

The cellular layers in the retina contain neurons, glial cells, vasculature and
epithelial cells involved in the electrochemical process of vision. A scheme of the retinal
cell organisation is provided in figure 1-3. Retinal layers are divided into two
macrostructures: the inner and outer retina. The inner retina consists of all the layers
between the internal limiting membrane and the external limiting membrane, and the

outer retina contains the photoreceptor layers through to the choriocapillaris.

a) ILtM

b) mMRNFL

c) GCL

GCIP

d) IPL

e) INL

Light

v g) ONL
8

& ELM
(&)
v
S
o
r—
o
=

- i) RPE

j) BrM

k) ChC

Figure 1-3: Representation of retinal layers in the human eye

Abbreviations: Retinal layers: a) Inner limiting membrane (ILM); b) Retinal nerve
fibre layer (MRNFL); c) Ganglionar cell layer (GCL); d) Inner plexiform layer (IPL);
Combined ganglionar and inner plexiform layer (GCIP); e) Inner nuclear layer (INL);
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f) Outer plexiform layer (OPL); g) Outer nuclear layer (ONL); External limiting
membrane (ELM); h) Retinal pigment epithelium (RPE); j) Bruch’s membrane (BrM);
k) choriocapillaris (ChC).

Retinal cells: 1. Ganglionar cells; 2. Muller cells; 3. Bipolar cells; 4. Amacrine Cells;
5. Horizontal cells; 6. Cones (photoreceptor); 7. Rods (photoreceptors).

(Original figure: Adobe Inc., 2019. Adobe lllustrator, Available at:

https://adobe.com/products/illustrator)

The eyeball is covered by the sclera; the function of this layer is to protect the eye and
serve as an anchor point for the muscles controlling the eye movements.

Travelling from the outer to the inner structures, these layers are the following:

1. The choriocapillaris (ChC), a layer of vasculature sitting in the sclera (figure 1-3,
k), is responsible for nourishing the outer retinal layers and for discarding metabolic
waste from the retinal pigment epithelium (8).

2. The retinal pigment epithelium (RPE) (figure 1-3, i) helps the photoreceptors
(figure 1-3, cells numbered 6 and 7) to discard metabolic waste and contributes to
giving support for pigment production (9).

3. The Bruch’s membrane (BrM) (figure 1-3, j) is an elastic structure formed of five
microlayers that is an integral part of the choroid. This structure is involved in the
physiological process of transferring substances between the RPE cells, the
vasculature and the inner retinal layers. It plays an important role in the mechanics of
the eye, stretching in situations of intraocular pressure, accommodating changes in
choroidal blood volume and acting like a spring that pulls the lens during the
accommodation process (10,11).

4. The photoreceptor layer (figure 1-3, h) is formed by cones (figure 1-3, 6.) and rods
(figure 1-3, 7.) which comprise an inner and an outer segment. While rods are involved
in low-light vision, cones are responsible for colour vision during medium to bright-light
conditions; there are 3 different subtypes of cones that are sensitive to different
wavelengths (short (blue), middle (green), and long (red)). The inner segment of the
photoreceptors is highly packed with mitochondria and is in charge of the metabolism
and regulation of membrane potential. The outer segments contain disc membranes
and receive the photons from the environment (12). These photons are absorbed by a
protein called opsin, which changes its conformation from a resting state to a signalling
state. This electrochemical process initiates to transmit the signal to the inner retina
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starts (13—-16). In low-light conditions, rods are continuously depolarized (transmitting
signal). Instead, cones only start the depolarization process when their outer segment
is excited by the photons.

5. The outer nuclear layer (ONL) (figure 1-3, g)is where the cell bodies of the
photoreceptors live.

6. The outer plexiform layer (OPL) (figure 1-3, f), comprises the axon terminals of
photoreceptors synapsing with bipolar (figure 1-3, 3) and horizontal cells (figure 1-3,
5). There are different types of bipolar cells, depending on whether they connect with
rods (1 type) or cones (around 12 types). Their main function is to do parallel
transmission to start shaping stimulus properties, such as contrast, temporal profile
and chromatic composition. They work as an assembly factory creating packages of
information that then pass to the postsynaptic structures in a very good feature-
oriented description of the visual environment (17). At the OPL level, bipolar cells are
modulated by horizontal cells, which help them to integrate and regulate the input from
multiple photoreceptors, increasing contrast via lateral inhibition and adapting to bright
and low-light conditions, among other functions (18,19).

7. The inner nuclear layer (INL) (figure 1-3, e) is where the cellular bodies of bipolar
and horizontal cells are located. This layer also contains amacrine cells (figure 1-3, 4.),
involved in the regulation and integration of activity in bipolar and ganglion cells (19);
and a particular subtype of glial cells called Muller cells (figure 1-3, 2.), these will be
particularly important in the context of this thesis, as they play an important role in
AQP4-NMOSD. Mdller cells are in charge of regulating the extracellular space volume,
the ion and water homeostasis, and of maintaining the integrity of the inner blood-
retinal barrier. AQP4-water channels are accumulated in these cells and play a very
important role in water and potassium homeostasis in the retina. Previous animal
models have described neural hyperactivity and synaptic fatigue in AQP4 knock out
mice before neurodegeneration becomes evident (20). AQP4 deficiency has been
proven to disturb synaptic homeostasis and mitochondria metabolism, most likely
through the dysregulation of potassium metabolism (21). These mechanisms are
particularly relevant, as Muller glial dysfunction has been previously suggested to be
present in AQP4-NMOSD patients (22-25).

8. The inner plexiform layer (IPL) (figure 1-3, d) is formed by interlaced dendrites of
retinal ganglion cells and the inner nuclear layer cells. It contains the synapses
between the second-order and third-order neuron in the visual pathway (26).
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9. Ganglion cell layer (GCL), retinal nerve fibre layer (mMRNFL) and peripapillar
retinal nerve fibre layer (PRNFL): The layer targeted by the downstream sequelae
of inflammatory optic neuritis. From the IPL, the signal is propagated to the retinal
ganglion cells (figure 1-3, 1), located in the ganglion cell layer (GCL) (figure 1-3, c).
Ganglionar cells have their dendrites in the IPL, and their cell bodies in the GCL, with
their axons travelling along the vitreoretinal surface of the eye (figure 1-4) in a layer
called the retinal nerve fibre layer (PRNFL: when the fibres are in the disc, mRNFL:
same fibres at the macula) (figure 1-3, b). IPL and GCL are often combined and
coined GCIP to improve analytic precision in OCT analysis. The inner limiting
membrane (ILM) separates the retina and the vitreous body, formed by Type Ib
astrocytes and the endfeet of Muller cells (27) (figure 1-3, a).

Disc Macula

- e —
Fovea

Figure 1-4: Scheme of the retina on fundoscopy

Representation of the retina on fundoscopy, showing the fovea, the macula (6mm
circumference around the fovea), and the RNFL fibres travelling from the macula
(mRNFL) to the disc (pPRNFL) to form the optic nerve. (Original figure: Adobe Inc.,
2019. Adobe lllustrator, Available at: https://adobe.com/products/illustrator)

Each ganglionar cell sends a single output to a single axon. The mRNFL layer contains
unmyelinated axons (28) that travel to the optic nerve head (also known as the optic
disc) to form the optic nerve; from here, axons gain their myelin sheath and, for the

30



first time, this bunch of axons will be coined “optic nerve”. At the optic disc, which is
located at a mean distance of 4.76 mm from the fovea (29), the retinal nerve fibre layer
is thicker in the peripapillar area than in the macula. mRNFL, changes its name to
“peripapillary retinal nerve fibre layer” (pPRNFL) at the disc; here there are no rods or
cones and is known to be a native blind spot (30).

After optic neuritis, the myelin in the optic nerve gets damaged (either by a direct
(MOGAD) or indirect (AQP4-NMOSD) process, leading to atrophy of the optic nerve
fibres at the level of the ganglion cell axons. These structures will be relevant for this
research work; therefore, this thesis will be focusing on the macula (specifically, the

inner macula), fovea and optic disc.

1.2.1.2. The fovea

The foveal area is divided into 4 sub-areas: foveola, fovea, parafovea and
perifovea (figure 1-5).
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Figure 1-5: Macular OCT scan with a schematic representation of the fovea
The shaded areas represent the macula. With the areas shaded in darker blue
representing the foveal avascular zone (FAZ). A) Fovea, with its deepest point called
Foveola; B) Parafovea; C) Perifovea, D) macula. (Original figure: Adobe Inc., 2019.
Adobe lllustrator, Available at: https://adobe.com/products/illustrator)

The fovea is the point of maximum acuity in the eye and its deepest point is called
“foveola”. In the foveal depression, the inner retinal neurons are radially displaced
relative to the foveola, providing a V' shape path for photons to create the highest
acuity image without having to go through the inner retinal neurons. The fovea extends
approximately with a diameter of 1.5 mm around the foveola. It contains the highest
concentration of cones in the retina (31), with an estimation of around 199,000 to
300,000 cones per mm?(32,33) and a ratio between ganglionar cells and cones 1:1
(34). This area does not contain rods or capillaries (foveal avascular zone
(FAZ) figure 1-4). The two consecutive circular rings surrounding the fovea are the
parafoveal and perifoveal areas. The parafoveal area contains the highest
concentration of bipolar and ganglionar cells (35), while the perifoveal area is
characterized by a very thin layer of ganglionar cells.

1.2.1.3. Vascular structure of the macula

The retina gets blood supply from two main circulation pools: One arrives via
the central retinal artery, which branches off the ophthalmic artery (figure 1-6) and is
associated with the blood-retinal barrier (BRB). The other pool, supplied by the
ophthalmic artery, sits under the photoreceptors and it is called the choriocapillaris
(figure 1-3, k). This structure is responsible for the nutrition of the retinal pigment
epithelium and the outer retinal layers. As they need to leak plasma proteins, vessels
in the choriocapillaris are highly fenestrated (36) . The capillaries branching from the
central retinal artery are characterized by a low blood flow and high oxygen
consumption. In contrast, the choroidal circulation is characterized by a high blood flow
and a low arteriovenous oxygen content, being the supplier for 85% of the total ocular
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blood flow (37). Retinal arterioles, capillaries and venules complete the

microcirculation circuit in the retina (38).

Posterior ciliary arteries

Central retinal artery

Ophthalmic artery

Internal carotid artery

Figure 1-6: Blood supply to the eye
The ophthalmic artery supplies the anterior optic nerve, the choriocapillaris, retinal

pigmented epithelium, an area of the choriocapillaris temporal to the macula as well
as the iris and ciliary body through the posterior ciliary arteries. The central artery
supplies the inner retina in the macular region. (Original figure: Adobe Inc., 2019.
Adobe lllustrator, Available at: https://adobe.com/products/illustrator)
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1.2.2. The optic nerve

The optic nerve is the second cranial nerve and it is considered part of the
central nervous system as it has the same embryologic origin as the CNS (39). In the
human anatomy, the optic nerve is formed by the ganglionar cells that exit the eye
through the lamina cribosa, which are little fenestrations within the sclera. Unlike the
other axons inside of the eye, the optic nerve is formed by a bunch of myelinated fibres.
These start at the lamina cribosa and enter the skull through the optic foramen to travel
through the optic canal until they meet with the contralateral optic nerve in the optic
chiasm (40) (figure 1-7).

This differentiation between myelinated and unmyelinated fibres between the eye and
the retina will become particularly important in the context of this thesis.

Lamina cribosa RGC axons

Central retina vesels

——_~—e—~—e—
Pia mater sheath
4 Arachnoid sheath
. Dura mater sheath

Figure 1-7: The structure of the optic nerve

The axons of the retinal ganglionar cells (RGC) gain myelin when they leave the
eye. Fibre bundles are encapsulated by the three meningeal layers of the brain
(dura, arachnoid, and pia mater). (Original figure: Adobe Inc., 2019. Adobe
lllustrator, Available at: https://adobe.com/products/illustrator)
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1.2.3. The optic chiasm and optic tract

At the optic chiasm, those fibres forming the optic tract that arrive from the
temporal hemiretina will continue ipsilaterally towards the thalamus and those arriving
from the nasal hemiretina will decussate to the contralateral side: at the optic chiasm
(figure 1-8).

A) B)

Left optic nerve Right optic nerve

Nasal

Nasal

fiber crossing ‘ Temporal

Left optic tract Right optic tract Temporal
fiber not crossing

OPTIC CHIASM

Figure 1-8: Schematic representation of the optic chiasm, fibre decussation

and optic tracts

A) Schematic representation of the optic chiasm.
B) Distribution of crossed and uncrossed axons from the ganglionar retinal cells at
the optic chiasm. (Original figure: Adobe Inc., 2019. Adobe lllustrator, Available at:

https://adobe.com/products/illustrator)

This structure will be also important in the context of this thesis, as ON in AQP4-
NMOSD tends to be posterior, sometimes affecting the chiasma, this may have
implications on the visual acuity of the contralateral eye due to the transmission of the

inflammation through the fibres in the optic chiasm.
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1.3. Assessment of the visual system

The eye offers a privileged window to the brain health. Direct access to neuronal

structures is possible via fundoscopy at bedside; however, this technique has several
limitations: lack of reproducibility, narrow field of view or monocularity of the
measurement. Moreover, in some diseases where visual acuity can be compromised,
the retina may look normal on fundoscopy, and disease activity/progression might be
difficult to identify.
Since optical coherence tomography (OCT) imaging became part of the routine clinical
practice, quantitative assessments of neuronal layers at the micron scale, both cross-
sectionally and longitudinally have become possible with a high standard of
repeatability, bringing the possibility to create direct associations between brain
structures and retinal layers that help guiding clinical decisions. In MS, OCT has shown
a huge potential over the years to investigate the relationship between retinal layers
and CNS pathology (41). Several correlations between OCT markers and pathological
processes have emerged: mMRNFL and GCIP thickness seem to be good surrogates of
brain atrophy measures, INL thickness has been found to be associated with
inflammatory markers (e.g., T2 lesion volume) (42), and ONL thickness has been found
by some to be a potential marker of progressive MS phenotypes (41).

1.3.1. Basics of OCT

OCT stands for optical (which means light), coherence (which means light of a
constant phase), and tomography (which means imaging by sections). OCT was first
described in 1991 (43) and is a non-invasive transpupillary imaging technology that
provides high-resolution, volumetric 3D histological images of the retinal
microstructure, and imaging of the eye from the anterior segment to the posterior pole.
This technology is the golden standard for histological imaging in ophthalmology and
neuro-ophthalmology. It employs low coherence interferometry (830 run wavelength),
measuring the tissues through light reflection (44) with fast scanning rates, OCT
improves patient experience, and allows quick signal processing, which results into a

better quality of the image.

36



OCT technology produces three types of images: A-Scans, these axial scans are one-
dimensional scans performed at several depths. Are used to create two-dimensional
scans called B-Scans. These scans are often carefully examined one by one for the
identification of macular abnormalities by the clinician. Consecutive B-scans can be
aligned and transformed into volumetric images, called C-Scans, typically made with
over 30,000 A-scans (45) (figure 1-9).

Quality control for OCT in this thesis follows OSCAR-IB criteria (46).

A-SCAN B-SCAN C-SCAN

Figure 1-9: Scan types with Optical Coherence Tomography (OCT)
A-scan, axial; B-scans, 2-D; C-scans, volumetric scans (Original figure: Adobe Inc.,
2019. Adobe lllustrator, Available at: https://adobe.com/products/illustrator)

1.3.2. OCT modalities

There are three different OCT modalities: time domain OCT (TD-OCT), spectral
domain OCT (SD-OCT) and swept source OCT (SS-OCT). To be able to understand
how the OCT works, it is important to understand how light behaves from a physical
point of view. In figure 1-10 a light wave is represented (figure 1-10), the distance
between peaks of a wave is a wavelength, and one complete oscillation is called a
cycle. Any portion of a cycle is a phase and the fraction of a cycle by which one leads
to another is knows as phase-difference.
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Wavelength

Phase Cycle

Figure 1-10: Light wave

In monochromatic systems (TD-OCT), the phase difference between waves is
constant, while in broadband light systems (SD and SS-OCT) the phase difference
between waves is variable due to the different wavelengths (figure 1-11)
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SD-OCT / SS-OCT: Out of phase. Variable phase difference.

Figure 1-11: Light waves in TD-OCT, SD-OCT and SS-OCT
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The first paper using in vivo time-domain OCT (TD-OCT) was published in 2000 (47),
in TD-OCT the diode light (monochromatic light) reaches the beam splitter where half
of the light goes to the eye and the other half goes into a mirror. Light comes back
from both, and interfere together, reaching a detector (the design is the same as in
figure 1-13, with a detector instead of a spectrometer). The mirror can be moved in
order to get in focus the different retinal layers that will be interpreted by the detector
due to the “destructive interference”, or said in different words, different out of phase
wavelengths.

In 2002, Wojtkowosky et al. (48) published preliminary spectral-domain OCT results.
SD-OCT, uses a broadband light and depends on fast Fourier transformation
algorithms, it can also be called frequency domain. The fast Fourier transformation
(figure 1-12) enables to transform one wave of phase difference (created by different
wavelengths of light) into different waves and the reflection of each one.
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Figure 1-12: Fast-Fourier transformation

This algorithm simplifies the wave, converting a signal from its original domain
(time or space) to a representation in the frequency domain. Abbreviations: s,
seconds; Hz, hertz.

Figure extracted from Wikipedia,

By AkanoToE - Own work, CC BY-SA 4.0,
https://commons.wikimedia.org/w/index.php?curid=86139361

SD-OCT devices include a spectrometer in the receiver that analyses the reflected light
on the retina transforming it into information about the depth of the structures according
to the Fourier principle (figure 1-13). This way, the operator does not depend on mirror
movement. This technique is faster, as it only depends on velocity of light and not on
the mechanical movement of the mirror.

However, the time domain is a slow process which allows time for the eye to move,
and consequently, to create artifacts. While TD-OCT performs 400 scans per seconds,
SD-OCT is able to scan 26000-40000 scans per seconds, this is faster than the eye
movement and therefore scans are more stable. Moreover, the resolution is much
better in SD-OCT (approximately 5 ym) compared to TD-OCT (approximately 10 um).
Automatic segmentation is also found to be better in SD-OCT. In a publication
assessing a set of 104 patients with age-related macular degeneration by TD and
SD-OCT significant differences in the accuracy of automatic segmentation were found,
with TD-OCT failing in 69.2% of cases and SD-OCT in 25% (49). Automatic
segmentations should always be checked by experienced clinicians/scientists in each

B-scan.

40
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Figure 1-13: Scheme of spectral-domain OCT mechanism

The wavelength spectrum of the interference signal is recorded using a
spectrometer located at the output of the interferometer. Echo reflections from
different depths send different frequencies in the interference spectrum. This
spectrum is rescaled and Fourier transformed to compute the A scan axial
information. Unlike time-domain acquisitions, all echoes of light are detected
simultaneously in SD-OCT. Numbers 1, 2 and 3 represent processes happening first
(1), second (2) and third (3). (Original figure: Adobe Inc., 2019. Adobe lllustrator,
Available at: https://adobe.com/products/illustrator)

In SS-OCT, the third modality, the separation of the waves is happening at the level of
the beam splitter, (in the SD-OCT happens at the level of the spectrometer), this allows
showing deeper structures as the lamina cribosa or the choroid.

SD-OCT will be used in the experimental projects of this thesis. It provides a high
speed of data acquisition and increases the resolution, resulting in better visualization
of the different intraretinal layers which allows to more accurate segmentation, both
automatically and manually. Besides, this technology is less operator dependent,
which increases the reliability of the scanned image and results can be easily

translated into clinical practice.
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1.3.3. The Cubic Bezier algorithm (CuBe)

As it was described in the previous section, OCT has been classically used to
quantify macroscopic changes in the retina, however, recent advances in macular
segmentation have allowed the quantification of microscopic structures as the retinal
layers. Foveal shape, however appears still difficult to measure, due to the lack of
built-in technology in the OCT available software, and the challenges on the modelling
of this structure. Previous studies with data driven approaches (50-52) where
segmentation lines from the OCT scan were used to compute parameters, assumed
that the foveal pit shape is described by a Gaussian function. However, the use of the
Gaussian function is imprecise to measure this structure as regions of this function are
dependent on each other and on the standard deviation of the mean, while the different
parameters of the foveal shape are independent to each other and therefore, cannot
be modelled by Gaussian functions.

In this thesis, | have used a model-driven approach to assess the foveal structure,
described by Yadav et al in 2017 (53): The “CuBe” model. The approach chosen by
these authors to solve the issue of modelling independent parameters was to use cubic
Bézier equations in order to account for all possible variations of the foveal shape. This
equation uses invariant features of the fovea to be able to reconstruct the variations in
the structure. This algorithm characterizes the foveal and parafoveal region by 19
parameters. The method first flattens the inner limiting membrane (ILM) surface taking
the Bruch’s membrane as the reference (reference plane) and then radially
reconstructs the ILM surface, from the centre of the fovea up to the points with
maximum heights, which are called rim points using Cubic Bezier polynomials. Based
on the reconstructed ILM surface and the reference plane, foveal morphometry
parameters are defined. Twelve parameters are defined as area, average diameter,
major length (the length in the dominant direction), and minor length (the length in the
second dominant direction, perpendicular to the dominant direction) of three different
surfaces; pit flat disk: a surface that captures the flatness of the foveal pit, slope disk:
a surface that connects points with maximum slope, and rim disk: a surface that
connects rim points. In addition to the parameters describing the defined surfaces,
there are several other parameters describing the fovea: 1) Average pit depth: average

height of the points on pit flat disk; 2) Central foveal thickness: minimum thickness of
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the fovea; 3) Average rim height: average height of rim points; 4) Rim volume: volume
between ILM surface and reference plane limited to rim points; 5) Inner rim volume:
similar to rim volume but limited to 1-mm diameter around the centre of the fovea; 6)
Pit volume: volume between ILM surface and rim disk; 7) Average maximum pit slope:
average slope of points with maximum slope. Figure 1-14 shows an overview of the

fovea morphometry method.
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Rim disk Slope disk Pit flat disk
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Figure 1-14: Schematic representation of the Cube model

A) Surfaces defined in the Cube method: rim disk, slope disk and pit flat disk. B) ILM
surface smoothing and radial reconstruction using the cubic Bezier polynomial. C)
The Rim height, average pit depth, and central foveal thickness reconstructed from
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the cubic Bezier polynomials. D) Rim volume, pit volume, and inner rim volume
reconstructed from the cubic Bezier polynomials. Abbreviations: CFT, central foveal
thickness. (Original figure: MATLAB, 2010. version 7.10.0 (R2010a), Natick,
Massachusetts: The MathWorks Inc.)

1.3.4. Visual evoked potentials (VEP)

This technique is broadly used in clinical practice to study neuro-electric
responses to sensory stimuli along the visual pathway. The standard stimulus for
VEPs is a checkerboard pattern in which the squares alternate from black to white; it
is called “pattern reversal VEP” (PRVEP) (54). Responses from PRVEP are recorded
with three electrodes in the occipital region and one frontal reference electrode.
Increases in latencies may be caused by processes such as demyelination, while
abnormalities in the amplitude and waveform of the VEPs are more likely to be caused
by the loss of axons in the pathway. These two parameters are enough to provide
information about the conduction of the visual system, revealing subclinical
involvement by silent lesions, particularly those inducing demyelination, and can help
defining the anatomical distribution, being an excellent tool to monitor disease process

and changes in clinical status (55).

1.3.5. High contrast visual Acuity

High contrast visual acuity is assessed in this thesis using retro-illuminated
Early Treatment for Diabetic Retinopathy Study (ETDRS) charts (56), measuring visual
acuity in logMAR scores. LogMAR represents the logarithm of the minimum angle of
resolution, and the scoring system provides a continuous statistical variable. These
charts provide an equal number of letters per row, balanced for difficulty and equally
spaced, which the only difference based on letter size between rows. Sloan charts at
100% contrast are equivalent to ETDRS. Low contrast visual acuity will not be
discussed in the thesis.
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1.4. AQP4-NMOSD

The first case of Neuromyelitis Optica dated from 1804 when the French
pathologist Antoine Portal described a case of "Neuroencephalitis Optica”. In this case,
he reported a patient with intractable vomiting, relapsing visual loss, and spinal pain
(57). In 1894, the French neurologists Eugene Devic and Fernand Gault described a
syndrome combining optic neuritis and severe transverse myelitis, initially based on

the observation of 16 patients (57) (figure 1-15).
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Figure 1-15: Eugéne Devic and Fernand Gault’s doctoral thesis “De /a
neuromyélite optique aigué”

A) Eugéne Devic portrait. B) Doctoral thesis from Devic’s student Fernand Gault,
published in 1894 in Lyon (France). Extracted from Jarius, S., & Wildemann, B.
(2013). The history of neuromyelitis optica. Journal of Neuroinflammation (57).
nsed under the terms of the Creative Commons
(http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,

distribution, and reproduction in any medium.
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From this moment, more reports describing similar symptoms started to appear, with
increasing interest among the neurological community. However, overlapping
symptoms led to uncertainty as to whether Devic's Neuromyelitis Optica was a distinct
syndrome or a subtype of MS. It was not until 1996 that this syndrome was
reappraised; O'Riordan et al. used the term Devic's Neuromyelitis Optica and
described the clinical features, cerebrospinal fluid (CSF) and magnetic resonance
imaging (MRI) findings, and was then when this was acknowledged as a distinct
disease (58,59). Eight years later, in 2004, Vanda Lennon and colleagues achieved
an important milestone in the history of this syndrome: the auto-antibody Neuromyelitis
Optica immunoglobin G, which binds to the antigen (AQP4), was found in AQP4-
NMOSD (60).

1.4.1. Pathophysiology

AQP4 is part of a family of integral membrane proteins that conduct water in
and out of the cells. AQP4 is expressed in the brain, spinal cord and optic nerve, within
the white and grey matter, as well as in other parts of the body. In the brain, AQP4
water channels are localised to the endfoot processes of the astrocytes at the blood-
brain barrier (BBB) (60) and are critical to the maintenance of water homeostasis.
There is some evidence to suggest that immune activation is initiated in the peripheral
immune system, where pathogenic anti-AQP4 auto-antibodies are generated by
plasmablasts (B-cells) (61). Initially, it was thought that these antibodies gained access
to the astrocytic end-foot processes through portions of the BBB with relatively high
permeability, such as some regions of the hypothalamus or the optic nerve head (62).
However, later it was hypothesized that unknown humoral factor(s), present in the sera
of diseased AQP4-NMOSD patients, would affect the integrity of the BBB (63,64).
Indeed, recent investigations have found that serum or IgG from in AQP4-NMOSD
patients was able to affect the integrity of the BBB (65,66). The lesion formation in
AQP4-NMOSD starts with a breakdown of the BBB, which allows AQP4-1gG to invade
the CNS and bind to AQP4 on the end-foot processes of astrocytes and activate
complement-mediated astrocytic damage (67). The influx of neutrophils and

eosinophils into the perivascular spaces cause astrocyte death. Damage to the
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astrocytes causes oligodendrocyte death, leading to axonal degeneration and finally
neuronal death (figure 1-16).
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Figure 1-16: Pathophysiology of AQP4-NMOSD

AQP4-lgG are produced by mature B-cells, and cross the blood-brain barrier
causing astrocytic damage that may lead to myelin damage as a secondary process.
(Original ~ figure: Adobe Inc., 2019. Adobe lllustrator, Available at:
https://adobe.com/products/illustrator)

AQP4-NMOSD is a primary astrocytopathy with a secondary demyelination. Animal
studies have supported primary astrocytopathy in AQP4-NMOSD outside of acute
lesions, showing retraction of astrocytic endfeet and astrocytic death (23,66,68).
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1.4.2. Epidemiology

Population-based studies in AQP4-NMOSD are usually biased by the high
number of patients misdiagnosed with MS (69), which is as high as 30-40% due to the
lack of AQP4-1gG testing in some parts of the world. AQP4-NMOSD is considered a
rare disease, and prevalence varies among different geographic areas and ethnicities.
A recent prevalence review (70) has described a prevalence a 10/100 000 persons
suffering this condition in the world. There is a female predominance in adults (9:1),
mainly in the AQP4-NMOSD population; however, this gender difference is less
remarkable at extremes of age. The incidence and prevalence appear to peak in
middle-aged adults. African seems to appear the ethnicity with the highest incidence
and prevalence of AQP4-NMOSD, whereas Caucasians have the lowest incidence and
prevalence of this condition (71).

1.4.3. AQP4 cell-based assay

The most widely used method to detect anti-AQP4 1gG in human serum, and
the one used in this thesis, is the cell-based assay (CBA). With this method, the serum
anti-AQP4 1gG is captured by the AQP4-transfected cell fixed in the biochip and is
detected with high sensitivity and specificity by a fluorescein-labelled secondary
antibody. In a multicentre comparison, researchers concluded that cell-based assays
were most sensitive and specific overall (3); however, immunohistochemistry or flow
cytometry could be equally accurate when performed in specialist centres. However,
research on the associations between AQP4-IgG titres and clinical outcomes are
inconclusive. Recent research has revealed that the level of AQP4-IgG titres does not
reflect ongoing disease activity or neurological prognosis in AQP4-NMOSD (72).

1.4.4. Clinical and paraclinical findings

Symptoms in AQP4-NMOSD are mainly the result of lesions in three primary
CNS locations: visual symptoms are derived from retinal changes and optic nerve
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lesions, sensorimotor symptoms result from spinal cord lesions, and a miscellaneous
group of symptoms are usually a consequence of brainstem lesions. However,
disability in AQP4-NMOSD is accepted to be relapse dependent and it does not come

from progression of neurological dysfunction independent of relapses (2)

1.4.4.1. Visual System

Optic nerve susceptibility has been proposed to arise from, or to be due to the high
AQP4 expression in the optic nerve compared to the brain (73). Other proposed
theories for this predilection are:

a. Regional differences in blood-brain barrier integrity (74).

b. The presence of plasmablasts in the CSF secreting AQP4-1gG locally (75)

c. Regional variations in regulators of complement (76)

d. Low efficiency of the phagocytic process due to the particular morphology of the

optic nerve and its restricted diffusion (77,78).

Inflammation in ON is not necessarily restricted to the anterior part of the optic nerves.
In AQP4-NMOSD, ON attacks tend to occur in the posterior segments of the optic
nerve, and they can often involve the optic chiasm (79). Moreover, in the last years, it
has been broadly accepted that optic nerve damage is not the only source of visual
impairment in AQP4-NMOSD patients. Thus, the retina has been identified as a
second pathogenic target, where the osmotic water flux can be compromised, causing
cellular death. This would be a result of the reduced osmotic process in the Muller
cells (which express AQP4 water channels), the imbalance cause Muller cell damage
and may ultimately lead to the death of ganglionar cells and compromised visual
function (22).

1.4.4.1.1. Clinical manifestations derived from ON in AQP4-

NMOSD

As it was stated previously, ON in AQP4-NMOSD often affects the posterior
parts of the optic nerve - including the optic chiasma (80) - (figure 1-17); ON is a

49



common characteristic of AQP4-NMOSD patients, appearing as first manifestation in
64% of the cases (81).

Optic neuritis in AQP4-NMOSD tends to be severe, often leading to a significant
neuroaxonal retinal damage after multiple relapses (82,83). Visual loss can be
accompanied by pain evoked by eye movement due to the swelling of the intracanicular
section of the optic nerve (84). At the onset, almost half of the patients suffer from
visual field defects. AQP4-NMOSD patients show a high incidence of non-central

scotoma, often with altitudinal hemianopia (85). Altered colour vision is another
common characteristic after ON in AQP4-NMOSD, as it is in MS. Patients with AQP4-
NMOSD show poor visual recovery (86).

Figure 1-17: Orbital MRI of an AQP4-NMOSD patient
Arrows point to extensive ON lesion involving the optic chiasm
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1.4.4.1.2. OCT findings

A marked retinal nerve fibre layer thinning (pRNFL in the disc and mRNFL in
the macula) are often accompanied by a ganglionar-inner plexiform retinal layer (GCIP)
loss which is observed after an ON in AQP4-NMOSD eyes. A recent population-based
study (87) found significant thinning in all pPRNFL quadrants compared to HC, with a
predominant thinning of the temporal quadrants, similarly to what happens in MS.
Profound foveal shape changes independent from ON have also been found in the
affected eyes of these patients after an attack (88,89).

During the past few years, several studies have suggested that AQP4-NMOSD is

associated with increased inner nuclear layer thickness, often accompanied by

microcystic macular oedema (MME) (90) (figure 1-18).

Figure 1-18: Representation of an OCT scan from an AQP4-NMOSD patient
Arrows pointing to MME (Original figure: Oxford NMO tissue bank database)

In AQP4-NMOSD patients, these changes are not uniquely linked to ON eyes.
Abnormal values in the GCIP layer and foveal thickness have also been reported in
eyes without a history of ON. These abnormalities were associated with longitudinal
changes in the GCIP layer that could be a result of primary retinopathy, drug-induced
neurodegeneration or a retrograde neuroaxonal degeneration from other lesions in the
brain (91-94). Previous studies have reported thresholds below which visual acuity is
compromised (95,96). Using regression models, Costello et at (95) identified a
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threshold of 75 ym in mRNFL, whereby changes in mRNFL thickness above 75 ym
would be associated with a minimal and clinically insignificant increments of change in
visual function. Ratchford et al (96) suggest a threshold of approximately 60 um below
which visual acuity would become very poor. Other studies have reported that despite
the profound changes in mMRNFL after an ON, GCL thickness seems to be the stronger
predictor of HCVA and LCVA (97). However, in some cases, visual acuity loss appears
to follow an independent process from the retinal layer thinning in the retina, and this
will be further explored in this thesis.

Dynamic changes (from oedema to retinal thinning) have been reported to stabilize in
7 to 12 months after optic neuritis however, this was not studied in depth. This in an
important fact to take into account when planning research studies, as different time-
frames may represent different stages of the disease process (i.e., acute vs chronic).
In the task of exploring the chronic stage of the retina after an ON, it is crucial to
determine how long does it take for the retina to transition from the oedema to the
finalised process of retinal thinning, this will be addressed in the following sections of
this thesis.

1.4.4.1.3. VEP findings

Visual pathways in patients with AQP4-NMOSD have been assessed using
VEPs (98,99,82,100-102). Some studies have reported to have a pattern of VEP
responses that is distinct from MS in AQP4-NMOSD patients, characterized by a
reduced amplitude and normal latency, suggesting axonal damage rather than
demyelination (99) (103,104).
However, the majority of publications, where several ethnicities have been
represented, describe delays of P100 in AQP4-NMOSD patients, even if this process
is less frequent in AQP4-NMOSD compared to MS. Watanabe et al. described delays
of P100 in 17% of their AQP4-NMOSD eyes affected by ON (AQP4-NMOSD-ON) (98),
while Neto et al. (99) reported this in 12.5% of AQP4-NMOSD-ON eyes. P100 delays
were also found in AQP4-NMOSD eyes with no history of ON (AQP4-NMOSD-NON
eyes) (100-102). In recent studies in Caucasian population, Ringelstein et al. describe
delayed P100 waves in 49% of their AQP4-NMOSD cohort (100). In a longitudinal

study, the same authors found a significant increase of P100 latencies and reduction
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in amplitude in eyes with and without a history of ON. These abnormalities may be
attributed to minor subclinical damage in the optic nerve impacting conduction speed
or other changes of the retina, optic nerve, chiasm, optic tract, or optic radiation, or
even cortical pathology (101,102). These results showing increase of P100 latencies
in ON eyes are in line with a severe axonal loss in AQP4-NMOSD patients and
consistent with the GCIP loss observed in OCT studies, consequently decreasing
visual acuity in patients with severe ON (102). In spite of this, there is a lack of research
on VEP in eyes not affected by ON in AQP4-NMOSD and the assessment of its
sensitivity to structural damage as compared to OCT.

1.4.4.1.4. MR findings

In AQP4-NMOSD, optic nerve lesions are often extensive, spanning greater
than half of the length of the optic nerve and, in the acute stage, are associated with
gadolinium- enhancement (105,106). AQP4-NMOSD patients with at least one ON
showed significantly lower chiasmatic volumes, probably reflecting the recognised
posterior location of ON in this disease and the severity of the ON or anterograde trans-
synaptic degeneration (107,108). In a recent retrospective study, 20% of AQP4-
NMOSD ON showed chiasmal involvement. In patients with chiasmal involvement,
longitudinally extensive optic nerve enhancement (from the orbit extending to chiasm)
was only identified in 7% of the patients (109).

Damage in the visual pathways was found in tract-based analysis in AQP4-NMOSD
patients supporting remote damage (108,110,111). In 2017, Oertel et al., in a study
with 25 patients, found microstructural white matter changes in the OR of AQP4-
NMOSD patients without a history of ON (93). Reductions in fractional anisotropy (FA)
in these patients did not correlate with any OCT biomarkers (pRNFL, GCIP or foveal
thickness (FT)). Therefore, the authors suggested that these changes could be
associated with a structural alteration independent from ON or subclinical activity not
associated with symptoms. This hypothesis was supported by the fact that AQP4-
NMOSD patients with previous ON showed positive correlations between the reduced
FA in the OR and the GCIP layer. Shortly after, Tian et al. corroborated these results
by reporting reductions in OR integrity in AQP4-NMOSD patients with no ON history.

These authors also demonstrated bidirectional degeneration in patients with a history
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of ON, showing significant reduction of pRNFL, inner and outer retinal thickness, LGN
volume, decreased integrity of OR and primary visual cortex volume (94).

1.4.4.2. Spinal cord

Together with ON, the most distinct manifestation of AQP4-NMOSD is the
inflammatory involvement of the spinal cord, mainly the grey matter, usually spanning
over three or more contiguous vertebral segments (longitudinally extensive transverse
myelitis - LETM) (figure 1-19). These attacks tend to be severe, and they usually
involve the corticospinal tract, the cerebellar-spinal tract and sensory tracts (specially
pain and temperature) (112). After a LETM, patients may present with symptoms that
may vary in severity depending on the size of the lesion but typically present with
walking difficulties and different degrees of sensory deficits, bladder and bowel, and
sexual dysfunction. Symptoms will also vary depending on the spinal cord level in
which the lesion has been formed. Up to 86 % of AQP4-NMOSD patients also report
neuropathic pain (113,114) derived from spinal cord lesions (112,115,116).

Figure 1-19: Spinal cord lesion of a patient with AQP4-NMOSD after an LETM
A) Long lesion (>3 vertebral segments) on T2-weighted imaging B) the
corresponding T1-weighted, gadolinium enhancement. (Original figure: Oxford NMO
tissue bank database)
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Bright spotty lesions, appear to be another spinal MRI feature that could be useful for
differentiation of NMOSD from MS. These hyperintense lesions on axial T2-weighted
images are sometimes associated with T1 low signal and appear to be highly sensitive
and specific for the diagnosis of myelitis in patients with AQP4-NMOSD (117).

1.4.4.3. Brainstem

Brainstem lesions are frequent in AQP4-NMOSD (figure 1-20). These are often

located in the dorsal part of the pons and may involve the cerebral peduncles.

Figure 1-20 Brainstem lesion in a patient with AQP4-NMOSD
Arrow points to T2-weighted hyperintensities in an MRI seen in the floor of the fourth
ventricle, including area postrema. (Original figure: Oxford NMO tissue bank

database)
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The archetypal presentation of brainstem symptoms in NMOSD is what we know as
“area postrema syndrome”, characterized by severe and protracted vomiting with or
without hiccoughs for several days as a consequence of a lesion in this area (118,119)
. This can be explained by the fact that the area postrema is particularly rich in AQP4,
and therefore, a target of anti-AQPA4.

1.4.5. Diagnostic criteria

The latest criteria for the diagnosis of AQP4-NMOSD are those of Wingerchuk
et al published in 2015 (119), these can be found in table 1-1.
NOTE: The following text in this table, formatted in /talics, is a literal copy from the
diagnostic criteria in the publication, these criteria have been reproduced in the table
below with the permission of the publishers of Neurology.

56



a. Diagnostic criteria for NMOSD with AQP4-1qG

1. Atleast 1 core clinical characteristic.

2. Positive test from AQP4-IgG using best available detection method
(cell-based assay strongly recommended).
3. Exclusion of alternative diagnoses.
b. Diagnostic criteria for NMOSD without AQP4-IgG or NMOSD with
unknown AQP4-1qG status

1. At least 2 core clinical characteristics occurring as a result of one or

more clinical attacks and meeting all of the following requirements:
i. At least 1 core clinical characteristic must be optic neuritis,
acute myelitis with LETM, or area postrema syndrome.
ii. Dissemination in space (2 or more different core clinical
characteristics).
iii. Fulfilment of additional MRI requirements, as applicable.
2. Negative tests for AQP4-IgG using best available detection method,
or testing unavailable.

3. Exclusion of alternative diagnoses.

Table 1-1: AQP4-NMOSD diagnostic criteria

1.4.6. Disease course

The typical disease course of NMOSD is characterized by multiple relapses
leading to increasing disability. Relapses are alternated with remissions of variable
duration with no known degenerative component. However, subclinical damage has
been previously reported in AQP4-NMOSD, and although this hypothesis still leads to
controversy, the role of OCT, together with other assessment techniques such as MRI

are key on the monitoring and treatment of the disease - even in asymptomatic patients
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- to evaluate potential persistent inflammation and re-assess treatment strategies when
is required (120).

In a collaborative international research with 449 AQP4-NMOSD patients (121), the
spinal cord appeared to be the most prevalent attack location for these patients,
followed by optic neuritis and brainstem. As described above, attacks in AQP4-
NMOSD tend to be severe. Transverse myelitis is also the most prevalent overall
attack, but also the most prevalent form of onset, with around half of the patients with
this presentation being left with significant motor disability after this episode. Patients
presenting with ON as first attack, were described to be left with around 20% less
disability that those presenting with TM (82). The number of subsequent relapses
varies, and a good treatment management has shown efficacy in delaying or
preventing relapses in AQP4-NMOSD, for this reason, research published presents a
wide range of relapsing prevalence that varies from 40-80% depending on the
publication (82,122). However, in a recent study (122) researchers have shown relapse
rates in AQP4-NMOSD that double the ones in MS.

Recently, several authors have discussed whether independent subclinical damage
can occur in the eyes of patients with AQP4-NMOSD independently from ON attacks
(89,91-93,97). The hypothesis states that a local astrocytopathy occurs as a
consequence of the AQP4-1gG and this could lead to changes in retinal integrity and
impairment of visual outcomes; however, this hypothesis needs to be further
investigated.

1.4.7. Treatment

As mentioned in the previous sections, relapses in AQP4-NMOSD are usually
severe, and the occurrence of multiple subsequent relapses may leave the patient with
a high degree of disability. For this reason, the main strategy when it comes to
treatment in these patients is to aggressively manage the acute stage, followed up by
long-term immunosuppressive treatments to prevent further relapses (123).

The_acute treatment aims to reduce active inflammation, accelerate recovery, and

avoid irreversible damage. The typical starting strategy for treating an AQP4-NMOSD

attack is methylprednisolone (1000 mg) intravenously for five days. This initial
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approach is usually followed by an oral steroid dose that tapers depending on the
severity of the attack (124,125). However, there are cases when intravenous
methylprednisolone is not enough to improve the patient's condition, and the lead
physician may decide to start the use of plasma exchange (PLEX) (126). PLEX has
been demonstrated to be effective in managing acute attacks in AQP4-NMOSD (127-
129).

Three drugs have been approved by the FDA for the chronic treatment of AQP4-

NMOSD: 1) Eculizumab: Approved in June 2019. Monoclonal antibody, anti-human
complement component 5 (130), 2) Inebilizumab: Approved in June 2020. Monoclonal
antibody, anti-CD19-positive B-cells (131) and 3) Satralizumab: Approved in August
2020. Monoclonal antibody anti- Interleukin-6 (IL-6) (132) Prior to the approval of these
drugs, other off label drugs were extensively available and are still in use for the
management of AQP4-NMOSD: mainly rituximab (now approved as a second line
treatment), but also azathioprine, mycophenolate mofetil, oral prednisolone and
tocilizumab (125,133—135). Other immunosuppressive therapies have been also used:

methotrexate (136), mitoxantrone (137), and cyclophosphamide (138) .
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1.5. MOGAD

Myelin oligodendrocyte glycoprotein associated disease (MOGAD) is a recently
recognised distinct demyelinating disease of the central nervous system. Despite
MOG-IgG being studied for many years, and due to the overlapping clinical and MRI
features with MS, as it happened with AQP4-NMOSD patients, MOGAD patients were
historically included in the same group as MS patients (139-143).

It was not until 2007 when MOG-IgG were reported for the first time in a cohort of
patients diagnosed with acute disseminated encephalomyelitis, affecting mainly
children (144) with very classical overlapping clinical characteristics with AQP4-
NMOSD. Since then, and until very recently, patients with MOG antibodies who had a
negative AQP4 antibody test started to be broadly categorised as seronegative
NMOSD (82,83,145,146)

In the last years, the development of CBAs and a better understanding of the
differential characteristics of MOGAD patients from AQP4-NMOSD have led to accept
MOGAD as a new disease entity, although interesting controversies remain (147).
MOGAD is understood as a disease where disability is associated with relapses and
not with neurodegeneration in between relapse, as it happens in MS (148,149).
However, this is a relatively new disease entity, and more longitudinal studies are

needed to prove this concept.

1.5.1. Pathophysiology

Myelin oligodendrocyte glycoprotein (MOG) is located mainly at the external
lamellae of myelin sheaths on the oligodendrocyte membrane’s surface in the CNS.
However, in the last decade, low protein expressions have been also found in the
periphery of the CNS (150,151).

The main role of MOG is the formation, maintenance and disintegration of myelin
sheaths (152) by regulating oligodendrocyte microtubule stability, maintaining the
structural integrity of the myelin sheath and mediating the interactions between myelin
and the immune system (153). Moreover, MOG may also play a role in the adhesion
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between neighbouring myelinated fibres acting as a binder in maintaining axon bundles
in the CNS (152,153).

Although MOG antibodies are a marker for MOGAD, the exact pathogenic role of these
antibodies is not yet well established. MOG experimental autoimmune
encephalomyelitis (EAE) model in rodents has been broadly used as an animal model
of MS (154). The EAE model has allowed the study of the combination of pathogenic
T-cells and Ab-dependant mechanisms (155). The use of this model in MS is not at all
random, as MOG antibody-positive patients often develop MS pattern Il active lesions
with infiltration of T cells and deposition of IgG as well as activated complement at the
sites of ongoing demyelination (156). (Figure 1-21).
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Figure 1-21: Pathophysiology of MOGAD

MOG-IgG are produced by mature B-cells, and cross the blood-brain barrier causing
myelin damage, by binding to MOG on the surface of the oligodendrocytes.
(Original ~ figure: Adobe Inc.,, 2019. Adobe lllustrator, Available at:
https://adobe.com/products/illustrator)
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1.5.2. Epidemiology

The epidemiology of MOGAD worldwide is unknown. In a study performed in

the Netherlands between 2014 and 2017, the incidence rate of MOGAD was set to
1.6/1,000,000 persons, with a higher rate in children (157). In the UK population (158)
a higher incidence rate of 3.4/1,000,000 person-years was observed, noting an
increase in incidence year by year. These changes in incidence are likely to be driven
by the recognition of MOGAD as a separate disease entity and its clinical phenotypes.
The rise in the number of detected MOGAD cases is also likely to reflect the broader
availability of antibody testing.
MOGAD can occur in both young and older populations. However, there is a slight
predominance in women with a median onset age in the early thirties (81,159-163).
There is a higher prevalence of disease in women (1.8:1) in the UK population, which
is nevertheless significantly lower than what it has been observed in AQP4-NMOSD
patients.

1.5.3. MOG cell-based assay

MOG-IgG were initially measured by western blot or ELISA; however, both tests
were associated with low sensitivity and specificity, carrying a high probability for false
positives. The CBA employs a full-length human MOG as the target antigen (4) and
associated with 1gG1 is deemed as the gold standard for testing. To avoid
misdiagnosis, testing for the presence of MOG antibody should only be undertaken in
selected cases presenting with clinical and paraclinical features of MOGAD (164).
MOG antibody titres are higher in relapse than in remission (159), in opposite with what
it was described in AQP4-NMOSD. In MOGAD the monophasic course is often
associated with decreasing titre levels (81,159,161), followed by a conversion to

antibody negativity. However, it is not unusual for antibodies to become positive again.
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1.5.4. Clinical and paraclinical findings

In this section we will separately discuss symptoms resulting from the 3 main
lesion locations in MOGAD: brain, optic nerve and spinal cord. Acute disseminated

encephalomyelitis will be reviewed separately in this section.

1.5.4.1. Optic nerve

The mechanism of ON in MOGAD is a primary inflammatory event with
demyelination which induces conduction block, often involving the anterior aspect of
the optic nerve with associated disc oedema (165).

1.5.4.1.1. Clinical manifestations derived from ON in MOGAD

Acute ON in MOGAD is often simultaneous, bilateral in ~50% of the cases (81).
Is associated with optic nerve swelling and often localised in the anterior optic nerve;
these features lead to severe and characteristic retinal oedema (papilledema) during
the acute phase (165), with neuroaxonal damage accumulating over the post-acute
stage and subsequently when new ON attacks occur (166). ON is the most frequent
presenting feature, and even more common in relapsing cases. Previous studies have
reported that 44-60% of initial attacks (81,167,168) in MOGAD being ON. In the UK
cohort, to which part of the population studied in this thesis belongs, 55% presented
with optic neuritis: 31% unilateral and 24% bilateral, with 9% of the cohort presenting
with simultaneous optic neuritis and transverse myelitis (81).
Previous cohorts have reported up to 88% of patients having had an acute ON at least
once (167). Optic neuritis in MOGAD tends to be monophasic, with severe visual loss
at onset and good visual recovery. Despite a similar severity of pPRNFL and GCIP
thinning in AQP4-NMOSD and MOGAD ON visual outcomes diverged; in cases with
an identical extent of damage, MOGAD ON eyes presented with better functional visual
outcomes than AQP4-NMOSD (169). Such structure/function discordance remains
relatively unexplored in MOGAD. Since the retina does not contain myelin, mMRNFL
and GCIP thinning is expected to result from retrograde degeneration derived from
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lesions in the optic nerve, rather than from direct MOG-IgG related injury in the retina,
as it may happen in AQP4-NMOSD.

Figure 1-22: MR of a patient with MOGAD
Arrows point to bilateral anterior optic nerve involvement. (Original figure: Oxford
NMO tissue bank database)
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1.5.4.1.2. OCT findings

The OCT pattern in MOGAD-ON is characterised by severe loss in pRNFL,
GCIP and total macular volume (TMV): The extent of the damage in these patients is
comparable to the one found in AQP4-NMOSD-ON patients (166,170) (Figure 1-22).
A recent systematic review and meta-analysis (169) has revealed that the pooled mean
difference for MOGAD-ON eyes compared to HC was -35.7 ym (95% CI: -43.1 to
-28.4 ym) for pRNFL and —26.7 pym (95% CI: -32.6 to —20.8 pym) for GCIP. This study
found no differences in OCT measures between AQP4-NMOSD-ON and MOGAD-ON
eyes (pPRNFL: =1.9 ym; 95% CI: -9.1 to 5.4 ym; GCIPL: -2.6 ym; 95% CI: -8.9 to 3.8
pum). In eyes without a history of ON, Havla et al. (171) found a reduction in pRNFL
and GCIP compared to HC. However, in a different cohort, Oertel et al. (170) did not
confirm a significant reduction in pRNFL. Due to the lack of myelin in the retina, these
changes in eyes without a history of ON cannot be associated with primary retinal
damage and are more likely to be associated with a subclinical inflammatory event of
the optic nerve. This hypothesis needs further investigation in larger cohorts of patients

never experiencing ON.

The damage accrual in MOGAD patients seems to be associated with higher relapse
rates instead than attack severity (166). Several studies suggest that besides the
neuroaxonal damage due to the effect of ON relapses, visual impairment would
accumulate due to subclinical inflammatory events in these patients (166,171).
However, whether there is neurodegeneration independent of clinical attacks in these
patients is something that remains to be proven with larger longitudinal studies (172)

Longitudinal studies in MOGAD patients have shown progressive pRNFL thinning
(170). However, currently available studies on MOGAD visual system included small
cohorts, used heterogenous/non reproducible methods and show conflicting results.
Larger cohorts and more standardized protocols are needed to reliably characterize
retinal changes in MOGAD patients (83,166,170,171).
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1.5.4.1.3. VEP findings

The field of VEP in MOGAD has been relatively unexplored. A multicentric study
published in 2016 with 16 MOGAD patients reported 60% of ON eyes with abnormal
P100 latencies, 10% of them despite having normal pRNFL, while 10% of fellow eyes
showed reduced pRNFL but normal VEPs. All eyes without previous history of ON
presented with normal P100 latencies (166). However, these results were only partially
confirmed by a recent study with 39 MOGAD adults, where VEP latencies were found
only moderately prolonged, with no significant differences between affected and
unaffected eyes. A significant reduction of the VEP amplitudes was observed in the
affected eyes (173). Several case reports have been published, including VEP as a
clinical feature; however, bigger clinical cohort studies will be needed to understand
the extent of damage in the afferent visual system in MOGAD patients both with and
without ON.

1.5.4.1.4. MR findings

As | mentioned in previous sections, lesions derived from ON in MOGAD
patients are generally bilateral, characterized by affected long sections in the anterior
part of the optic nerve with periorbital enhancement (more than half of the pre-
chiasmatic optic nerve length) (106). After an ON, optic nerve lesions are
characterized by extensive T2-weighted image (T2WI)/short tau inversion recovery
(STIR) orbital MRI with contrast enhancement and perineural oedema in the anterior
sections with no optic chiasm involvement as it happens in AQP4-NMOSD or MS
(Kitley et al., 2014; Sato, Callegaro, Lana-Peixoto, Waters, de Haidar Jorge, et al.,
2014).In 2018, Chen et al. published an observational study where perineural
enhancement was reported in 50% of the patients, and longitudinally extensive
involvement in 80% (107). One year later, Song et al. investigated 110 MOGAD
patients (where 52.7% were paediatric), confirming the previous results and showing
optic nerve peri-neural enhancement in 52.0% of patients, with extensive longitudinal
involvement in 87.7% of the patients. Moreover, intracranial optic nerve involvement

was significantly more prevalent in the paediatric population than in adults in this study
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(174). Ayear later, Schmidt et al. reported decreased parallel diffusivity within the optic
nerves of MOGAD patients after acute ON, suggesting that parallel diffusivity may be
associated with various mechanisms of axonal damage, such as Wallerian
degeneration and diffuse axonal injury (175). In a recent study with 80 MOGAD
patients, 16% showed chiasmal involvement, and of those, 54% presented with
longitudinally extensive optic nerve enhancement, from orbit extending to chiasm
(109).

1.5.4.2. Spinal cord

Spinal cord lesions in MOGAD can be characterized by multiple long and short
lesions (more or less than 3 segments), with a tendency to appear in the lower spinal
cord segments, including the conus (82,83).

A recent study describing the ‘H’ sign seen on acute axial T2 imaging in MOGAD adds
new information to the central cord involvement in patients with MOGAD, that may be
limited to the grey matter (176) (figure 1-23). MOGAD myelitis shows a predilection for

involvement of the lower spinal cord, including the medullary cone (177).

Figure 1-23: Example of cord involvement in a MOGAD patient
A) conus lesions and B) central grey matter involvement. (Original figure: Oxford
NMO tissue bank database)
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In the UK cohort, LETM was the initial presentation of MOGAD in 14% of the patients,
with 4% presenting with short transverse myelitis and 9% presenting with simultaneous
optic neuritis and transverse myelitis (81). These different presentations are thought to
be age-related, with large inflammatory lesions (LETM) being more characteristic of
younger age and short TM being associated with older age (81,159). Acute myelitis in
MOGAD commonly manifests with sensory or motor deficits that can cause bladder
and sexual dysfunction (due to the sacral involvement) (160). Other myelitis symptoms
can be tetra/paraparesis, dysesthesia and pain (153). Symptoms typically progress

over days to varying degrees of dysfunction.

1.5.4.3. Brain

Brainstem lesions are a common feature in MOGAD (figure 1-24) and are

present in around one-third of MOGAD patients with ON and/or myelitis. Lesions within
the dorsal medulla oblongata may cause symptoms that resemble AQP4-NMOSD
(intractable nausea, vomiting, hiccup and cough symptoms of the area-postrema
syndrome), however, intractable vomiting and hiccups occur less commonly in
MOGAD than in AQP4-NMOSD, and these patients do not normally present with area
postrema symptoms (115). In contrast, other locations may cause symptoms that
resemble MS (dysarthria, dysphagia, internuclear ophthalmoplegia, third nerve palsy
with diplopia, nystagmus, trigeminal hypesthesia or facial nerve paresis) (178). The
hypothalamic area is not normally affected in MOGAD, as it happens in AQP4-
NMOSD. The cerebellum, which is often involved in MS, is normally not involved in
MOGAD associated lesions.
In the last years, cerebral cortical lesions have also been described in these patients
mostly associated with epileptic seizures (179,180). This phenotype of MOGAD has
been recently described, and although rare, acute epilepsy attacks seem to be 20 times
more frequent in MOGAD than in AQP4-NMOSD (181).
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Figure 1-24: Example of brain lesions in a patient with MOGAD
A) Bilateral cerebellar peduncle lesions and B) cortical involvement. (Original figure:
Oxford NMO tissue bank database)

1.5.4.3.1. The ADEM presentation

ADEM is a widespread inflammation of the white matter that affects the brain
and spinal cord, and is the most common presentation in the paediatric MOGAD
population (144). Symptoms include systemic manifestations (fever, headache,
nausea, vomiting, malaise, altered mental status) and other more specific, which vary
based upon the locations of the lesions within the CNS (vision impairment, ataxia,
hemiparesis, hemisensory loss) (153). MOGAD ADEM/brainstem lesions carried a risk
of permanent cognitive impairment of 40% (81).

In children, MOGAD tends to present with ADEM-like onset attacks in a younger
population compared to AQP4-NMOSD. Young children have been shown to have the
best recovery among the MOGAD population (159).
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1.5.5. Diagnostic criteria

There are no current diagnostic criteria for MOGAD; however, in May 2018, a
group of experts (182) outlined the first international recommendations for the
indication of MOG-IgG testing in patients presenting with acute CNS demyelination of
putative autoimmune aetiology (table 1-2).

1. Monophasic or relapsing acute optic neuritis, myelitis, brainstem encephalitis,
encephalitis, or any combination, and

2. radiological or, only in patients with a history of optic neuritis,
electrophysiological (VEP) findings compatible with CNS demyelination, and

3. at least one of the following findings:

a. Longitudinally extensive spinal cord lesion (=23 VS, contiguous) on MRI (so-
called LETM)
b. Longitudinally extensive spinal cord atrophy (23 VS, contiguous) on MRI in
patients with a history compatible with acute myelitis
c. Conus medullaris lesions, especially if present at onset
d. Longitudinally extensive optic nerve lesion (e.g., >1/2 of the length of the pre-
chiasmal optic nerve, T2 or T1/Gd)
e. Perioptic Gd enhancement during acute ON
Normal supratentorial MRI in patients with acute ON, myelitis and/or
brainstem encephalitis
g. Brain MRI abnormal but no lesion adjacent to a lateral ventricle that is
ovoid/round or associated with an inferior temporal lobe lesion and no
Dawson’s finger-type or juxtacortical U fibre lesion (Matthews- Jurynczyk
criteria (183))
h. Large, confluent T2 brain lesions suggestive of ADEM
Fundoscopy
i.  Prominent papilledemar/papillitis/optic disc swelling during acute ON CSF
CSF
J. Neutrophilic CSF pleocytosis or CSF WCC > 50/ul
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K.

No CSF-restricted OCB as detected by IEF at first or any follow-up
examination (applies to continental European patients only)

Histopathology

l.

Primary demyelination with intralesional complement and IgG deposits

m. Previous diagnosis of “pattern I MS”

Clinical findings

n.

0.

Simultaneous bilateral acute ON

Unusually high ON frequency or disease mainly characterized by recurrent
ON

Particularly severe visual deficit/blindness in one or both eyes during or after
acute ON

Particularly severe or frequent episodes of acute myelitis or brainstem
encephalitis

Permanent sphincter and/or erectile disorder after myelitis

Patients diagnosed with “ADEM”, “recurrent ADEM”, “multiphasic ADEM” or
‘ADEM-ON”

Acute respiratory insufficiency, disturbance of consciousness, behavioural
changes, or epileptic seizures (radiological signs of demyelination required)
Disease started within 4 days to ~ 4 weeks after vaccination

Otherwise unexplained intractable nausea and vomiting or intractable hiccups
(compatible with area postrema syndrome)

w. Co-existing teratoma or NMDAR encephalitis (low evidence)

Treatment response

X.

Frequent flare-ups after IVMP, or steroid-dependent symptoms (including
CRION)

Clear increase in relapse rate following treatment with IFN-beta or
natalizumab in patients diagnosed with MS (low evidence)

Table 1-2: International recommendations for the diagnosis of MOGAD

Reproduced under the terms of the Creative Commons Attribution 4.0 International

License
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(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium).

In November 2018, researchers from the Mayo Clinic suggested simplified criteria for
the diagnosis of MOGAD (184) (table 1-3).

1. Laboratory findings based on a MOG-IgG positive cell-based assay.
2. Clinical findings. Any of the following:
a. ADEM.
b. Optic neuritis, including chronic relapsing optic neuropathy.
c. Transverse myelitis (short or long segments).
d. Brain or brainstem syndrome, compatible with demyelination.
e. Any combination of the above.

3. Exclusion of any other alternative diagnosis.

Table 1-3: Simplified diagnostic criteria for the diagnosis of MOGAD

1.5.6. Disease Course

The most common onset feature in MOGAD is optic neuritis (ON), followed by
myelitis and ADEM or ADEM-like attacks (81,159,161,167).
Between 44%-83% of the patients with MOGAD follow a relapsing course (81,159,161)
with most of these relapses happening in the first two years of the disease (81,159).
The monophasic course is associated with decreasing titre levels (81,159,161),
suggesting that patients who become seronegative may be less likely to relapse in the
future. Further relapses, following the common ON onset tendency, usually involve
the optic nerve (81,159), with up to 80% of patients with an initial episode of optic
neuritis developing at least one more optic neuritis attack (107). Despite having a
significantly higher ON relapse rate than AQP4-NMOSD patients, MOGAD tends to
accrue less disability and have better visual outcomes (169,185).
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Disability in MOGAD seems to be relapse-related and appears to be driven by the
degree of recovery from the initial attack. Although some studies report no difference
between monophasic and relapsing disease courses (186), it is likely that disability is
also related to the overall number of attacks (81).

Irreversible motor disability is rare in MOGAD, with only 10% of the patients requiring
walking assistance (159). It is important to note that the most prevalent disability
associated with myelitis is the bladder, bowel, or erectile dysfunction, happening in
almost 30% of patients, due to the relatively frequent conus involvement in TM
(81,176).

1.5.7. Treatment

To my knowledge, no clinical trials have been conducted in MOGAD, and there
is still no consensus on the therapeutic recommendations after the initial attack. For
this reason, treatment strategies have been commonly shared with AQP4-NMOSD
patients, being the severity of the onset attack, the clinical course of the disease, the
persistence of positive antibodies or the occurrence of relapses essential factors in the
decision of the most accurate treatment algorithm for each patient.

Relapses, even if mild, must be treated early and aggressively in antibody-mediated
conditions. MOGAD patients experience a good clinical recovery after acute treatment
with steroids, and the need for a chronic treatment option might be arguable (162).
However, recent research has reported a proportion of 76.5% of patients developing
relapses in the absence of chronic treatment (167), hypothesising that premature
corticosteroid tapering may at least partially explain this phenomenon. To prevent this,
it has been recommended to use oral steroids for at least three months and tapering
gradually after this (162). The same authors suggest using a chronic immunoactive
treatment in cases where the initial episode was severe and accrued significant

disability.

1.6. Literature gaps

In summary, there are several gaps in the literature that this thesis will aim to

address.
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Better understanding of AQP4-NMOSD and MOGAD disease process: To date
there are few longitudinal studies on MOGAD. Those are mostly multicentric, carrying
the limitation of potential variability in scanning protocols and QC process. Moreover,
eyes from patients who never suffered from ON attacks (so called in this thesis “never
affected” eyes) and fellow eyes from contralateral ON have often been treated as a
single entity, while the underlying pathological process might be different.

Help defining the optimal clinical management: it is crucial to understand how
long the post-acute stage lasts in both AQP4-NMOSD and MOGAD ON eyes while in

those with no clinical events, subclinical damage needs more sensitive testing.
These gaps will be addressed in the following sections using one of the biggest cohorts

currently available with two longitudinal and one cross-sectional study using OCT, VEP
and foveal morphometry.
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2. RATIONALE OF THE THESIS
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As highlighted in the introduction of this thesis, there is uncertainty regarding

anterior visual pathways (retina and ON) changes overtime in patients with AQP4-
NMOSD and very few studies have investigated the visual pathways in the relatively
newly defined MOGAD. In a collaborative work with Charité — Universitatsmedizin
Berlin (92), we have found ganglionar cell loss over time independently of ON attacks
in small group of AQP4-NMOSD patients. This finding suggested that retinal damage
was occurring independently of ON in these patients. Confirming these results would
be important to the understanding of AQP4-NMOSD pathology and course. Was the
ganglion fibre loss due to ongoing neurodegeneration or due to a primary retinopathy?
Is there retinal/optic nerve damage independently of ON events? To answer these
questions, | have investigated and quantified retinal and optic nerve changes in a
cohort of AQP4-NMOSD patients and healthy controls.
Furthermore, as previously summarized, retinal changes and their longitudinal
evolution in MOGAD patients have not been systematically described in the literature,
and the existing studies have very small sample sizes. Further, direct comparisons
between visual pathway changes between AQP4-NMOSD and MOGAD are scarce,
and bigger sample size comparisons are needed. Therefore, the second general aim
of this thesis was to characterize retinal disease in ON and NON-ON eyes in a large
cohort of MOGAD patients.
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3. HYPOTHESIS
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The conduction of this thesis will be based on the following hypothesis:

1.

Retinal damage after ON is permanent in AQP4-NMOSD and MOGAD
however, this does not have a neurodegenerative progressive component. In
AQP4-NMOSD, changes after ON affect the foveal shape but these are not
evolving outside the relapses.

Fellow eyes (from contralateral affected ON eyes) are affected in AQP4-
NMOSD due to the nature of posterior lesions, but not in MOGAD.

Eyes “never affected” (from patients with no history of ON) do not present with
macular or foveal changes in AQP4-NMOSD or MOGAD.

After ON, there is structure-function concordance in AQP4-NMOSD but not in
MOGAD, in eyes not affected by ON, there is structure-function concordance in

both disease groups.
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4. OBJECTIVES
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4.1. Main Objective

This thesis aims to explore, cross-sectionally and longitudinally, the structure-
function of the retina in patients affected with AQP4-NMOSD and MOGAD.

4.2. Secondary objectives

1. To describe retinal changes in AQP4-NMOSD and MOGAD eyes, particularly
in eyes never affected by ON.

2. To describe subclinical retinal damage in AQP4-NMOSD and MOGAD patients
with normal central visual function and its relation to outcomes in paraclinical
tests.

3. To describe parafoveal involvement and changes in foveal change in AQP4-
NMOSD and its potential diagnostic implications.
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5. METHODOLOGY
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To address the hypothesis and objectives stated in the previous sections, |
conducted 3 different research projects that helped me defining the structural integrity
in AQP4-NMOSD and MOGAD patients (project 1) with a special focus on the foveal
changes in AQP4-NMOSD (project 3), and to understand the relationship between

structure and function (project 2) in both diseases.

5.1. Cohort descriptions

In this thesis, four different cohorts from two different centres were studied (table
5-1). These cohorts and their recruitment ethics numbers will be explained in this
section. In table 1, each project is associated with the cohorts used for the specific
analysis. All research in this thesis has been conducted in accordance with the current
version of the Declaration of Helsinki and the applicable British and German laws. All
participants gave written informed consent. The inclusion criteria described in this
section for each project are cohort specific, and project specific inclusion criteria will
be described in the following pages (sections 5.2.1., 5.2.2. and 5.2.3.)

Project Disease population Healthy controls

Project 1 Structural retinal
imaging in AQP4-NMOSD | - NMO Tissue Bank (UK) | - Babinsci Project (UK)
and MOGAD

Project 2 Structure-
function relationship in the
visual system of patients
with AQP4- NMOSD and
MOGAD disease

- NMO Tissue Bank (UK)

- Babinsci Project (UK) | ~ apinsct Project (UK)

- NMO Tissue Bank (UK) | - Babinsci Project (UK)
-NeuroCure-Charité - VIMS study (GER)
NMOSD cohort (GER)

Project 3 Foveal changes in
AQP4-NMOSD

Table 5-1: Cohorts used in this thesis” projects
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5.1.1. The NMO tissue bank [Projects 1, 2 and 3]

Ethics number: 16/SC/0224
Informed consent: Yes
Description: Study of Neuromyelitis Optica Spectrum Disorders (NMOSD), Myelin
oligodendrocyte glycoprotein antibody disease (MOGAD): clinical, genetic and
immunological studies.
Site of recruitment: Oxford University Hospitals-University of Oxford in the United
Kingdom.
Inclusion criteria:
- Patients with neurological syndromes suspected of NMOSD or MOGAD
- Adult willing and able to give informed consent for participation in all or part of
the study.
- Child under 16 whom parents or guardian has provided informed consent.
Exclusion Criteria:
The tissue may not be collected if ANY of the following apply:
- In the investigator’s opinion taking part may cause distress to participants and
or families.
- In the investigator’s opinion, participation in the study would be detrimental to
the patient.
- Unwilling to provide informed consent
- Unable to give informed consent
Data collection relevant to this thesis: Data was collected directly from patients
attending clinics for regular outpatient appointments or as inpatients and from their
clinic notes, including any retrospective relevant information, GP information,
investigation results and imaging.
Participants were asked to complete a questionnaire which collected the following
information: demographics, past medical history and family medical history. All
participants undergo an OCT assessment in the Eye Clinic- John Radcliffe Hospital in
Oxford under the following protocol: optic disc assessment and macula assessment
25° x 30°, 61 vertical B-scans ART 11-22. In difficult cases where the patient may have
fixation problems, this protocol may be altered. All OCTs are assessed by an

ophthalmologist in weekly multidisciplinary team meetings.
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5.1.2. The BABINSCI project [Projects 1,2 and 3].

Ethics number: 17/EE/0246

Informed consent: Yes

Description: This study aims to investigate three neurological disorders characterised
by inflammation and demyelination: Neuromyelitis Optica Spectrum Disorders
(NMOSD), Myelin oligodendrocyte glycoprotein antibody disease (MOGAD) and
Multiple sclerosis (MS).

Site of recruitment: Oxford University Hospitals and WIN Centre, both at the

University of Oxford in the United Kingdom.
Inclusion criteria:
- Participant is willing and able to give informed consent for participation in the study.

- Fluency in the English language in order to complete the consent form and MRI safety

questionnaire.
- Male or Female, aged 16 years or above.

- Diagnosed with AQP4-1gG positive NMO, MOG-Ab disease or MS (as specified

above) or, if healthy volunteer study participant should be in good health.
Exclusion Criteria:

The participant may not enter the study if ANY of the following apply:

- Any contraindication to MRI scanning

- Participant unwilling to sign consent; or unable to fully understand consent or MRI

safety questionnaire
- Pregnancy

- A concurrent disease/disorder that, as determined by the specialist neurologist, may
confound the data or lead to an undue risk to the patient.
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Data collection relevant to this thesis: optic disc assessment and macula
assessment 25° x 30°, 61 vertical B-scans ART 11-22. In complicated cases where the
subject may have a fixation problem or difficulties keeping the eyes opened, this
protocol may be slightly altered. All the OCTs have been reviewed by me. All the OCTs
not following OSCAR-IB and APOSTEL criteria were discarded after the initial
assessment. Automatic segmentation of the macular layers, followed by a manual

correction by me, was performed.

5.1.3. The NeuroCure-Charité NMOSD cohort [Project 3].

Ethics number: EA1/131/09

Informed consent: Yes

Description: Study of Neuromyelitis Optica Spectrum Disorders (NMOSD), Myelin
oligodendrocyte glycoprotein antibody disease (MOGAD): clinical, MRI and
ophthalmological data.

Site of recruitment: NeuroCure Clinical Research Centre (NCRC) — Charité
Universitatsmedizin Berlin in Germany.

Inclusion criteria: All NMOSD and MOGAD patients attending to NeuroCure Clinical
Research Centre (NCRC) — Charité Universitatsmedizin Berlin were included in this
cohort.

Exclusion criteria: Patients not diagnosed with NMOSD or MOGAD.

Data collection relevant to this thesis: Data was collected directly from patients
attending clinics for regular outpatient appointments or as inpatients and from their
clinic notes, including any retrospective relevant information, GP information,
investigation results and imaging. In addition, cohort study recruits EDSS, cognitive
assessment, MRI and visual assessments annually. Data is collected and stored via
RedCap.
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5.1.4. The VIMS study cohort [Project 3].

** NOTE: although this cohort is formed by patients and healthy controls. In
this thesis | will only include healthy controls from the VIMS project.

Ethics number: EA1/182/10

Informed consent: Yes

Description: OCT examination loss of nerve cells and fibres and measurable
longitudinal changes that can be detected that reflecting disease activity, disease
progression, and disease severity in patients with MS and its comparison with a HC
cohort.

Site of recruitment: NeuroCure Clinical Research Centre (NCRC) — Charité
Universitatsmedizin Berlin in Germany.

Inclusion criteria:

- Male or Female, aged 20-69

- Signed informed consent

- Diagnosis of Multiple sclerosis (RRMS, PPMS, SPMS)

- Healthy control

Exclusion criteria:

- Eye disease that could interfere with OCT (e.g., glaucoma, diabetic retinopathy)
Data collection relevant to this thesis: Data is being collected yearly in 10 years
follow up examination. This cohort study recruits EDSS, cognitive assessment and
visual assessments annually. Data is collected and stored via RedCap.
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5.2. Methodology by project:

5.2.1. PROJECT 1: Structural retinal imaging in AQP4-
NMOSD and MOGAD

5.2.1.1. Study population

Retrospectively collected data of AQP4-NMOSD patients and MOGAD patients
with no other ophthalmologic or neurological disease was extracted from the
Diagnostic and Advisory Service for Neuromyelitis Optica OCT database in Oxford
(NMO Tissue Bank (UK)) (see section 5.1.1 in this thesis). Healthy controls data was
acquired prospectively as part of a different research ethics project (BABINSCI project
(UK)) (see section 5.1.2 in this thesis).

Specific inclusion criteria for all the patients for this project were:
1. Clinic diagnosis of AQP4-IgG seropositive NMOSD according to the 2015
diagnostic criteria with a positive IgG test (119) or clinical diagnosis of MOGAD
(182).
2. A minimum of 1 year since last ON to OCT.

3. No ON between timepoints.
4. Minimum age, 16 years old.

Specific inclusion criteria for the healthy population in this project were:

1. Minimum age, 16 years old.

2. No ocular nor systemic diseases

3. Absence of abnormalities that might affect visual functions or refractive
development

4. Absence of eye pathology and conditions

Exclusion criteria were: ophthalmological or other neurological comorbidities

potentially influencing OCT results.
A flow diagram of the clinical cohort is presented in Figure 5-1.
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Figure 5-1: Cohort Flowchart for project 1

Flowchart of participants and eyes from the study cohort. Abbreviations: AQP4-
NMOSD, aquaporin-4 antibody positive, neuromyelitis optica spectrum disease;
MOGAD IgG seropositive, Myelin oligodendrocyte glycoprotein antibody; Pt,
patients; h°, history; ON, optic neuritis eyes; NON eyes, eyes without a history of
ON. At baseline, in the AQP4-NMOSD 8 eyes were excluded from the analysis, 7
eyes due to poor image quality or technical issues and 1 eye due to amblyopia. In
the MOGAD group, 3 eyes were excluded from the analysis due to poor image
quality or technical issues. In addition, in the follow-up scans, three AQP4-NMOSD

eyes and 5 MOGAD eyes were lost to follow up due to poor imaging quality.

5.2.1.2. Optical Coherence Tomography

All patients were retrospectively scanned, healthy controls were prospectively
scanned on Spectralis spectral-domain devices (SD-devices) (Heidelberg
Engineering, Heidelberg, Germany) with automatic real-time (ART) function for image
averaging. All clinical disc scans have been acquired with an activated eye tracker
using 3.4mm ring scans around the optic nerve (12°, 1536 A-scans, 1<ART< 99).
Combined ganglion cell layer and inner plexiform layer volume (GCIP), macular
volume (TMV), inner nuclear layer (INL) and retinal nerve fibre layer in the macula
(mRNFL) were calculated as a 3mm diameter cylinder around the fovea for a macular
volume scan (30° x 25°, 61 vertical B-scans, 7<ART< 22). Foveal thickness (FT) was
measured as the mean thickness of a 1mm diameter cylinder around the fovea for the
macular scan between the internal limiting membrane and the Bruch’s membrane.
Intraretinal semi-automatic segmentation was performed for all data with HEYEX
software (version 1.10.4.0 with viewing module 1.0.16.0., Heidelberg Engineering,
Germany). The images were checked to correct segmentation errors and discard
scans of insufficient quality. OCT data presented in this study follows OSCAR-IB
quality criteria (46) and APOSTEL recommendations (187).

It is important to note that, to the best of my knowledge, there are no published results
on repeatability coefficient of Heidelberg machines, and the longitudinal variation in the

results must be interpreted with caution.



5.2.1.3. Statistical methods

Group differences between AQP4-NMOSD, MOGAD and HC were calculated
with one-way ANOVA for age and the chi-squared test for multiple groups for sex.
Shapiro test was performed to assess whether the dependent variables followed a
normal distribution. A quantile-quantile (Q-Q) plot in which two sets of quantiles were
plotted against one another was used to support this, acting as a graphical tool to help
assessing this phenomenon. If both sets of quantiles come from the same distribution,
the points forming a line will be plotted straight and, therefore, will indicate a normal
distribution. The package ‘quantile” from R (version 3.6.2) was used in this analysis.
When data was not shown to be normal, the package ‘BestNormalize” was used to
find the best calculation to normalise the variable. This package contains a suite of
transformation-estimating functions that can be used to normalise data. The
normalisation transformations options available were: Lambert W x F transformation,
Box-Cox transformation, Yeo-Johnson transformation, Ordered Quantile technique,
logarithmic, exponential, inverse hyperbolic sine function. The 'BestNormalize’
function selects the best transformation according to the Pearson P statistic. For this
chapter, the chosen transformations were: The ordered quantile technique (ORQ) for
pRNFL, GCIP, INL and mRNFL; exponential transformation for TMV and square root
transformation for INL. The ORQ is based on the linear interpolation between two of
the original data points. On new data outside the original data range, this
transformation uses a shifted logit approximation of the ranks to the original data, this
approximation is often relatively minimal since we should not expect to see many
observations outside the observed range. The exponential transformation is performed
by calculating the exponential function of x, which is the inverse function of the
logarithm; and the square root transformation x* (1/2) = sqrt(x) reduces the right
skewness and can be applied to zero values. It is commonly applied in very low values.
After selecting and transforming the variable with the correct function, the Shapiro test
and QQ-plots were repeated to re-assess the process.

Multivariate linear mixed-effects models (LME) adjusted by sex and age were
performed to analyse differences in baseline OCT parameters (pRNFL, GCIP, TMV,
FT, INL and mRNFL). In addition, random effects in the LME models were applied to

account for inter-eye correlations of monocular measurements. Finally, group
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comparisons were established by obtaining estimated marginal means (EMMs) for the
mixed effect model. The first challenge in the cross-sectional and longitudinal study of
the eyes is the existence of inter-eye correlation, which means that each data point
(each eye) does not represent an independent observation (one person = two eyes).
Therefore, most of the standard statistical methods assume the independence of data
points.

Including two eyes in the same comparison group and assuming that they are
independent observations would bias the estimation of variance, leading to unreliably
small p-values with narrow confidence intervals. Including two eyes in different
comparison groups assuming that they are independent observations would bias the
estimation of the variance, leading to unreliably large p-values with too wide confidence
intervals, making this analysis unreliable and meaningless. One possible way to
overcome this problem would be to use one eye per subject, or the average of both
eyes. However, these methods would significantly reduce sample size - particularly
dramatic when studying a rare disease - leading to a loss of information depending on
the degree of inter-eye correlation in each patient (188).

For this reason, this thesis proposes the use of linear mixed-effects models (189) which
allow us to account for inter-class correlations of monocular measurements together
with the use of nested random effects to account for the repeated measures of non-
independent observations in the longitudinal context.

LME models in the cross-sectional context aim nothing but to express the relationships
in the data in terms of a function. Each person contributes with two eyes to the analysis,
which would violate the independence assumption of a linear model; therefore, this
design takes into account that each subject will contribute with data twice to the
analysis, where every pair of eyes has an idiosyncratic factor that will affect all
responses from the same subject, making these different responses inter-dependent
rather than independent. LME models deal with this situation by adding random effect
for each subject, which will allow resolving the non-independence violation. Moreover,
this approach would allow modelling any individual differences by assuming different
random intercepts for each subject, for example, if there were clear gender differences.
Essentially, the linear mixed models divide the world into things that we understand or
that are systematic (exploratory variables, also called fixed effects) and things that we
cannot control for (standard error, also called random effects). However, unlike the
linear models, where the general standard error exists too, LME models add one more
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random effect by giving structure to the error term, which informs the model which
factor in the analysis is more likely to be introducing the error. In the case of this thesis
will be “Patient ID”, The combination of fixed and random effects is what makes a mixed
model.

Longitudinal analysis was performed using the LME model described above, including
an interaction term for follow up (Time) to explore the longitudinal component and a
nested component in the random effects for “Patient ID/Eye ID”. In addition, the model
was adjusted for age and sex. The nesting structure assumes that there is some
hierarchy in the grouping of the observations. Each data point of one group (Eye ID) is
contained entirely within a single unit of another group (Patient ID). The nesting allows
the model to recognise that each patient will appear more than once in the analysis
(repeated measures), and for each time point, that patient will appear twice (2 eyes
per timepoint). Therefore, in this case, apart from correcting for inter-class correlation
of monocular measurements, the model will account for the correlations over time for
each patient (190).

The second more obvious modification is the introduction of the "Time" variable. For
the experiments contained in this thesis, timepoints were variable between subjects. It
was presupposed that the effect of time could be different in each one of the possible
disease-group combinations. “Status” was a variable with different factor levels (AQP4-
NMOSD eyes with ON (“affected eyes”), eyes without ON in neither eye (“never
affected eyes”), eyes without ON with an ON in the contralateral eye (“fellow eyes”),
and the same for MOGAD eyes). For this reason, | chose to use the interaction effect,
where time interacts with the variable "Status’, to show the explanatory variable
interaction with another explanatory variable on the effect of the response variable
(Time interacts with Status on the retinal thickness outcome). This is the opposite to
the “main effect”, which is the action of a single independent variable on the dependent
variable. These results provided information about changes over time compared to a
HC reference factor.

NOTE: For transparency and reproducibility, this section reports detailed explanation
of statistical methods which includes LME rationale, variable preparation and model
accuracy checking. These are steps that have been also followed for project 2 and 3,

however, details will be avoided in further sections to improve clarity and readability.
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5.2.2. PROJECT 2: Structure-function relationship in
the visual system of patients with AQP4- NMOSD and
MOGAD disease

5.2.2.1. Study population

Two cohorts were analysed:
1) A cohort extracted from the Tissue bank at the diagnostic and Advisory Service
for Neuromyelitis Optica in Oxford (see section 5.1.1.); and
2) A macular sub-study (from the BABINSCI cohort - see section 5.1.2.), where
also healthy controls (HC) have been included.

For both cohorts, inclusion criteria for this specific project was:
1. Clinical diagnosis of AQP4-NMOSD according to the 2015 diagnostic criteria
(119) or clinical diagnosis of MOGAD;
2. Positive antibody tests based on AQP4-1gG (191) and MOG-IgG (4) cell based
assays;
3. No ON between tests (OCT, VEP or HCVA);
4. Normal central visual function defined as LogMAR <0;
5. Full ophthalmological assessment (OCT+VEP+HCVA).
For the macular sub-study, the inclusion criteria for healthy control were that they
must had HCVA defined as LogMAR <0.

Inclusion criteria for the healthy population were:
1. Minimum age, 16 years old.
2. No ocular and systemic diseases
3. Absence of abnormalities that might affect visual functions or refractive
development

4. Absence of eye pathology and conditions

For all participants, exclusion criteria were:
1. Ophthalmological or neurological comorbidities potentially influencing OCT
results
2. HCVA defined as LogMAR > 0.
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5.2.2.1.1. NMO tissue bank study population

Retrospectively collected data of MOGAD or AQP4-NMOSD at the hospital
routine clinical visits from patients with both clinical OCTs (peripapillary retinal nerve

fiber layer, pRNFL) and VEP measurements were included. A flow diagram of the

selection process and the final cohort is presented in figure 5-2.
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Figure 5-2: Cohort flowchart for project 2: NMO tissue bank

Flow chart of cohort selection (blue shade). Exclusions for each group are detailed
on the sides of the flowchart (dashed lines). Abbreviations: AQP4-NMOSD,
aquaporin-4 antibody positive NMOSD patients; MOGAD, myelin oligodendrocyte
glycoprotein associated disease patients; HC, Healthy control participants;

ON, optic neuritis eyes; NON eyes, eyes without a history of ON.
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5.2.2.1.2. Macular sub-study population (BABINSCI cohort)

Prospectively collected data on AQP4-NMOSD and MOGAD patients. A flow

diagram of the cohort is presented in figure 5-3.
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Figure 5-3: Cohort flowchart for project 2: Macular sub-study

Flow chart of participants in the advanced research cohort study. Abbreviations:
AQP4-NMOSD, aquaporin-4 antibody positive NMOSD patients; MOGAD, myelin
oligodendrocyte glycoprotein patients associated disease; HC, Healthy control
participants; ON, optic neuritis eyes; NON eyes, eyes without a history of ON.

95



5.2.2.2. Optical Coherence Tomography

All participants and healthy controls were scanned on the same Spectralis
spectral-domain device (SD-OCT) (Heidelberg Engineering, Heidelberg, Germany)
with automatic real-time (ART) function for image averaging.

Intraretinal semi-automatic segmentation was performed for all data with HEYEX
software (version 1.10.4.0 with viewing module 1.0.16.0., Heidelberg Engineering,
Germany). The images were checked to correct segmentation errors and discard
scans of insufficient quality. OCT data presented in this study follows OSCAR-IB
quality criteria (46) and APOSTEL recommendations (187)

Acquisitions for the NMO tissue bank cohort: OCT acquisitions for all patients were
performed at the Eye Clinic at the John Radcliffe hospital under the same scanning
protocol. The peripapillary retinal nerve fiber layer (pPRNFL) was measured with an
activated eye tracker using 3.4-mm ring scans around the optic nerve (12°, 1536 A-
scans, 1 £ ART = 99). Definition of abnormality was taken from the Heidelberg
Spectralis reports.

Acquisitions for the macular sub-study cohort: same Spectralis spectral-domain
devices available at the Eye clinic in the John Radcliffe hospital were used (Heidelberg
Engineering, Heidelberg, Germany) with automatic real-time function for image
averaging to measure disc (pPRNFL) and OCT macular volumes. All disc scans were
acquired with activated eye tracker using a 3.4mm ring around the optic nerve (12°,
1536 A-scans, 1<ART< 99). For the macula, combined ganglion cell layer and inner
plexiform layer volume (GCIP), macular volume (TMV), inner nuclear layer (INL) and
retinal nerve fibre layer in the macula (mMRNFL) were calculated as a 3mm diameter
cylinder around the fovea for a macular volume scan (30° x 25°, 61 vertical B-scans,
7<ART= 24). Foveal thickness (FT) was measured as the mean thickness of a 1mm
diameter cylinder around the fovea for the macular scan between the internal limiting
membrane and the Bruch’s membrane. Two AQP4-NMOSD and 2 MOGAD eyes were
discarded in this cohort due to bad imaging quality. The fifth percentile in HC research
population was calculated for pPRNFL, mRNFL, GCIP layers and it was used to define
abnormality in OCT. This value was then used in the research population to define
abnormality, using a composite biomarker defined by the 5" percentile of pPRNFL (<80
um) + GCIP (0.55 mm?3) + mRNFL (<0.12 mm?3).
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5.2.2.3. Visual Evoked Potentials

For both cohorts VEPs were performed during clinical appointments in different
clinical laboratories for the NMO tissue bank cohort and at the John Radcliffe hospital
in Oxford for the macular sub-study cohort. P100-N140 peak-to-peak amplitudes were
measured. Abnormal VEP latency has been defined as per electrophysiology clinical
report following in house standard operating procedure. Where no peak or dispersal is
seen, VEP is considered clearly abnormal. There was no amplitude recorded in the
database. VEPs for HC were not available.

5.2.2.4. High Contrast Visual Acuity (HCVA) assessment

High contrast visual acuity was assessed during clinical appointments for
AQP4-NMOSD patients and MOGAD patients. Snellen and retro-illuminated Early
Treatment for Diabetic Retinopathy Study (ETDRS) were used. HCVA for HC was
assessed with Sloan charts at 100% contrast. Both Snellen and Sloan scores were
converted into logarithm of the minimum angle of resolution (LogMar) for the purpose

of the statistical analysis.

5.2.2.5. Statistical methods

In the NMO tissue bank cohort analysis, group differences are analysed by
Fisher’s exact tests for sex and by Mann Whitney U test for age.
In the macular sub-study analysis, group differences at baseline between AQP4-
NMOSD, MOGAD and HC were calculated with one-way ANOVA for age and chi-
squared test for multiple groups for sex.
To calculate differences between groups | performed LME models adjusting for age,
sex and race (described in section 5.2.1.3. in more detail). Estimated regression
coefficients (B), standard errors (SE) and P values are provided in the results section.
Random effects in this model were used to account for inter-eye correlations of
monocular measurements and group comparisons were established by obtaining
estimated marginal means (EMMs) for the mixed effect logistic model. In the macular
sub-study analysis, the number of eyes with normal central visual function and
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abnormal VEP was too low to be able to perform any reliable statistical analysis so
only descriptions are provided.

These multivariate LME models adjusted were used to analyze differences in baseline
OCT parameters both in the NMO tissue bank and macular sub-study cohort. Visual
evoked potentials were analyzed in the NMO tissue bank cohort with a mixed effects
logistic regression (similar to the linear regression but with a binary outcome variable

(VEP: normal/abnormal) adjusted by age, sex and race.
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5.2.3. PROJECT 3: Foveal changes in AQP4-NMOSD

5.2.3.1. Study population

In this retrospective study, patients and controls were followed up in two

longitudinal observational studies in Oxford (section 5.1.1.) and Berlin (section 5.1.3.).

Inclusion criteria for patients this study was:

1)
2)

3)
4)
o)

clinic diagnosis of AQP4-NMOSD according to the 2015 diagnostic criteria (192)
follow-up examinations with a minimum longitudinal clinical and OCT imaging
data of one year

minimum age of 18 at baseline

minimum of one year from ON to baseline

macular OCT scan characteristics to ensure inter-centre compatibility: 61 B-
Scans with 768 A-Scans

Exclusion criteria for patients were: ophthalmological or neurological comorbidities

potentially influencing OCT results, insufficient OCT image quality, acute ON attacks

in the last twelve months, or ON attacks during follow-up.

Inclusion criteria for the healthy population were:

1.
2.
3.

Minimum age, 16 years old.

No ocular and systemic diseases

Absence of abnormalities that might affect visual functions or refractive
development

Absence of eye pathology and conditions

Data from healthy age and sex matched controls were selected from both centres’

image databases (sections 5.1.2 and 5.1.4.), longitudinal OCT data for HC was only

available from the Berlin site. A flow diagram of the study cohort is presented in figure

5-4.
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Figure 5-4: Cohort flowchart for project 3: Study cohort and follow-up

Flow chart of participants in cohort study. Abbreviations: NMOSD, neuromyelitis
optica spectrum disorders; AQP4-NMOSD, aquaporin-4 antibody positive
neuromyelitis optica spectrum disease; ON, optic neuritis.

5.2.3.2. Optical Coherence Tomography

All participants were scanned during routine clinical visits by experienced retinal
photographers on Spectralis spectral-domain devices (SD-devices) (Heidelberg
Engineering, Heidelberg, Germany) with automatic real-time (ART) function for image
averaging. Peripapillary retinal nerve fibre layer (pPRNFL) was measured with an
activated eye tracker using 3.4mm ring scans around the optic nerve (Berlin and
Oxford: 12°, 1536 A-scans, 1sART=< 99). Combined ganglion cell layer and inner
plexiform layer volume (GCIP), macular volume (TMV), inner nuclear layer (INL) and
retinal nerve fibre layer in the macula (mMRNFL) were calculated as a 3mm diameter

cylinder around the fovea for a macular volume scan (Berlin: 25°x30°, 61 vertical B-
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scans, 11< ART< 18; Oxford: 30°x 25°, 61 vertical B-scans, 17<ART< 22). Foveal
thickness (FT) was measured as the mean thickness of a 1mm diameter cylinder
around the fovea for the macular scan between the internal limiting membrane and the
Bruch’s membrane. Intraretinal semi-automatic segmentation was performed for all
data with HEYEX software (version 1.10.4.0 with viewing module 1.0.16.0., Heidelberg
Engineering, Germany) to correct segmentation errors and discard scans of insufficient
quality. OCT data presented in this chapter follows OSCAR-IB quality criteria (46) and
APOSTEL recommendations (187).

5.2.3.3. Fovea morphometry

To characterize the foveal shape, a 3D modelling algorithm was applied to
macular OCT scans, applying parametric modelling of the fovea using cubic Bezier
equations for foveal morphometry described in section 1.3.3. (53). The method extracts
foveal measurements as depth, diameter, slope, pit and areas and volumes of different
regions (Figure 5-5).
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Figure 5-5: The CuBe model
Cross-sectional, 2D illustration on a central B-scan of foveal region parameters
extracted with CuBe algorithm
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5.2.3.4. Statistical methods

Group differences between AQP4- NMOSD and HC were tested by Fisher’s
exact tests for sex and by Wilcoxon test for age. Multivariate analysis was used to
analyse baseline and longitudinal differences for OCT and foveal shape parameters.
Linear mixed effects (LME) models were applied to account for inter-eye correlations
of monocular measurements: The initial model used for all the parameters was ‘OCT
~ Age at baseline + Sex + Site + Group, random= ~1|Eye’ for baseline and a nested
LME model described as ‘OCT ~ Age at baseline + Sex + Site + Group * time since
baseline, random= ~1|Patient/Eye’ for the longitudinal analysis. From the initial
models, simpler models were built by discarding not significant fixed effects, to avoid
overfitting the model.

Group comparisons were established both at baseline and longitudinally by obtaining
estimated marginal means (EMMs) for the mixed effect model and contrasts of EMMs
were computed of all pairwise comparisons of least-squares means.

After this, orthogonal partial-least square discriminant analysis (OPLS-DA) was applied
to identify the best combination of foveal and macular measure to discriminate the
AQP4-NMOSD patients from HC. OPLS-DA is a method that has been widely used in
metabolomic studies. Following the CuBe method, the foveal shape project presented
the challenge of multicollinearity across variables and the need for meaningful variable
reduction.

OPLSA-DA is a supervised multivariate analysis approach used to investigate the
variables responsible for class discrimination between disease groups (193), for this
reason, this was selected as the preferred method for variable reduction.

The performance of the model starts correcting for unequal class sizes with a 10-fold
external cross-validation, this entails splitting the data into a training set (using 90% of
data) and a test set (using 10% of data) a total of ten times to ensure that each sample
appears in the test set exactly once. The test set is applied to the OPLS-DA model
(generated using only the training set) to determine the predictive accuracy of
independent (previously unseen) data. This process was repeated 100 times to
produce 1000 models in total. If these models perform better than models produced by
random class assignments (50%), then separation of the two groups has not occurred
by chance, and the model is statistically significant (194,195) (figure 5-6)
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Figure 5-6: Orthogonal partial least squares analysis pipeline

Figure reproduced with the authorisation of Dr Fay Probert.

To identify the most critical parameters responsible for separating patient groups,

variable importance in projection (VIP) scores were generated. A VIP score measures

a parameter’s importance to the OPLS-DA model; the higher the VIP score, the more

critical the parameter contributes to separating patient groups.

Statistical

significance was established at

p<0.05. All

tests and graphical

representations were performed in R 3.6.2 with packages, nlme, ropls, ggplot2 and

emmeans.
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6. RESULTS
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6.1. PROJECT 1: Structural retinal imaging in AQP4-
NMOSD and MOGAD

Thirty AQP4-NMOSD patients and 32 MOGAD patients were included in the

analysis (Table 6-1).

HC AQP4-NMOSD MOGAD
Subjects (N) 21 30 32
Baseline eyes (N) 42 52 61

Sex (female (%))

15 (71.42%)

23 (76.7%)

23 (71.9%)

Age at first OCT (years, median

(range)

44.82
(23.96- 71.45)

47.12
(16.90-81.48)

37.75
(18.02-71.05)

Disease duration at OCT (years,

median (range)*

6.5
(0.28- 25.54)

2.8
(0.22-32.95)

Eyes with history of ON (N (%))*

24 (46.15%)

40 (65.57%)

Number of ON in the Affected eye

1(1-6) -

1 (1-9) — [75%]

median (range) - [Y%omonophasic]* [62.5%]
Number of other attacks (TM or
BS) - 2 (0-14) 1(0-9)
median (range)
Time from last ON to OCT 2.1 2.8
(months, median (range))* (1.18-19.15) (1-7.98)
Time between OCT examinations 2.45 2.14 1.15
(years, median (range)) (1.46-2.98) (0.69-7.76) (0.28- 5)

Table 6-1: Cohort overview

Age, sex and disease duration group differences between AQP4-NMOSD, MOGAD
and HC participants were not significant. Abbreviations: AQP4-NMOSD,

105



neuromyelitis optica spectrum disease aquaporin-4 seropositive patients; MOG-I1gG
seropositive, Myelin oligodendrocyte glycoprotein antibody positive; N, number;
OCT, Optic coherence tomography; ON, optic neuritis eyes; SD, standard deviation.
No significant differences were found between the three groups for age (p=0.315),
sex (p=0.75) or, in case of the disease groups, disease duration (p=0.2214), age
(p=0.08) or sex (p=0.37). *rejected eyes were not included in this table

At baseline, in the AQP4-NMOSD group, 28 eyes never had a history of ON (NON -
includes 5 fellow eyes of ON eyes, and 23 eyes from 13 patients with no previous
history of ON, so called “never affected eyes”), and 24 had a history of ON. Eight eyes
were excluded from the analysis, 7 eyes due to poor image quality or technical issues
and 1 eye due to amblyopia. At baseline, in the MOGAD group, 21 eyes never had a
history of ON (NON - includes 9 fellow eyes of ON eyes, and 12 eyes from six patients
with no previous history of ON, so called “never affected eyes”), and 40 had a history
of ON. Three eyes were excluded from the analysis due to poor image quality or
technical issues. In addition, in the follow-up scans, three AQP4-NMOSD eyes and 5
MOGAD eyes were lost to follow up due to poor imaging quality. (see flowchart on
figure 6-1).

6.1.1. Baseline results

This cohort did not present with significant differences between the three groups

for age (p=0.32), sex (p=0.75) or, in case of the disease groups, disease duration
(p=0.22). None of the patients experienced any clinical relapse since baseline to the
completion of this project. In the majority of ON cases (62.5%, of AQP4-NMOSD and
75% in MOGAD) participants presented with monophasic ON.
Mean and standard deviations of retinal thickness are presented in table 6-2. A detailed
analysis of group differences at baseline was investigated using multivariate linear
mixed-effects models with estimated marginal means, adjusted for age at baseline and
sex while accounting for inter-eye correlations. These results are presented in detail in
table 6-3 and figure 6-3.
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HC AQP4-NMOSD MOGAD
Eye Never Never
HC Affected | Fellow Affected | Fellow
status Affected Affected
Mean Mean Mean Mean Mean Mean Mean
(SD) (SD) (SD) (SD) (SD) (SD) (SD)
PRNFL | 98.64 56.84 97.40 97.04 64.91 93.77 89.41
(um) (10.93) | (25.78) | (11.80) | (7.68) (18.77) | (7.74) | (11.55)
GCIP 0.617 0.363 0.598 0.603 0.432 0.612 0.598
(mm?3) | (0.075)| (0.11) | (0.057) | (0.053) (0.101) | (0.031) | (0.036)
TMV 2.33 2.12 2.15 2.31 2.19 2.404 2.352
(mm?3) | (0.097) | (0.140) | (0.212) | (0.098) (0.108) | (0.076) | (0.097)
INL 271.85 | 265.37 | 268.80 | 273.13 264.77 | 289.11 | 268.16
(mm?3) ((19.668) (14.796) |(14.618)| (24.454) | (16.212) |(20.176)| (20.184)
FT 0.266 0.308 0.292 0.282 0.288 0.279 0.267
(um) (0.015) | (0.032) | (0.029) | (0.020) (0.026) | (0.018) | (0.023)
mRNFL | 0.142 0.116 0.144 0.151 0.120 0.147 0.145
(mm?3) | (0.019) | (0.019) | (0.016) | (0.014) (0.014) | (0.017) | (0.010)

Table 6-2: Baseline OCT measures

This table contains mean and standard deviations for baseline retinal imaging

metrics.

Abbreviations:

AQP4-NMOSD, Aquaporin Neuromyelitis Spectrum

Disorder eyes; MOGAD, Myelin oligodendrocyte glycoprotein associated disease

eyes; HC, Healthy controls eyes; Affected, eyes with history of optic neuritis; Fellow,

eyes without a history of optic neuritis but with a contralateral eye with a history of

optic neuritis; Never affected, eyes from patients who do not have a history of optic

neuritis in any of the eyes; pRNFL, peripapillary retinal nerve fibre layer; GCIP,
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ganglionar and inner plexiform layer; TMV, total macular volume; FT, foveal
thickness; INL, Inner nuclear layer; mRNFL, macular retinal nerve fibre layer; SD,

standard deviation.

Linear mixed effects models, performed to assess changes in retinal thickness of
disease eyes compared to HC (accounting from the absence of monocular
measurements), required some assumptions that had to be fulfilled before the model
fitting. One of these assumptions was the normal distribution of the dependent
variables (the retinal layers in this case). To assess normality Shapiro tests and Q-Q
plots were performed after and before normalization to assess the distribution of these
variables.

Initial Shapiro test determined that none of the dependent variables followed a normal
distribution (pRNFL, p< 0.001; GCIP, p< 0.001; TMV p=0.02188; FT, p=0.03238; INL,
p< 0.001; mRNFL=0.0002). Confirmatory Q-Q plots for the variables previous to the

transformation can be found in figure 6-1.
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Figure 6-1: QQ-plots of the dependent variables assessed before building the

linear mixed effect model

Plot of the quantiles of the dependent variable data set (retinal layer) against the
quantiles of the second data set from a theoretical standard normal distribution. A)
pRNFL, peripapillary retinal nerve fibre layer at the disc; B) GCIP, combined
ganglion cell and inner plexiform layer; C) TMV: total macular volume; D) FT, foveal
thickness; E) INL: Inner nuclear layer; F) mRNFL: retina nerve fibre layer at macula.
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The order quantile was applied to normalize pRNFL, GCIP, INL and mRNFL variables,
while exponential transformation and square-root transformation were applied to the
TMV and the INL variables, respectively.

After all distributions were adjusted, normalization was re-assessed by Shapiro test
and Q-Q confirmatory plots. Shapiro results were the following: pRNFL, p= 0.9993;
GCIP, p=1; TMV, p= 0.1653; FT, p= 0.08893; INL, p=1; mRNFL=1 indicating
successful normalization. Q-Q plots for the variables after the transformation confirm

this and can be observed in figure 6-2.
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Figure 6-2: QQ-plots of the dependent variables assessed after the

transformations to normalize the data, used to build the final linear mixed

effect model

Plot of the quantiles of the dependent variable data set (retinal layers) against the

quantiles of the second data set from a theoretical standard normal distribution. A)

pRNFL, peripapillary retinal nerve fibre layer at the disc; B) GCIP, combined

ganglion cell and inner plexiform layer; C) TMV: total macular volume; D) FT, foveal

thickness; E) INL: Inner nuclear layer; F) mRNFL: retina nerve fibre layer at macula.
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Retinal changes in AQP4-NMOSD-ON and MOGAD-ON
Linear mixed-effect models showed significant thinning in affected eyes compared to
HC eyes in both conditions for pRNFL, GCIP, TMV, INL, and mRNFL (no differences

were found for FT), suggesting profound neuroaxonal damage after ON in both

conditions. Fellow eyes in AQP4-NMOSD patients showed significant thinning only in
TMV that cannot be attributed to any of the studied inner retinal structures, as pRNFL,
GCIP, FT, INL and mRNFL present with no difference in thickness from HC (table 6-
3). In AQP4-NMOSD “never affected” eyes (from patients with no history of ON) a
significant thickening of INL was found (B= 0.020, SD= 0.007, p=0.0103). This
thickening was not observed in the same group of MOGAD patients (figure 6-3, table
6-3).

Are fellow eyes from contralateral affected ON eyes affected in AQP4-NMOSD
and MOGAD? And are there retinal changes in AQP4-NMOSD-NON and MOGAD-
NON eyes independent of ON?

Fellow eyes in MOGAD eyes did not show significant differences with healthy controls.

“‘Never affected” eyes (from patients with no history of ON) did not show remarkable
differences characteristic of neuroaxonal damage in any of the two diseases compared
to HC.
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-41.39
(5.05)

-0.249
(0.02)

-0.194

(0.03)

p value

-4.93
(5.88)

0.4049

0.043
(0.007)

-0.023
(0.005)

-4.17
(5.62)

0.4599

0.022
(0.006)

-0.020
(0.004)

7.056 0.019 0.007
0.2783 0.061

(6.45) (0.010) (0.007)
9.96 0.010 0.005

0.0979 0.1977 0.3871
(5.93) (0.008) (0.006)
0.32 0.020 0.006

0.9585 0.2402
(6.22) (0.007) (0.005)
-0.024 0.07 0.0001 0.004

0.2384 0.4833 0.7961 0.9934 0.9893 0.511
(6.81) (0.035) (0.05) (9.01) (0.010) (0.006)




Table 6-3: Baseline OCT measures. Differences between disease groups
and healthy controls

Maximum likelihood was used for the estimation of p-values. Abbreviations: A-
AQP4, Aquaporin-4 NMOSD eyes with a history of ON; F-AQP4, Aquaporin-4
NMOSD eyes without a history of ON but with a contralateral eye with a history of
ON; N-AQP4, Aquaporin-4 NMOSD eyes from patients who do not have a history of
ON in any of the eyes. A-MOG, MOGAD eyes with a history of ON; F-MOG,
MOGAD eyes without a history of ON but with a contralateral eye with a history of
ON; N-MOG, MOGAD eyes from patients who do not have a history of ON in any of
the eyes (“never affected”); pRNFL, peripapillary retinal nerve fibre layer; GCIP,
ganglionar and inner plexiform layer; TMV, total macular volume; FT, foveal
thickness; INL, inner nuclear layer; mRNFL, retinal nerve fibre layer; B, estimate;
SE, standard error. Boxes in red establish the significance at p<0.05.

A summary of raw OCT values with median, 25" and 75" percentile for each variable
and each group is shown in figure 6-3 , note that significance bars with LME models
results have been overlayed for a more comprehensive understanding of the real
differences (accounting for inter eye correlations of monocular measurements and

adjusted by sex and age) between groups and eye categories
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Figure 6-3: Box plots of disc and macular baseline OCT values with overlayed
LME results

A) pRNFL, peripapillary retinal nerve fibre layer at the disc; B) GCIP, combined
ganglion cell and inner plexiform layer; C) TMV: total macular volume; D) FT, foveal
thickness; E) INL: Inner nuclear layer; F) mRNFL: retinal nerve fibre layer at macula;
Boxplot show median and 25" and 75™ percentile. Significance bars refer to LMS
results from table 4-3. Abbreviations: AQP4-NMOSD, Aquaporin-4 Neuromyelitis
Optica Spectrum Disorder. MOGAD, Myelin Oligodendrocyte Glycoprotein

Associated Disease.

6.1.2. Longitudinal results

To assess each of the inner retinal structures (pPRNFL, GCIP, TMV, FT, INL and
mRNFL) over time for each group of eyes and disease categories compared to HC,
LME models were built accounting for time as an interaction factor and adjusting by

age and sex.

Is retinal damage after the acute stage in AQP4-NMOSD and MOGAD eyes
permanent or does it evolve? Are there longitudinal changes in NON-ON eyes?

Longitudinal results suggest that TMV increases after the acute stage in AQP4-
NMOSD patients compared to HC in affected and fellow eyes, for the observed time of
this study (median [min-max]) 2.14 [0.69-7.76] years). In “never affected” eyes (from
patients with no history of ON) of AQP4-NMOSD patients, changes in foveal thickness
are observed with a significant thinning over time as compared to HC. Eyes from
MOGAD patients did not show any difference over time compared with HC eyes. Full
results are presented in table 6-4 and predictive graphs for the described models above

are shown in figure 6-4.

How does retinal damage evolve over time?

The estimates from the LME models show a mean increase of 0.08mm3 in TMV per
year in affected eyes of AQP4-NMOSD patients and of 0.35mm3 per year in fellow
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eyes of AQP4-NMOSD patients; as it was explained in the methods section, it is not
possible to know whether longitudinal variations are or not within the coefficient of
repeatability of the metric, for that reason, the variation over time presented in this
section, refers to a comparison against a HC group, which was used as a reference in
this analysis (i.e., variation is compared against HC trajectory and not against
themselves). These changes in TMV could not be however attributed to any specific
retinal structure, as pRNFL, GCIP, FT, INL and mRNFL did not show any significant
longitudinal change compared to HC for these group of eyes (table 6-4). A decrease
in foveal thickness is estimated over time at minus 0.06 ym per year in in “never
affected” eyes (from patients with no history of ON) of AQP4-NMOSD patients.
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PRNFL (pm) GCIP (mm3) TMV (mm3) FT (um) INL (mm3) mRNFL (mm3)
B(SE) | pvalue | B(SE) | pvalue | B(SE) p value B(SE) | pvalue | B(SE) | pvalue | B(SE) | pvalue
A- 0.0267 0.0276 0.0834 -0.0071 0.062 -0.0411
0.2512 0.191 0.012 0.8113 0.266 0.5008
AQP4 (0.023) (0.021) (0.033) (0.03) (0.056) (0.061)
0.0219 0.0093 -0.0073 -0.0425 -0.0185 0.1284
A-MOG 0.3697 0.6756 0.8415 0.2033 0.764 0.0594
(0.024) (0.022) (0.037) (0.033) (0.062) (0.068)
F- 0.0156 -0.0053 0.3479 0.0027 -0.1335 -0.023
0.6129 0.8506 <0.0001 0.9505 0.0995 0.7956
AQP4 (0.031) (0.028) (0.048) (0.044) (0.081) (0.089)
0.0109 -0.0439 -0.086 -0.1349 -0.0153 -0.0148
F-MOG 0.8433 0.3804 0.3196 0.0865 0.9162 0.926
(0.055) (0.05) (0.086) (0.078) (0.145) (0.16)
N- 0.0146 0.001 -0.0227 -0.0662 0.0874 -0.0801
0.5308 0.9629 0.5325 0.0463 0.1551 0.2355
AQP4 (0.023) (0.021) (0.036) (0.033) (0.061) (0.067)
0.0861 -0.0773 0.0002 -0.0883 0.1588 -0.1706
N-MOG 0.0602 0.063 0.9973 0.1755 0.1898 0.2006
(0.046) (0.041) (0.071) (0.065) (0.121) (0.133)




Table 6-4: Longitudinal changes in OCT parameters for the different eye
categories

Maximum likelihood was used for the estimation of p values. Abbreviations: A-
AQP4, Aquaporin-4 NMOSD eyes with a history of ON; F-AQP4, Aquaporin-4 19G
NMOSD eyes without a history of ON but with a contralateral eye with a history of
ON; N-AQP4, Aquaporin-4 1IgG NMOSD eyes from patients who do not have a
history of ON in any of the eyes. A-MOG, MOGAD eyes with a history of ON, so
called “affected eyes”; F-MOG, MOGAD eyes without a history of ON but with a
contralateral eye with a history of ON, so called “fellow eyes”; N-MOG, MOGAD
eyes from patients who do not have a history of ON in any of the eyes, so called
‘never affected eyes”; pRNFL, peripapillary retinal nerve fibre layer; GCIP,
ganglionar and inner plexiform layer; TMV, total macular volume; FT, foveal
thickness; INL, inner nuclear layer; mRNFL, retinal nerve fibre layer; B, estimate;
SE, standard error. Boxes in red establish the significance at p<0.05.
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Figure 6-4: Longitudinal LME predicted model graphs

A) pRNFL, peripapillary retinal nerve fibre layer; B) GCIP, ganglionar and inner
plexiform layer; C) TMV, total macular volume; D) FT, foveal thickness; E) INL, Inner

nuclear layer; F) mRNFL, retinal nerve fibre layer
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After extracting these longitudinal results, a few additional steps were needed to
determine the accuracy of the models, and therefore, the validity of the results stated.
For that purpose, models were assessed in two ways: one by calculating marginal and
conditional R squared values (accompanied by a visual representation plotting actual
values against predicted (figure 6-5)), and other by assessing the residuals of the
model.

Marginal R squared values (R2m-associated to fixed effects) and conditional R
squared values (RZ2c-associated to fixed effects plus the random effects) were
calculated to understand whether the variance was explained only by fixed effects or
also by random effects from the model (pRNFL: R2m=57%, R2c= 99%; GCIP:
R2m=64%, R2c= 98%; TMV: R2m=40%, R2c= 97%; FT: R2m=7%, R2c= 98%; INL:
R2m=27%, R2c= 90%; mRNFL: R2m=48%, R2c= 88%). To interpret these
percentages, it is important to understand that a R2m close to zero tells us that the
fixed effects (age + sex + status + time: status) are not explaining much variation, and
a R2c close to 1 tells us that most of the unexplained variation is between groups rather
than between observations within groups (pairs of eyes). In this case, these R2m and
R2c indicate that the variation of these models is associated to the fixed effects and
the unexplained variation is due to the differences between groups (except for INL and
MRNFL where there is a certain amount of unexplained variation coming from the inter-
individual differences within groups — which could be explained by the presence of
MME in some patients).
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Figure 6-5: Actual Vs predictive models

This figure graphically illustrates different R-squared values for the different linear
mixed-effects models presenting the residuals on the y-axis and the fitted values
from the model on the x-axis and indicates a deviation from the residual that is close
to the O line, sharing the same pattern as their deviation from the estimated
regression line.

A) pRNFL, peripapillary retinal nerve fibre layer; B) GCIP, ganglionar and inner
plexiform layer; C) TMV, total macular volume; D) FT, foveal thickness; E) INL, Inner

nuclear layer; F) mRNFL, retinal nerve fibre layer.

The best way to assess goodness of the fit is assessing the residuals, which are plotted
in figure 6-5. This suggests that the relationship is linear. To assess heteroscedasticity,
residuals were plotted against the fitted values. Heteroscedasticity refers to situations
where the variance of the residuals is unequal over a range of measured values and it
tends to appear when there is a large difference among the sizes of the observations.
Error terms demonstrate to have a constant variance in this analysis and therefore,

satisfies the regression assumption (figure 6-6).
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Figure 6-6: Residual plots of the longitudinal models

Error terms demonstrate to have a constant variance in this analysis and therefore,
they satisfy the regression assumption. A) pRNFL, peripapillary retinal nerve fibre
layer; B) GCIP, ganglionar and inner plexiform layer; C) TMV, total macular volume;
D) FT, foveal thickness; E) INL, Inner nuclear layer; F) mRNFL, macular retinal nerve
fibre layer. A- AQP4, Aquaporin-4 NMOSD eyes with history of ON; F-AQP4,
Aquaporin-4 NMOSD eyes without a history of ON but with a contralateral eye with
a history of ON; N-AQP4, Aquaporin-4 IgG NMOSD eyes from patients who do not
have a history of ON in any of the eyes. A- MOG, MOGAD eyes with history of ON;
F-MOG, MOGAD eyes without a history of ON but with a contralateral eye with a
history of ON; N-MOG, MOGAD eyes from patients who do not have a history of ON

in any of the eyes.

In summary, this analysis suggests retinal damage after ON in both disease groups in
affected eyes. While fellow eyes in AQP4-NMOSD showed significant total macular
volume loss with individual inner structures preserved, “never affected” eyes (from
patients with no history of ON) in AQP4-NMOSD showed a significant thickening in
INL, which could suggest inflammatory activity. None of these changes were observed
in fellow or “never affected” eyes (from patients with no history of ON) MOGAD eyes.
Longitudinal results show a mean increase thickness in total macular volume during
the chronic period in affected (mean 0.08mm?3 per year) and fellow (mean 0.35mm?)
AQP4-NMOSD-affected eyes compared to healthy controls as well as a significant
decrease in foveal thickness (mean 0.06 pm per year) in AQP4-NMOSD “never
affected” eyes (from patients with no history of ON) eyes. Models have a good fit and

therefore results are reliable to draw conclusions.
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6.2. PROJECT 2: Structure-function relationship in the
visual system of patients with AQP4- NMOSD and
MOGAD disease

6.2.1. The NMO tissue bank cohort

Twenty-five AQP4-NMOSD patients and 53 MOGAD patients are included in
the analysis (Table 6-5).
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MOGAD AQP4-NMOSD
Number patients 53 25
Males / Females 20/33 21/4
Age years median (range) 35(11-73) 57 (17 — 83)
43 White
(81.1%)
0 African-Caribbean 16 White
(0%) (64%)
3 Asian 8 African-Caribbean
Ethnicity
(5.7%) (32%)
1 Mixed race 1 Asian
(1.9%) (4%)
6 Prefer not to say
(11.3%)
No. Patients with past
28 5
history of optic neuritis
Time from ON to OCT,
_ 32 (6-124) 44 (17-98)
median (range) in months
No. Patients with no past
25 20
history of optic neuritis
OCT & VEP test results (number of eyes)
MOGAD AQP4-NMOSD
NON- NON-
TOTAL ON TOTAL ON
ON
Eyes with both OCT and
37 9 28 35 5 30
VEP examination normal, N
Eyes with only OCT
21 18 3 4 2 2
examination abnormal, N
Eyes with only VEP
6 3 3 1 0 1
examination abnormal, N
Eyes with both OCT and
VEP examination 26 26 0 4 1 3

abnormal, N
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Table 6-5: NMO tissue bank cohort overview

Note: Age and sex group differences between MOGAD and AQP4-NMOSD patients
were significant (Fisher’s exact tests for sex, p=0.007; Wilcox test for age, p=0.001).
Differences between normal vs abnormal ophthalmic examinations were assessed
with Fisher’s exact test and significant between MOAGAD and AQP4-NMOSD for
the Total number of eyes (p<0.001) and ON eyes (p=0.009).

Abbreviations: N, number; MOGAD, Myelin oligondendrocyte glycoprotein; AQP4-
NMOSD, AQP4 seropositive Neuromyelitis optica spectrum disease; OCT, Optic
coherence tomography; VEP, Visual evoked potentials; VA, central visual acuity.

* Indicates significant difference.

Data was available for analysis on 53 MOGAD patients with 90 good VA eyes and 25
AQP4-NMOSD patients with 44 good VA eyes. Of these, 56/90 MOGAD eyes (62%)
and 8/44 AQP4-NMOSD eyes (18%) had history of one or more ON episodes (median
number of ON, 1.5 for AQP4-NMOSD, 1 for MOGAD) (table 6-5) (figure 6-7). A
summary of all results of clinical OCT and VEP measurements are shown in figure 6-
7 (table 6-5).

Is there a correlation in severity between structure and function of the anterior

optic pathways in eyes of AQP4-NMOSD and MOGAD patients with normal visual
acuity?

Whereas the majority (80%) of AQP4-NMOSD eyes with good VA had normal VEP
and OCT examinations, only 41% of MOGAD eyes with normal VA had normal
findings, the remainder having abnormal OCT, VEP or both (p<0.001) (figure 6-7). This
difference between the two diseases was most apparent in those with normal VA and
a previous ON (figure 6-7); only 16% of MOGAD eyes compared with 63% of AQP4-
NMOSD eyes had normal investigations (p=0.003) (table 6-5).

Notably, OCT abnormalities were found in 79% MOGAD-ON patients compared to
38% of AQP4-NMOSD-ON patients (p= 0.01) and these were more common than VEP
abnormalities in both conditions (52% vs 12% respectively).
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Is there subclinical damage in “never affected” eyes (from patients with no
history of ON). from AQP4-NMOSD and MOGAD patients?

Abnormalities were also noted in some eyes without a previous history of ON but
without a difference between MOGAD (18%) of which 4/6 had a contralateral ON and
AQP4-NMOSD (17%) of which none had a contralateral ON (p=0.91) (figure 6-7).

TOTAL ON no ON
COHORT EYES EYES

MOGAD

B abnormal VEP I both normal
I both abnormal B abnormal OCT

Figure 6-7: Structural tests in normal central visual function eyes in the NMO
tissue bank database cohort

NMO tissue bank cohort grouped according abnormal optic coherence tomography
(OCT), Abnormal OCT= pRNFL <80(um); abnormal visual evoked potentials (VEP),
VEP= latency >112ms; both tests abnormal or both tests normal. A) Total Cohort
(B) Only eyes that have had previous history of optic neuritis (ON) (C) Only eyes
with no history of optic neuritis (NON).
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Are OCT and VEP measures related to visual outcomes?

Baseline characteristics for HCVA, pRNFL and VEP are presented in table 6-6. Group

differences were analysed using multivariate mixed effects models for HCVA and

pRNFL adjusted for age at OCT, sex and race while accounting for inter-eye

correlations. VEP differences were analysed with logistic mixed effects model adjusted

for age at VEP, sex, and race accounting as well for inter-eye correlations.

AQP4-NMOSD-AQP4-NMOSD- MOGAD- MOGAD-
ON eyes NON eyes ON eyes NON eyes
HCVA
(LogMAR) -0.1 (0.1) -0.1 (0.1) -0.1 (0.1) -0.1 (0)
(median (IQR))
pPRNFL (um)
83 (24.9) 97.4 (11.8) 66.5 (16.1) 92.41 (12.5)
(mean (SD))
VEP (delayed)
1(11.1%) 3 (8.3%) 29 (51.78%) 3 (8.82%)
N (%))

Table 6-6: Baseline measures of eyes with AQP4-NMOSD and MOGAD

patients

Baseline characteristics and differences between the two disease groups.

Abbreviations: AQP4-NMOSD, aquaporin-4 antibody positive Neuromyelitis Optica

Spectrum Disease; MOGAD, Myelin oligodendrocyte glycoprotein antibody positive

associated disease; VEP, visual evoked potentials; LogMar, logarithm of the

minimum angle of resolution; pRNFL, peripapillary retinal nerve fibre layer; ym,

micrometre; N, Number; ON eyes, eyes with a history of ON; NON eyes, eyes

without a history of ON.

All eyes included in this study had normal HCVA (LogMAR 20), and as it was expected,

there were no significant differences between groups for this metric. There were no

differences in the risk of having a VEP delayed status (table 6-7).
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HCVA pRNFL VEP
B (SE) P value B (SE) P value B (SE) P value
AQP4-NMOSD-NON
0.002 (0.01) 1 9.88 (4.49) 0.19 4.35 (4.75) 1
vs MOGAD-NON
AQP4-NMOSD-NON
-0.006 (0.02) 1 13.73 (6.53) 0.24 6.88 (7.14) 1
vs AQP4-NMOSD-ON
AQP4-NMOSD-NON
-0.01 (0.01) 1 31.01 (4.21) | <0.0001 | 16.04 (7.66) | 0.22
vs MOGAD-ON
MOGAD-NON vs
-0.008 (0.02) 1 3.85 (6.45) 1 2.53 (6.02) 1
AQP4-NMOSD-ON
MOGAD-NON vs
-0.02 (0.008) 0.12 | 21.12(3.17) | <0.0001 | 11.69 (4.71) | 0.07
MOGAD-ON
AQP4-NMOSD-ON vs
-0.014 (0.022) 1 17.27 (6.24) 0.04 9.15(6.61) | 0.99
MOGAD-ON

Table 6-7: Baseline measures of eyes with AQP4-NMOSD and MOGAD
patients. Differences between disease groups and healthy controls

Baseline characteristics and differences between the two disease groups.

Abbreviations: AQP4-NMOSD, aquaporin-4 antibody positive Neuromyelitis Optica;

MOGAD, Myelin oligodendrocyte glycoprotein antibody positive associated disease;

VEP, visual evoked potentials; LogMar, logarithm of the minimum angle of

resolution; pRNFL, peripapillary retinal nerve fibre layer; SD, standard deviation; N,

Number; B, estimate; SE, standard error. Red shading stablishes significance at

p<0.05

However, the peripapillary retinal nerve fibre layer of MOGAD eyes with previous
history of ON appears to be more affected than any other eyes, presenting significant
differences with AQP4-NMOSD eyes with previous history of ON (p=0.04), AQP4-
NMOSD eyes without previous history of ON (p<0.001), and MOGAD without previous
history of ON (p<0.001) (table 6-7). These results indicate a dissonance between
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structure and function in MOGAD eyes with previous history of ON, where despite
patients preserving their visual acuity, they present a significant thinning in pRNFL

compared to other disease groups (figure 6-8).
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Figure 6-8: Boxplots of pRNFL distributions between groups

pRNFL in AQP4-NMOSD and MOGAD patients. Abbreviations: AQP4-NMOSD-ON,
aquaporin-4 antibody positive NMOSD eyes with history of optic neuritis; AQP4-
NMOSD-NON, aquaporin-4 antibody positive NMOSD eyes with no history of optic
neuritis; MOGAD-ON, Myelin oligodendrocyte glycoprotein antibody positive
associated disease eyes with history of optic neuritis; MOGAD-NON, Myelin
oligodendrocyte glycoprotein antibody positive associated disease eyes with no

history of optic neuritis; pPRNFL, peripapillary retinal nerve fibre layer.
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6.2.2. The macular sub-study cohort (BABINSCI cohort)

Twenty-one HC, 9 AQP4-NMOSD patients and 19 MOGAD patients were

included in the analysis (table 6-8).

AQP4- Healthy
MOGAD
NMOSD controls
Subjects (N) 9 19 21
Eyes (N) 15 35 42
Sex (female (%) 7 (77.8%) 15 (78.9%) 15 (71.4%)
Age at OCT (years, median
46 (12-82) 35 (19-72) 45 (24-72)
(range)
Disease duration at OCT
7 (1-25) 3 (0-32) -
(years, median (range)*
Eyes with history of ON (N
3 (20%) 20 (57.1%) -
(%))
Time from last ON to OCT
20 (17-25) 37 (10-384) -
(months, median (range)) *

Table 6-8: Macular sub-study cohort overview

Age group differences between AQP4-NMOSD and MOGAD participants were not
significant (One-way ANOVA test for age, p=0.339). Sex differences tested by
multiple groups chi-squared, X-statistic=0.34, p=0.84. Differences in disease
duration and time since last ON to OCT were significant between the disease groups
(Mann Whitney test p=0.04, p=0.01 respectively). Abbreviations: AQP4-NMOSD,
MOGAD,

oligodendrocyte glycoprotein antibody positive associated disease; N, number;

aquaporin-4  antibody positive Neuromyelitis  Optica; Myelin
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OCT, Optic coherence tomography; ON, optic neuritis eyes; SD, standard deviation.
* Indicates significant difference between MOGAD and AQP4-NMOSD.

Due to the small sample size, the numbers and percentages of eyes with normal and
abnormal structural tests are presented in table 6-9 rather than in percentages only.
This cohort adopts a stricter definition of OCT abnormality. While in the previous cohort
OCT abnormality was defined based uniquely on the peripapillary retinal nerve fibre
layer (pRNFL), this cohort adds the macula in the definition of abnormality, with a
composite biomarker of impairment composed by pRNFL + GCIP + mRNFL for a better
understanding of the macular pathology.

AQP4-NMOSD eyes with previous history of ON are characterized by delayed VEP
values (67%) while eyes with no previous history of ON present with normal OCT and
only 1 presents with abnormal VEP.

In MOGAD eyes with previous history of ON, only 20% recover completely at a
structural and functional level, while 73% of patients with no history of ON show both
normal OCT and VEP (Table 6-9).
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Normal Abnormal Normal Abnormal
Eyes Normal VEP VEP VEP VEP
HCVA & & & &

(N(%)) Normal Abnormal Abnormal Normal

OCT OCT OCT OCT

AQP4-NMOSD eyes
TOTAL (n=15) 12 (80%) 0 (0%) 0 (0%) 3 (20%)
ON (n=3) 1 (33%) 0 (0%) 0 (0%) 2 (67%)
NON (n=12) 11 (92%) 0 (0%) 0 (0%) 1 (8%)
MOGAD eyes

TOTAL (n=35) 15 (43%) 6 (17%) 5 (14%) 9 (26%)
ON (n=20) 4 (20%) 6 (30%) 5 (25%) 5 (25%)
NON (n=15) 11 (73%) 0 (0%) 0 (0%) 4 (27%)

Table 6-9: Structural tests in normal central visual function eyes in the
research cohort

Distribution between normal and abnormal structural tests for eyes with normal
central visual function. Abnormal VEP= latency >112ms. Abnormal OCT= pRNFL
<80 um + GCIP <0.55 mm?® + mRNFL <0.12 mm3. Abbreviations: AQP4-NMOSD,
MOGAD,

oligodendrocyte glycoprotein antibody positive associated disease; VEP, visual

aquaporin-4  antibody positive Neuromyelitis  Optica; Myelin

evoked potentials; OCT, optic coherence tomography.
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A description of baseline retinal thickness of the research cohort can be found in table

6-10.
AQP4- AQP4-
MOGAD MOGAD
NMOSD NMOSD HC eyes
ON eyes NON eyes
ON eyes NON eyes Mean (SD)
Mean (SD) Mean (SD)
Mean (SD) Mean (SD)
pPRNFL
(um) 93.6 (9.86) |69.1 (16.49)| 98.8 (6.29) | 95.2 (5.54) | 98.6 (10.9)
Mm
GCIP
0.51 (0.04) | 0.45(0.08) | 0.61 (0.05) | 0.60 (0.03) |0.61 (0.075)
(mm?)
TMV
2.26 (0.10) | 2.21 (0.08) | 2.32 (0.10) | 2.37 (0.09) | 2.33 (0.09)
(mm?)
FT (um) [272.3 (10.96)( 267.1 (16.5) | 266.5 (26.6) | 276.2 (21.6) | 271.8 (19.6)
INL (mm3®) | 0.29 (0.03) | 0.28 (0.02) [0.27 (0.022) | 0.27 (0.02) [0.26 (0.015)
mRNFL
(mm3) 0.137 (0.012)|0.121 (0.015)| 0.15 (0.014) | 0.14 (0.015) [ 0.14 (0.019)
mm

Table 6-10: Baseline OCT measures of the advanced research cohort

This table contains eyes with good HCVA (HCVA LogMAR < 0). Abbreviations:
AQP4 ON, Aquaporin-4 IgG seropositive eyes with a history of ON; MOG ON, Myelin
oligodendrocyte glycoprotein IgG seropositive eyes with a history of ON; AQP4
NON, Aquaporin-4 1gG seropositive eyes without a history of ON; MOG NON, Myelin
oligodendrocyte glycoprotein IgG seropositive eyes without a history of ON; HC,
healthy control eyes; pRNFL, peripapillary retinal nerve fibre layer; GCIP, ganglionar
and inner plexiform layer; TMV, total macular volume; FT, foveal thickness; INL,

Inner nuclear layer; mRNFL, retinal nerve fibre layer; SD, standard deviation.
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A more comprehensive distribution of the data is presented in figure 6-9. Linear mixed
effects models were performed in ON vs HC, NON vs HC and ON vs NON to assess
baseline differences in the macular sub-study cohort in the two diseases. LME models
were adjusted by sex, age at the time of the OCT and race while accounting for inter-
eye correlations of monocular measurements. AQP4- NMOSD-ON eyes with
recovered visual function show no differences in any of the retinal layers or pRNFL
with HC, however, MOGAD-ON eyes, despite of having recovered the central visual
function, remain with a significant impairment in all their inner retinal layers and pRNFL
compared to HC (pRNFL, p <0.0001; GCIP, p<0.0001; TMV, p=0.0132; INL, p=0.0491;
mRNFL, p= 0.0179) and show a significant thinning in their pPRNFL compared to AQP4-
NMOSD-ON eyes. In the case of MOGAD-NON eyes, they show no significant
differences compared to HC or AQP4-NMOSD eyes (table 6-11).
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B(SE)

B(SE)

B(SE)

B(SE)

B(SE)

B(SE)

-4.18
(8.30)

-33.1
(3.77)

0.057
(4.77)

-1.31
(3.91)

1.37
(5.22)

28.96
(8.45)

-0.09
(0.04)

-0.18
(0.02)

-0.003

-0.012

0.008

0.08

-0.10
(0.07)

-0.12
(0.03)

-4.54
(14.98)

4,68
(6.56)

0.021
(0.01)

0.020
(0.006)

-0.007
(0.01)

-0.020
(0.005)

0.8862 0.6067 0.8933
(0.02) (0.02) (0.03) (0.05)
-0.012 0.046 -0.05 0.02

0.7613 0.1632 1
(0.042) (0.032) (0.04) (0.07)
-1.64 8.55 -10.20 0.13

0.8513 0.2034 1
(8.74) (6.62) (9.11) (15.08)
0.010 0.007 0.003 0.0004

0.241 0.3211 1
(0.008) (0.007) (0.009) (0.015)
0.008 0.003 0.004 0.013

0.2208 0.5259 1
(0.006) (0.005) (0.007) (0.012)




Table 6-11: Baseline OCT measures of the advanced research cohort in
patients with normal HCVA

Abbreviations: AQP4-NMOSD ON, Aquaporin-4 NMOSD seropositive eyes with a
history of ON; MOGAD ON, Myelin oligodendrocyte glycoprotein associated disease
seropositive eyes with a history of ON; AQP4-NMOSD NON, Aquaporin-4 NMOSD
seropositive eyes without a history of ON; MOG NON, Myelin oligodendrocyte
glycoprotein associated disease seropositive eyes without a history of ON; HC,
healthy control eyes; pRNFL, peripapillary retinal nerve fibre layer; GCIP, ganglionar
and inner plexiform layer; TMV, total macular volume; FT, foveal thickness; INL,
Inner nuclear layer; mRNFL, retinal nerve fibre layer; B, estimate; SE, standard

error. Red shading stablishes significance at p<0.05.
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Figure 6-9: Box plots of disc and macular baseline OCT and fovea in eyes with
normal HCVA

A) pRNFL, peripapillary retinal nerve fibre layer at the disc; B) GCIP, combined
ganglion cell and inner plexiform layer; C) TMV: total macular volume; D) FT, foveal
thickness; E) INL: Inner nuclear layer; F) mRNFL: retina nerve fibre layer at macula;
Boxplot show median and 25" and 75" percentile. Abbreviations: ON AQP4,
Aquaporin-4 1gG seropositive eyes with a history of ON; ON MOG, Myelin
oligodendrocyte glycoprotein 1gG seropositive eyes with a history of ON; NON
AQP4, Aquaporin-4 1gG seropositive eyes without a history of ON; NON MOG,
Myelin oligodendrocyte glycoprotein IgG seropositive eyes without a history of ON;
HC, healthy control eyes.

Significance of LME model comparison is shown in this boxplot: <0.05 & 20.01 (*);
<0.01 & >0.001 (**); <0.001 (***)

The number of eyes with abnormal VEP and normal HCVA is not big enough in this
cohort to be able to perform any statistical analysis. However, as it can be observed in
figure 6-10, abnormalities in VEP are more frequent in MOGAD eyes previously
affected by ON as compared to MOGAD eyes not previously affected by ON or in all
AQP4-NMOSD eyes.

141



120

100

80

60

40

1.0

0.8

0.6

0.4

A) pRNFL (um)

@® AQP4-NMOSD-ON
AQP4-NMOSD-NON

@® MOGAD-ON

@ MOGAD-NON
HC

Normal Abnormal
VEP VEP

B) GCIP (mm3)

@® AQP4-NMOSD-ON
AQP4-NMOSD-NON

@® MOGAD-ON
* @ MOGAD-NON
HC

=B

Normal Abnormal
VEP VEP

142



2.6

2.5

24

2.3

2.2

2.1

320

300

280

260

240

Normal

VEP

Normal
VEP

C) TMV (mm?3)

&
v

Abnormal

VEP

D) FT (um)

Abnormal
VEP

AQP4-NMOSD-ON
AQP4-NMOSD-NON
MOGAD-ON
MOGAD-NON

HC

AQP4-NMOSD-ON
AQP4-NMOSD-NON

MOGAD-ON
MOGAD-NON
HC

143



E) INL (mm3)

0.325
@® ON-AQP4-NMOSD
0.300 NON-AQP4-NMOSD
@® ON-MOGAD
= 1 NON-MOGAD
0.275
HC
0.250
Normal Abnormal
VEP VEP
F) mRNFL (mm3)
0.25
0.20 @® ON-AQP4-NMOSD
NON-AQP4-NMOSD
@® ON-MOGAD
e NON-MOGAD
0.15
0.10
Normal Abnormal
VEP VEP

Figure 6-10: Box plots of disc and macular baseline OCT and fovea for eyes
with good HCVA divided by normal and abnormal VEP

A) pRNFL, peripapillary retinal nerve fibre layer at the disc; B) GCIP, combined
ganglion cell and inner plexiform layer; C) TMV: total macular volume; D) FT, foveal
thickness; E) INL: Inner nuclear layer; F) mRNFL: retina nerve fibre layer at macula;
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Boxplot show median and 25" and 75" percentile. Abbreviations: VEP, visual
evoked potentials; ON AQP4, Aquaporin-4 NMOSD seropositive eyes with a history
of ON; ON MOG, Myelin oligodendrocyte glycoprotein associated disease
seropositive eyes with a history of ON; NON AQP4, Aquaporin-4 NMOSD
seropositive eyes without a history of ON; NON MOG, Myelin oligodendrocyte
glycoprotein associated disease seropositive eyes without a history of ON; HC,

healthy control eyes.
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6.2. PROJECT 3: Foveal changes in AQP4-NMOSD

Thirty-eight HC and 27 AQP4-NMOSD patients were included in the analysis
(Table 6-12).



AQP4-NMOSD

PATIENT CHARACTERISTICS HC
Unilateral ON Bilateral ON | No history of ON
Number of participants 38 6 6 15
Sex female n (%) 27(74%) 5 (83%) 5 (83%) 15 (100%)
_ . 42.60 (30.65-
Age at baseline (years) median (IQR) 51.77) 34.4 (18.1) 45.8 (27.0) 46.6 (15.5)
. . 1.95 (1.83- 2.19 (1.6)
F/U time (years) median (IQR) 2.54) 3.16 (0.66) 1.54 (1.98)
African/Caribbean n (%) 1 (17%) 1 (17%) 2 (7%)
Race Asian n (%) NA 1(17%) 0 (0%) 1 (13%)
Caucasian n (%) 4 (66%) 4 (66%) 12 (80%)
Mix n (%) 0 (0%) 1(17%) 0 (0%)
Disease Duration
median (IQR) - 4.4 (6.7) 6.6 (8.4) 1.44 (2.2)
(years)
AQP4-NMOSD
EYE CHARACTERISTICS HC
ON NON
Number of eyes 76 15 34
Time from last ON .
median (IQR) - 4.21 (5.30) -
(years)




Table 6-12: Cohort overview

Age and sex group differences between HC and AQP4-NMOSD patients were not
significant (Fisher’s exact tests for sex, [AQP4 vs HC p=0.1020] Wilcoxon test for
age [AQP4 vs HC p=0.3796] and follow up time, [AQP4 vs HC p=0.1712].
Abbreviations: AQP4-NMOSD, neuromyelitis optica spectrum disorder AQP4 ab
positive; F/U, Follow-up; HC, Healthy controls; ON, Optic neuritis; NON, Non-optic

neuritis; SD, standard deviation.

Of the AQP4-NMOSD group, 34 eyes had no previous history of ON (NON), and 15
had previous history of ON. Four eyes were excluded from the analysis due to poor
image quality or technical issues, one eye due to amblyopia. There were no significant
differences between the HC and the AQP4-NMOSD group in baseline demographic
features, indicating successful matching.

Baseline characteristics for retinal layers and foveal parameters are described in table

6-13 and table 6-14 respectively.

HC NMOSD
ON NON

mean (SD) mean (SD) mean (SD)

pRNFL(um) 99.10 (10.35) 61.86 (21.72) 98.17 (10.86)
GCIP (mm?3) 0.62 (0.04) 0.40 (0.11) 0.57 (0.05)
TMV (mm?3) 2.36 (0.09) 2.1 (0.13) 2.28 (0.07)
INL (mm?3) 0.27 (0.02) 0.28 (0.02) 0.25 (0.02)
FT(um) 275.10 (19.58) 268.13 (19.39) 264 (18.61)
MRNFL(mm?3) 0.14 (0.01) 0.12 (0.03) 0.14 (0.01)

Table 6-13: Baseline OCT measures for the retinal layers

This table contains baseline retinal imaging metrics. Abbreviations: AQP4-NMOSD,
Aquaporin Neuromyelitis Spectrum Disorder eyes; HC, Healthy controls eyes; ON,




Optic neuritis; NON, Non-optic neuritis; pRNFL, peripapillary retinal nerve fibre

layer; GCIP, ganglionar and inner plexiform layer; TMV, total macular volume; FT,

foveal thickness; INL, Inner nuclear layer; mRNFL, retinal nerve fibre layer in the

macula; SD, standard deviation.

HC NMOSD
ON NON
mean (SD) mean (SD) mean (SD)
Average Pit Depth (mm) 0.11 (0.02) 0.08 (0.01) 0.11 (0.02)
Central Foveal Thickness (mm)| 0.23 (0.01) 0.23 (0.01) 0.22 (0.01)
Average Rim Height (mm) 0.34 (0.01) 0.31 (0.02) 0.33 (0.01)
Average Rim Diameter (mm) 2.19(0.12) 2.02 (0.05) 2.17 (0.13)
Rim Disc Area (mm?) 3.75 (0.40) 3.20 (0.17) 3.67 (0.44)
Major Rim Disc Length (mm) 0.63 (0.069) 0.54 (0.03) 0.62 (0.07)
Minor Rim Disc Length (mm) 0.62 (0.068) 0.53 (0.02) 0.61 (0.07)
Maijor Slope Disc Length (mm) 0.07 (0.02) 0.06 (0.021) 0.08 (0.03)
Minor Slope Disc Length (mm) 0.05 (0.02) 0.05 (0.02) 0.07 (0.02)
Slope Disc Area (mm?) 0.40 (0.15) 0.366 (0.12) 0.48 (0.18)
Average Slope Disc Diameter 0.69 (0.14) 0.66 (0.12) 0.76 (0.15)
(mm)
Pit Disc Area (mm?) 0.03(0.01) 0.044 (0.015) 0.04 (0.01)
Average Pit Flat disc diameter 0.21 (0.03) 0.23 (0.04) 0.24 (0.03)
(mm)
Major Pit Flat disc length (mm) | 0.006 (0.002) | 0.008 (0.002) 0.008 (0.002)
Minor pit flat disc length (mm) | 0.005 (0.001) [0.0068 (0.002)| 0.007 (0.002)
Rim Volume (mm?3) 1.04 (0.15) 0.79 (0.10) 0.97 (0.15)
Pit Volume (mm3) 0.26 (0.04) 0.21 (0.032) 0.26 (0.04)
Inner Rim Volume (mm?3) 0.10 (0.01) 0.09 (0.01) 0.09 (0.01)
Av Max Pit slope degree (°) 11.67 (3.38) 7.87 (2.57) 11.02 (2.88)
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Table 6-14: Baseline foveal parameters derived from the Cubic Bezier

algorithm

Baseline descriptive and comparisons of foveal results for patients with NMOSD
(ON and NON) and HC. Abbreviations: AQP4-NMOSD, neuromyelitis optica
spectrum disorder with AQP4 Ab positive; ON, optic neuritis eyes; NON, eyes
without a history of optic neuritis; HC, healthy control eyes; SD, standard deviation.

Group differences at baseline analysed using multivariate linear mixed effects models

with estimated marginal means adjusted for age at baseline, sex and site while

accounting for inter-eye correlations is presented in detail in table 6-15 for the retinal

layers and in table 6-16 for the foveal parameters.

ON Vs HC NON Vs HC ON Vs NON
B (SE) P values B(SE) |Pvalues| B(SE) [P values
-37.23 -0.929 -36.310
pPRNFL (um) <0.0001 1 <0.0001
(3.48) (2.54) (3.82)
-0.2099 -0.0539 -0.1561
GCIP (mm?3) <0.0001 0.0001 <0.0001
(0.0170) (0.0124) (0.0189)
-0.1901 -0.0863 -0.1038
TMV (mm?3) <0.0001 <0.0001 0.0016
(0.0262) (0.0192) (0.0291)
0.009 -0.01 0.02
INL (mm?3) 0.4456 0.0072 0.0028
(0.006) (0.004) (0.007)
-5.56 -12.46 6.90
FT (um) 0.9121 0.0062 0.7570
(5.39) (3.96) (6)
-0.01874 -0.00267 -0.01606
mRNFL(mm?3) 0.0001 1 0.0041
(0.00440) (0.00323) (0.00490)

Table 6-15: Baseline OCT differences between disease group and healthy

controls
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Maximum likelihood was used for the estimation of p-values. Abbreviations: ON,
optic neuritis eyes; NON, eyes without a previous history of optic neuritis; HC,
healthy control eyes; B, estimate, SE, standard error. pRNFL, peripapillary retinal
nerve fibre layer; GCIP, ganglionar and inner plexiform layer; TMV, total macular
volume; FT, foveal thickness; INL, inner nuclear layer; mRNFL, retinal nerve fibre

layer. Boxes in red establish the significance at p<0.05.
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LME

ON Vs HC NON Vs HC ON Vs NON
B (SE) P values B(SE) P values B (SE) P values
Average Pit Depth (mm) -0.04371 (0.00622) |<0.0001| -0.0062 (0.0045) [ 0.5230 | -0.0309 (0.00682) [<0.0001
Central Foveal Thickness (mm) 0.001(0.005) 1 -0.004(0.003) 0.407 0.007(0.005) 0.656
Average Rim Height (mm) -0.0344 (0.0398) <0.0001 | - 0.0133 (0.00292) |<0.0001| -0.0211 (0.00443) |<0.0001
Average Rim Diameter (mm) -0.1649 (0.0344) <0.0001| -0.0232 (0.0244) 1 -0.1417 (0.0376) | 0.0008
Rim Disc Area (mmz) -0.5507 (0.1162) <0.0001( -0.0765 (0.0824) 1 -0.4742 (0.1268) | 0.0009
Major Rim Disc Length (mm) -0.0953 (0.0198) <0.0001| -0.0136 (0.0140) | 0.9988 | -0.0817 (0.0216) | 0.0007
Minor Rim Disc Length (mm) -0.0896 (0.0194) <0.0001| -0.0121 (0.0137) 1 -0.0775 (0.021) 0.0011
Major Slope Disc Length (mm) -0.007(0.008) 1 0.013(0.006) 0.1003 -0.021(0.009) 0.075
Minor Slope Disc Length (mm) -0.00496 (0.00668) 1 0.01625 (0.00490) | 0.0036 | -0.2121 (0.00743) | 0.0152
Slope Disc Area (mmz) -0.0338 (0.448) 1 0.0854 (0.0327) | 0.0304 | -0.1192(0.0491) | 0.0502
Average Sloz)n::)isc plameter -0.274 (0.0407) 1 0.0719 (0.0297) | 0.0514 | -0.0993 (0.0447) | 0.0842
Pit Disc Area (mmz) 0.00639 (0.00371) 0.261 | 0.00936 (0.00271) | 0.0023 | -0.00296 (0.00407) 1
Average Pt I(:::)”SC diameter 0.01721 (0.01039) | 0.3006 | 0.02597 (0.00759) | 0.0025 | -0.00876 (0.01140) 1
Major Pit Flat disc length (mm) 0.00121 (0.000669) | 0.2216 | 0.00158 (0.000488) | 0.0048 | -0.00037 (0.000734) 1




L _ 0.001540 -0.000603
Minor pit flat disc length (mm) | 0.000937 (0.000586) | 0.3378 0.0014 0.3378
(0.000428) (0.000643)
<

Rim Volume (mm°) -0.25 (0.043) 0.000" -0.07(0.031) 0.0662 | -0.183(0.043) | 0.0006
Pit Volume (mm°) -0.05250 (0.01307) | 0.0003 | 0.00148 (0.00955) 1 0.05398 (0.01434) | 0.0008

Inner Rim Volume (mm"°) 0.00409 (0.00539) 1 | -0.00967 (0.00394) | 0.0464 | 0.00559 (0.00592) 1
Av Max Pit slope degree (°) -3.798 (0.896) 0.0001 | -0.652(0.654) | 0.9639 | -3.146(0.983) | 0.0053
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Table 6-16: Baseline foveal shape parameters differences between disease
group and healthy controls

Maximum likelihood was used for the estimation of p-values. Abbreviations: ON,
optic neuritis eyes; NON, eyes without a history of optic neuritis; HC, healthy control
eyes; B, estimate, SE, standard error. Boxes in red establish the significance at
p<0.05.

As expected, the models showed significant thinning in pRNFL, GCIP, TMV, and
mMRNFL in ON eyes compared to HC eyes and to NON eyes, suggesting profound
neuroaxonal damage. NON versus HC eyes showed significantly thinner GCIP, TMV,
INL and FT in NON eyes (figure 6-11).
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Figure 6-11: Box plots of disc and macular baseline OCT and foveal data

a) pRNFL: peripapillary retinal nerve fibre layer at the disc; b) GCIP: combined

ganglion cell and inner plexiform layer; c) TMV: total macular volume; d) INL: Inner
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nuclear layer; e) FT: foveal thickness; f) mMRNFL: retina nerve fibre layer at macula;
g) Average Pit Depth; h) Average rim height; i) Average rim diameter; j) Rim disc
area; k) Slope disc area; |) Average slope disc diameter; m) Pit disc area; n) average
pit flat disc diameter; o) Pit volume; and p) Average maximum pit slope degree.
Boxplot show median and 25" and 75" percentile.

Significance of LME model comparison is shown in this boxplot: <0.05 & 20.01 (*);
<0.01 & >0.001 (**); =0.001 (***).

6.2.1. Foveal changes

Fovea morphometry quantifies several metrics of the fovea (figure 5-5). Visually,
ON-related changes in the fovea/parafoveal area can be interpreted as flattening of
this area (figure 6-12 b,d,e), whereas NON changes appear can be interpreted as
widening of this area (figure 6-12 c,f,g), already suggesting different mechanisms
causing the change (figure 6-13 a and b).
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Figure 6-12: Foveal changes in NMOSD. OCT examples

a: Healthy eye, b: Optic neuritis (ON) right eye from a unilateral ON patient, c:
Fellow left eye from a unilateral ON patient, d: ON right eye from a bilateral ON
patient, e: ON left eye from a bilateral ON patient, f: NON right eye from a patient
“never affected” (from patients with no history of ON) by ON, g: NON left eye from
a patient “never affected” (from patients with no history of ON) by ON.
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ON eyes NON eyes
Healthy control eyes 4 —— Healthy control eyes

Figure 6-13: Foveal changes in AQP4-NMOSD. Schematic model

a: eyes with a history of ON (ON eyes) and b: eyes without a history of ON (NON-
eyes). Both horizontal dashed lines in figures a and b refer to the central foveal
thickness distance, defined as the minimum height of fovea at the centre of the pit.
Abbreviations: NMOSD, Neuromyelitis optica spectrum disorders; HC, Healthy

controls; ON, optic neuritis eyes; NON, non-optic neuritis eyes.

Lower values for ON versus HC were found in the following parameters: average pit
depth, average rim height, average rim diameter, rim disc area, major and minor rim
disc length, pit volume and average maximum pit slope degree. ON versus NON-eyes
showed significantly lower values for average pit depth, average rim height, average
rim diameter, minor slope disc length, slope disc area, rim disc area, major and minor
rim disc length, pit volume and average maximum pit slope degree. Conversely, NON
versus HC showed significantly lower values for average rim height and higher values
for minor slope disc length, slope disc area, average slope disc diameter, pit disc area,
average pit flat disc diameter, and major and minor pit flat disc length (table 6-17).

6.2.2. Discriminatory analysis

OPLS-DA identifies a linear combination of measures to separate two groups.

This method reduces the weight of tightly correlated values that do not give an
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additional benefit. OPLS-DA was employed as a supervised statistical method to
discriminate ON from HC, ON versus NON, and NON-eyes from HC
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Figure 6-14: OPLS-DA results

Ai: OPLS-DA, ON vs HC - eyes comparison (Accuracy = 81,16%), Aii: OPLS-DA
ON Vs HC model validation, Aiii: VIP scores from all parameters used in the model
for each comparison, Aiv: Values of the most important parameters for ON vs HC.
Bi: OPLS-DA, ON Vs NON - eyes comparison (Accuracy = 76,48%). Bii: OPLS-DA
ON vs NON-eyes model validation, Biii: VIP scores from all parameters used in the
model for each comparison. Biv: Values of the most important parameters for ON
vs NON. Ci: OPLS-DA, NON vs HC-eyes comparison (Accuracy = 67,71%). Cii:
OPLS-DA NON vs HC model validation, Ciii: VIP scores from all parameters used
in the model for each comparison. Civ: Values of the most important parameters for
NON vs HC. Abbreviations: OPLS-DA: orthogonal partial least squares
discriminatory analysis; VIP, variable importance in projection; ON, optic neuritis
eyes; NON, non-optic neuritis eyes; HC: healthy control eyes; pRNFL, peripapillary
retinal nerve fibre layer; GCIP, ganglion cell and inner plexiform layer; INL inner
nuclear layer; FT, foveal thickness.

Notably, the top nine most discriminatory variables contributing to the separation of ON
eyes from HC and NON-eyes are pRNFL, GCIP, rim volume, major and minor rim disc
length, average rim diameter, rim disc area, average pit depth and average rim height. In
the separation between NON-eyes from HC, the top nine most discriminatory variables
were TMV, average rim height, GCIP, average pit flat disc diameter, major and minor pit
flat disc length, pit disc area, INL and FT (Figure 6-14). The selection of largely different
morphometrical factors in ON and NON-eyes suggest that while NON-eyes show some
evidence of neuroaxonal damage, this damage cannot explain the foveal shape changes.
The variables that better describe the difference between HC and NON-eyes are not at
the retinal or peripapillary level but at the foveal level, indicating an unlikely effect of
subclinical inflammatory events in the optic nerve and/or a chiasmal crossover effect from

a contralateral ON, but being more in line with a primary astrocytopathy effect.
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6.2.3. Longitudinal changes

After OPLS-DA indicated that foveal shape changes in NON eyes are unlikely to
be attributable to neuroaxonal damage to the optic nerve, potential longitudinal changes
were also investigated. The analysis was limited to NON eyes to not overlay ON-unrelated
changes with potential changes from ON. Annualized changes from baseline to last follow
up for the NON eyes are summarized in table 6-17 for retinal layers and in table 6-18 for
the foveal parameters.

AQP4-NMOSD-NON
Annualized change, Mean (SD)
pRNFL(um) -0.611 (1.85)
GCIP (mm3) -0.009 (0.0044)
TMV (mm3) -0.004 (0.013)
INL (mm3) 0.003 (0.001)
FT(um) -0.43 (2.19)
mRNFL (mm3) -0.0003 (0.006)

Table 6-17: Annualized retinal layer changes in NON eyes

Abbreviations: NON, eyes without a history of optic neuritis. pRNFL, peripapillary
retinal nerve fibre layer; GCIP, ganglionar and inner plexiform layer; TMV, total
macular volume; FT, foveal thickness; INL, inner nuclear layer; mRNFL, retinal

nerve fibre layer.
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AQP4-NMOSD-NON

Annualized change, Mean (SD)

Average Pit Depth (mm)

0.00012 (0.002)

Central Foveal Thickness (mm)

-0.0005 (0.0001)

Average Rim Height (mm)

-0.00038 (0.0023)

Average Rim Diameter (mm)

-0.00088 (0.01)

Rim Disc Area (mm?)

-0.0029 (0.04)

Major Rim Disc Length (mm)

2.38 E-05 (0.009)

Minor Rim Disc Length (mm)

-0.0009 (0.007)

Major Slope Disc Length (mm)

-0.001 (0.005)

Minor Slope Disc Length (mm)

-0.001 (0.004)

Slope Disc Area (mm?)

-0.01 (0.026)

Average Slope Disc Diameter (mm)

-0.006 (0.02)

Pit Disc Area (mm?)

-0.0002 (0.002)

Average Pit Flat disc diameter (mm)

-0.0008537 (0.006)

Major Pit Flat disc length (mm)

-7.97 £95 (0.0004)

Minor pit flat disc length (mm)

1.25 E-05 (0.0005)

Rim Volume (mm?3)

0.000333 (0.017)

Pit Volume (mm?3)

-0.0020 (0.008)

Inner Rim Volume (mm?3)

0.00022 (0.002)

Av Max Pit slope degree (°)

0.0034 (0.41)

Table 6-18: Annualized foveal changes in NON eyes

Abbreviations: NON, eyes without a history of optic neuritis.
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Longitudinal analysis using linear mixed effects models identified no significant retinal
changes (table 6-19) or foveal parameter changed (table 6-20) at follow-up compared to
baseline in eyes with no previous history of ON in AQP4-NMOSD.

AQP4-NMOSD-NON. F/U vs baseline

B (SE) P values
pRNFL(um) -0.11563 (0.276813 0.6767
GCIP (mm3) -0.0007202 (0.000816) 0.3788
TMV (mm3) -0.0028363 (0.002249) 0.2090
INL (mm3) -0.00044411 (0.000955) 0.6427
FT (um) -0.61538 (0.429695) 0.1538
mRNFL (mm3) -0.00122806 (0.000881) 0.1653

Table 6-19: Assessment of baseline to follow-up changes in retinal layers

Significant p values are shown in red. Maximum likelihood was used for the
estimation of p values. Abbreviations: F/U, Follow-up; SD, standard deviation; B,
estimate; SE, standard error; AQP4-NMOSD-NON, neuromyelitis optica spectrum

disease eyes from AQP4 ab positive, with no history of optic neuritis.
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AQP4-NMOSD-NON. F/U vs baseline
B (SE) P values
Average Pit Depth (mm) 0.0004 (0.0004) 0.3149
Central Foveal Thickness (mm) -0.0004 (0.0004) 0.3891
Average Rim Height (mm) -0.0000040 (0.00039) 0.9918
Average Rim Diameter (mm) -0.00059 (0.002) 0.8039
Rim Disc Area (mm?) -0.001 (0.007) 0.8040
Major Rim Disc Length (mm) 0.0000439 (0.0013) 0.9746
Minor Rim Disc Length (mm) -0.00067 (0.0016) 0.6194
Major Slope Disc Length (mm) -0.001(0.0008) 0.157
Minor Slope Disc Length (mm) -0.00017(0.0006) 0.803
Slope Disc Area (mm?) -0.004(0.004) 0.35
Average Slope Disc Diameter (mm) -0.002(0.003) 0.49
Pit Disc Area (mm?) -0.0002 (0.0006) 0.6445
Average Pit Flat disc diameter (mm) -0.001 (0.00146) 0.4528
Maijor Pit Flat disc length (mm) -0.00008 (0.00011) 0.4782
Minor pit flat disc length (mm) -0.000016 (0.00008) 0.8469
Rim Volume (mm?3) 0.00010 (0.0030) 0.9721
Pit Volume (mm?3) -0.0003(0.001) 0.77
Inner Rim Volume (mm?3) -0.00002(0.0004) 0.96
Av Max Pit slope degree (°) -0.041(0.079) 0.599

Table 6-20: Assessment of baseline to follow-up changes in foveal
parameters

Significant p values are shown in red. Maximum likelihood was used for the
estimation of p values. Abbreviations: F/U, Follow-up; SD, standard deviation; B,
estimate; SE, standard error; AQP4-NMOSD-NON, neuromyelitis optica spectrum

disease eyes from AQP4 ab positive, with no history of optic neuritis.
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In eyes with previous attacks of ON, changes with a positive trend towards significance
in foveal thickness [B(SE): 0.89(0.49); p=0.0753] were observed, as well as a significant
increase in central foveal thickness [B(SE): 0.0014(0.00054); p=0.0098] and average rim
height [B(SE): 0.0012 (0.002); p=0.0064]. Predicted changes are plotted in figure 6-15.
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Figure 6-15: Significant longitudinal LME model graphs
a) FT: foveal thickness; b) Central foveal thickness and c) Average rim height
significant for ON eyes compared to baseline.
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6.3. Summary of the main structural findings: retinal
impairment defined by OCT and foveal morphometry in
AQP4-NOSD and MOGAD.

The following table (table 6-21) summarizes the structural impairments (note, not
longitudinal evolution) in AQP4-NMOSD and MOGAD. Fellow and “never affected eyes”
(from patients never affected by ON) were considered one single category for the study
of the foveal shape. Red share indicates impairment.
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Av Max Pit slope

NA NA NA
degree (°)

Table 6-21: Structural impairment in AQP4-NMOSD and MOGAD

Abbreviations: AQP4-NMOSD-NON, neuromyelitis optica spectrum disease eyes
from AQP4 ab positive; MOAGAD, Myelin Oligodendrocyte Glycoprotein spectrum
disorder; ON, Optic neuritis; pRNFL, peripapillar retinal nerve fiber layer; GCIP,
Ganglionar and inner plexiform retinal nerve fibre layer; TMV, total macular
volume; INL, Inner nuclear layer; FT, Foveal thickness; mRNFL, macular retinal
nerve fibre layer; NA, not available.
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/. DISCUSSION
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The study of the neuro-ophthalmological consequences of MOGAD and AQP4-
NMOSD is a rapidly evolving field. This thesis complements other work published in the
last years, adding a significant contribution to the knowledge needed to provide an
appropriate clinical management and to provide clinical trials a valuable information
regarding clinical endpoints; in this thesis | provide a comprehensive overview of
structural damage, recovery and structural changes in affected, fellow and “never
affected” eyes in AQP4-NMOSD and MOGAD patients.

The study of longitudinal retinal changes after ON in AQP4-NMOSD and MOGAD has
been a hot topic in the last years. However, the current literature still presents with several
gaps, being the most important: the definition of damage in function of time after an ON,
whether the fellow eyes from affected ON eyes present with neuroaxonal damage, and
whether eyes from patients with no history of ON (so called “never affected eyes”) present
with damage not patently related with ON.

ON eyes in AQP4-NMOSD and MOGAD suffer from neuroaxonal damage, but what
else?

In this thesis, | support previous studies describing thinning of inner retinal layers after
ON in affected eyes of AQP4-NMOSD and MOGAD patients. The results included in this
thesis shows damage in pRNFL, mRNFL, GCIP, TMV and INL in both AQP4-NMOSD
and MOGAD eyes previously affected by ON compared to HC. These findings have been
observed in previous research in both conditions, particularly in AQP4-NMOSD
(82,97,166,196,197) but also in MOGAD eyes (170,171). Thinning in pPRNFL, mRNFL and
GCIP demonstrates profound neuroaxonal damage after ON, that is consequently
reflected in the global TMV (198). INL has been broadly described in MS as a marker of
global inflammatory disease activity (199-202), and the occurrence of clinical relapses in
any functional system was found to be significantly associated with a subsequent
increase in INL in MS patients (201). But studies employing OCT in MS have
demonstrated a spectrum of abnormalities of the INL that include not only thickening but
also thinning associated with progressive disease (203). An increase in INL thickness in
AQP4-NMOSD eyes (97,197) and MOGAD affected eyes (170,171) has been previously
described, but has not been yet associated with relapses outside the visual system and,
in the context of this research, it appears in relapse-free cohorts. An explanation to this
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can be due to the high density of inflammatory cells in the INL (204), which may cause
residual inflammation due to previous ON or, in the case of AQP4-NMOSD eyes, due to
an ongoing local inflammatory activity. Thinning of INL was not found in any of these 2
conditions, supporting the current knowledge of AQP4-NMOSD and MOGAD being not
degenerative.

At the same time, in AQP4-NMOSD longitudinal observations focusing on the recovery
window in absence of new relapses, | show for the first time increases in macular volume
(that could be interpreted as recovery) in the chronic phase. This has been observed in a
time window of 2 years after the acute event. This minimal increase in TMV, with an
estimated variation of +0.08 mm? per year, may be attributed to an extreme neuroaxonal
damage that in some cases might limit the magnitude of recovery. This increase might
not be clinically meaningful, but is statistically significant in this population compared to
healthy controls indicating dynamic changes in the post-acute phase. These findings
could be related with several hypotheses: The first hypothesis being related with a more
profound damage after ON in AQP4-NMOSD after the first attack that would result in a
longer recovery. A second hypothesis could also reflect an additional process,
independent from ON, which in AQP4-NMOSD would be related with a subclinical
antibody activity affecting retinal Muller cells, or even to subclinical inflammatory events.
Finally, the third hypothesis could be related with molecular changes in the extracellular
environment, led by intercellular interactions between synaptic and non-synaptic cells and
ganglionar cells, that could help promoting axon regeneration (205). These 3 scenarios
are not independent, and all three could play a role at different stages of the process.
No changes over time have been observed longitudinally in MOGAD-ON eyes where the
retina appears stable 1 year after the ON.

Eyes with no history of ON in APQ4-NMOSD and MOGAD, shall we pay attention?
In AQP4-NMOSD, this thesis highlights the importance of the separation of NON-ON eyes
into 2 different categories: fellow eyes from contralateral ON eyes, and eyes from patients
never affected by ON (so called “never affected eyes”) suggesting that a differential
pattern of damage is observed in these 2 categories of eyes.

While previous studies have found a reduction in pRNFL and GCIP in patients with no
history of ON compared to HC in the MOGAD population (where fellow and “never
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affected eyes” were grouped together) (170,171), my results indicate that retinal integrity
is preserved in MOGAD-NON eyes (cross-sectionally and longitudinally) both in fellow
and “never affected” category.

Unilateral ON in AQP4-NMOSD, really unilateral? The fellow contralateral eyes
speak

Findings from project 1 indicate that AQP4-NMOSD fellow eyes from contralateral
affected ON eyes show significantly lower total macular volume than healthy controls and
this seems not to be attributable to the thickness of any of the individual retinal layers. A
possible explanation for this finding is due to the posterior nature of ON in AQP4-NMOSD
patients. Inflammation may transfer across the crossing fibres in the optic chiasm and
affect less severely the contralateral eye with a similar pattern of damage. Another
plausible explanation could be the presence of subclinical inflammatory activity in the
fellow eye, either in the optic nerve or locally in the retina. It is important to note that a
subtle ON event may be unnoticed by the patient when a severe attack is happening in
the contralateral eye or elsewhere in the body, and might be under-reported.

Over follow up, these eyes show increases in total macular volume that are not
attributable to changes in any of the inner retinal structures either. However, the
longitudinal variability estimated by linear mixed-effects model suggest that neuroaxonal
damage did not happen in this cohort in the fellow eye, and thinning in TMV could be a
transient inflammatory process. This increase over time in TMV, estimated at a mean rate
of +0.35 mm? per year in a time window of 2 years after the acute event, may indicate a
recovery from an inflammation that was neither local nor too severe, or as it was described
for the affected eyes, due to a compensation of the extracellular environment or foveal
remodelling resulting from Mdller cells death. This evidence reinforces the hypothesis of
a contralateral crossover inflammation through the optic chiasm. However, larger sample
sizes are needed to make more robust conclusions in these fellow eyes.

Fellow eyes from MOGAD patients did not show any difference compared with healthy
control eyes.

AQP4-NMOSD patients with no history of ON, your eyes have something to say

A differential pattern of damage was found in “never affected eyes” from AQP4-NMOSD

patients. In this category, TMV appears preserved, but INL shows a significant increase
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in thickness. As | mentioned above for the ON eyes, this increase in INL thickness could
be linked to an active inflammation and this is especially important in this group of eyes,
where no contralateral affection is present.

In the last years, some publications have opened a new debate discussing attack-
independent neuroaxonal damage in AQP4-NMOSD eyes (90,93,97,197,206-210), and
experimental scientists have described underlying astrocytopathy in animal models
(211,212), with further publications demonstrating attack independent damage in AQP4-
NMOSD cohorts (91-94,210).

While changes in INL found cross-sectionally did not seem to evolve over time, these
categories of eyes showed a significant foveal thinning over time. Taken this, |
hypothesise that both might be part of the same process, related to an attack-independent
loss of AQP4-expressing Muller cells in these patients, confined to the retina, where the
disruption of osmotic and ionic homeostasis due to circulating antibodies (linked or not to
other attacks elsewhere in the CNS) would result in the dysregulation of Muller cells,
causing INL oedema that could potentially result in neuronal loss and foveal remodelling
over time (22,213-215).

This hypothesis would be supported by the findings in a recent publication describing
patterns of microvascular damage in AQP4-NMOSD patients (216); where the authors
found a significantly smaller foveal avascular zone in affected and unaffected eyes
compared with healthy controls, and propose that this reduction in microvasculature could
be associated to the process described above.

Interestingly, where fellow and “never affected eyes” were treated as a single entity in
project 3, OPLS-DA selected GCIP but not pPRNFL as one of the most robust parameters
discriminating NON-eyes from HC. This adds a piece of information that potentially
suggests that GCIP changes may reflect a neurodegenerative reaction of ganglion cells
to Muller cell affection or that GCIP thinning is caused by changes to Muller cell processes
itself. The discrepancy between pRNFL and GCIP differences in NON-eyes is interesting
and warrants further investigation. Future studies with bigger sample size and higher
power are required to address this issue.

The results presented in the post-acute setting in this work are novel and have not been
found previously in other research, where either a plateau effect was suggested (92), or
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in case of multicentric research, the variability in the data coming from different centres
and different protocols did not allow to state robust conclusions (217). The annual
changes reported in this study, albeit not clinically meaningful, may serve as the basis for
sample size calculations.

The fovea in AQP4-NMOSD patients, diving into a black hole

At this point, after all the stated above, my hypothesis supports that different process
might be happening at the same time in AQP4-NMOSD eyes. The study of fellow eyes
and “never affected eyes” was particularly important as it helped shedding light into the
different mechanisms of retinal damage. While changes in fellow eyes might be attributed
to inflammatory chiasmal crossover or retinal astrocytopathy, the study of “never affected
eyes” helped me isolating the second effect. Foveal shape changes had been previously
reported AQP4-NMOSD patients after ON (89,91,93) and foveal morphometry had also
identified foveal shape differences between MS patients and HC (89). Other authors had
also reported FT thickness on OCT in AQP4-NMOSD patients (91,93). All these clues
lead this research to investigate further the importance of the fovea and the Muller cells
in this disease, and foveal shape changes in AQP4-NMOSD patients never affected by
ON (fellow + “never affected” jointly) were further investigated in this thesis. For the first
time, foveal morphometry was performed to describe the parafoveal involvement and the
parafoveal changes in AQP4-NMOSD NON-eyes. My results, provided with evidence that
the parafoveal area, which is rich in AQP4-expressing Muller cells, is altered in AQP4-
NMOSD patients who never experienced a clinical ON, and suggested that these
changes are likely to be independent of neuroaxonal damage from subclinical
inflammatory events in the optic nerve, as macular and peripapillary layers were not
affected in this subset. In this thesis, the fovea of NON-eyes was found to be
characterized by wider pits and more pronounced slopes, best described as foveal
widening compared to ON eyes. OPLS-DA selected parameters helped successfully
differentiating ON and NON-eyes, lending strong support to the hypothesis that the
observed foveal changes in NON-eyes are not caused by neuroaxonal damage to the
optic nerve.

Foveal changes were also found in ON eyes, which can best be described as flattening
of the parafoveal ring: OPLS-DA selected primarily parameters of neuroaxonal damage
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(PRNFL, GCIP) as well as parameters describing the volume and flatness of the fovea.
Some of these changes can be due to the fact that ON causes neuroaxonal damage in
AQP4-NMOSD, and this damage, that is reflected by pRNFL thickness loss reflecting
axonal damage and GCIP loss reflecting neuronal ganglion cell loss (92,93,166,218) can
also affect the foveal shape.

My thesis, as well as previous clinical studies did not address the underlying aetiology of
foveal involvement in AQP4-NMOSD, however, we can hypothesise: The parafoveal area
is rich in Muller cells, the principal astrocytic glia of the retina, which expresses AQP4 in
their end feet adjacent to retinal vessels (219). In an animal model of retinal damage in
NMOSD, AQP4-IgG injection into the vitreous resulted in reactive changes and loss of
Muller cells without complement activation (211). Previous studies have demonstrated a
lack of complement reactivity in the area postrema (220), This could also be the case in
the fovea, where AQP4-IgG would still bind the retinal AQP4-expressing cells but would
fail to activate the complement, and therefore would not cause mediated damage in the
retinal cell integrity but still would be able to affect foveal morphometry.

This thesis did not found evidence for overt progressiveness of foveal shape changes,
neither in ON nor NON-eyes. Given the sample size limitation, it is unclear whether this
sub-study is simply underpowered or whether changes to the fovea are indeed not
progressive.

While these findings are limited to the retina, the observation that slight AQP4-related
damage in NMOSD is also relevant for other CNS areas, secondary symptoms in NMOSD
like cognitive dysfunction (221), fatigue (222), pain (116) and mood disorders (223) are
yet mostly unexplained. Imaging studies have so far been inconclusive regarding focal
damage to brain structures in NMOSD, which is outside of attack-related areas or
potential subject to secondary axonal or transsynaptic neurodegeneration (208,224,225).
An independent recent study, has identified the nucleus accumbens as a potentially
interesting target with functional relevance of AQP4 expressing cells for neural plasticity
(226).

Structure-function in AQP4-NMOSD and MOGAD: correlation or dissociation?
Finally, after defining the retinal structure in affected, fellow, and never affected eyes in
AQP4-NMOSD and MOGAD and foveal changes in AQP4-NMOSD patients, a further

177



step was needed to investigate the relationship between structure-function in these
patients.

Previous research had demonstrated that ON in AQP4-NMOSD is often associated with
severe visual function loss (227), presenting with worse visual outcomes compared to
multiple sclerosis (MS) patients and to patients with MOGAD (90). In this regard, it is well
known that MOGAD patients present with better recovery rates than AQP4-NMOSD
(169), however structure-function relationships in eyes in absence of functional problems
were not explored before.

In this thesis, where the majority of patients followed a monophasic ON course AQP4-
NMOSD eyes accounted for more severe thinning than MOGAD eyes. In patients with no
problems in their central vision, | demonstrate that there are fewer occasions where
subclinical damage happens in patients with AQP4-NMOSD, since residual damage is
proven to impact the function. Even so, there may be cases of subclinical damage without
visual impact, and in patients with a previous history of optic neuritis, this would indicate
better recovery mechanisms.

In MOGAD, given the much lower prevalence of abnormal tests (18%) from eyes who
had never had ON compared to 84% of MOGAD ON eyes, it is likely that the abnormal
OCT and VEP results are mainly a direct consequence of an ON attack rather than an
unrelated disease process. It is important to note that the retina is an unmyelinated zone,
and for that reason, changes in MOGAD eyes are highly likely to come from optic nerve
defects. However, abnormalities still occurred in a few eyes without previous history of
ON. In AQP4-NMOSD disease, patients who do recover normal vision are more likely to
have normal investigations than MOGAD-ON patients. Based on this finding, |
hypothesize that astrocyte damage in AQP4-NMOSD attacks might be more of an ‘all or
nothing’ event affecting the optic nerve and those that recover may not have secondary
demyelination. For this reason, assessment with OCT and VEPs appear to be sensitive
(as previously demonstrated in MS), for detecting primary demyelinating pathology.
These findings are important because it could lead to an adjustment in the on-going
immunosuppression therapy. In addition, as subclinical abnormalities can occur without
symptoms, it is important to repeat the tests after each MOGAD relapse to provide

comparison data should future visual symptoms occur.
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This thesis not only contributes to demonstrate the structure-function concordance in
AQP4-NMOSD, and dissonance in MOGAD but also shows that OCT, rather than VEPs,
is able to detect subclinical damage in eyes of patients with MOGAD with normal visual
acuity in spite of a previous ON.

The conclusions of this work need to be considered in light of the limitations, such as
small sample size and differences in demographic and treatment characteristics that,
although accounted for in all statistical analyses, cannot be matched entirely. However,
this work demonstrates distinctive strengths with respect to the current literature:
diagnosis was consistent and accurate across participants, including only those with an
antibody positive test, unlike many other studies which include heterogenous phenotypes;
this thesis investigates one of the biggest cohorts currently available with two longitudinal
and one cross-sectional study (two of those, single-centre) using routine (OCT, VEP) and
advance (foveal morphometry) paraclinical tests; finally each stage of the analysis
pipeline was designed with high standards paying special attention to statistical design
and QC process.

In summary, sub-clinical abnormalities can occur due to silent ON (MOGAD) or antibody
activity leading to retinal astrocytopathy (AQP4-NMOSD) therefore, monitoring subclinical
activity and the post-acute recovery window is crucial. The data presented in the previous
sections of this thesis supports the importance of repeating visual tests after each ON
relapse, or yearly, in the absence of those.

This is an exciting field and if the standardization of protocols and analysis methods
across centers can be achieved, OCT and foveal morphometry imaging will prove to be
important tools to inform personalized treatment strategies within the clinical pathway, for

the study and monitoring of disease and to measure outcomes for clinical trials.
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8. CONCLUSIONS
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o After the ON patients with AQP4-NMOSD and MOGAD show different retinal
integrity recovery times, with AQP4-NMOSD taking longer to stabilise after an ON, this

process is still dynamic 2 years after the acute attack, as the ongoing recovery in TMV
demonstrates. MOGAD-ON eyes reach a stable retinal thickness 1 year after the acute
attack.

. Fellow eyes from contralateral ON present with signs of inflammation in

AQP4-NMOSD that can be attributed to inflammatory chiasmal crossover or ON-

independent retinal astrocytopathy. However, this is not accompanied by neuroaxonal
damage (inner retinal structures are preserved). As its contralateral ON eyes, fellow eyes
present with ongoing TMV recovery beyond 1 year post-acute. Fellow eyes in MOGAD
do not show any difference with HC eyes.

. Retinal damage independent from ON occurs in AQP4-NMOSD but not in

MOGAD, as shown by “never affected” eyes (from patients with no history of ON), and

is associated with INL thickening and foveal shape changes in the OCT examination.

“‘Never affected eyes” in MOGAD patients do not present any different with HC.

° Foveal shape changes in AQP4-NMOSD are independent from ON but not

progressive. Parafoveal area of AQP4-NMOSD eyes presents with structural changes
in both eyes affected and not affected by ON. These changes are characterized by
flattening of the parafoveal area in ON eyes and wider pits, and more pronounced slopes
in NON eyes. Foveal shape changes suggest that this retinal process is independent from
ON, and might be associated with local antibody activity in the parafoveal area. Changes

in foveal morphometry are not overtly progressive.

. Structure-function discordance in MOGAD may be associated with

subclinical inflammatory events in the optic nerve, as retinal damage often occurs in

patients with good central vision. In AQP4-NMOSD the degree of retinal damage appears

to be directly associated with central visual function.
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9. FUTURE DIRECTIONS
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The visual system is formed by three chain neurons (228) (figure 9-1). In this thesis, two
main techniques were used: OCT to investigate the retrograde retinal degeneration from
lesions in the optic nerve, as well as the ON independent changes affecting the retinal

integrity; and VEP to assess the demyelination of the visual pathway.
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Figure 9-1: Anatomical scheme of the visual pathway

The retinal ganglion cell (RGC), visualised with spectral-domain optical coherence
tomography (SD-OCT), projects to the lateral geniculate nucleus (LGN) in the
midbrain. The axon of the 2nd order neuron in the LGN projects through the optic
radiations (ORs), assessed using diffusion tensor imaging, to the primary visual
cortex.

The injury induced by the inflammation of the optic nerve in CNS antibody mediated
diseases often leads to degeneration of the axon (229), however the occurrence of
degeneration is not always dependent on the inflammation (230), and a local
degeneration can be spread through the neurons and result in an atrophy elsewhere.

Anterograde and retrograde degeneration have been described in depth in the literature
(231-235). Retrograde degeneration is the damage of the retinal layers in the eye that is
caused by a damage in the optic nerve due to an ON while anterograde degeneration is

the damage of the posterior visual pathway due to an ON (figure 9-2).
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Figure 9-2: Anatomical depiction of retrograde and anterograde transsynaptic
degeneration in the visual pathway

A) Anterograde trans-synaptic degeneration (retina to brain), B) Retrograde trans-

synaptic degeneration (brain to retina).

In AQP4-NMOSD previous studies have suggested that the thinning in the mRNFL layer
and the GCIP complex were associated to a decreased integrity of the optic radiation and
volume in the primary visual cortex (236) and others have suggested the existence of
trans-synaptic degeneration in the anterior and posterior visual pathway that would
demonstrate the existence of bidirectional degeneration in AQP4-NMOSD (94,236,237)
It is known, that anterior visual pathway damage is often more severe than posterior visual
pathway damage and in previous research, associations between macular thickness and
atrophy of the posterior visual pathway has not been found in AQP4-NMOSD (94). In the
same study, the largest to date in AQP4-NMOSD (n=36, only 22 of those were AQP4-
IgG seropositive), they have identified ganglionar cell layer in the retina and OR as the
most vulnerable structures to degeneration.

Retrograde degeneration has been clearly demonstrated in those patients with an ON,
however the decreased integrity in the OR and V1 could be a caused by lesions in the

OR and more advanced methods are needed.
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Future steps:

1. To validate Tian et al 2018 findings including exclusively AQP4-1gG seropositive
NMSOD and to further investigate the posterior structural damage relationship with visual
outcomes.

2. To describe posterior visual pathway damage in MOGAD and assess a potential
anterograde degeneration from ON and its relationship with visual outcomes.

3. To investigate a potential cortical reorganization in the visual networks in MOGAD
that could explain why these patients have preserved visual function despite the retinal

impairment after ON.

Methods:

To address these points, | would use OCT to asses retinal integrity, diffusion tensor MRI
to assess demyelination and axonal loss of the OR, volumetric analysis from brain
structural MRI to assess atrophy of the LGN and resting state functional MRI to assess

cortical reorganization of the visual networks.

The standardisation of protocols together with bigger sample sizes and more advanced imaging
analysis could rapidly expand the knowledge. The deployment in clinical routine of new analysis
methods as foveal shape morphometry can be achieved, as they prove to be important tools for
the study of disease and could play a role in measuring outcomes for clinical trials.
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follow-up median (first and third quartile) 1.95 (1.83-2.54). The peripapillary retinal nerve
fibre layer thickness and the volume of combined ganglion cell and inner plexiform layer
as measures of neuroaxonal damage from ON were determined by optical coherence
tomography. Nineteen foveal morphometry parameters were extracted from macular op-
tical coherence tomography volume scans. Data were analysed using orthogonal partial
least squares discriminant analysis and linear mixed effects models.

Results: At baseline, foveal shape was significantly altered in ON eyes and NON eyes
compared to HCs. Discriminatory analysis showed 81% accuracy distinguishing ON vs.
HCs and 68% accuracy in NON vs. HCs. NON eyes were distinguished from HCs by fo-
veal shape parameters indicating widening. Orthogonal partial least squares discriminant
analysis discriminated ON vs. NON with 76% accuracy. In a follow-up of 2.4 (20.85) years,
no significant time-dependent foveal changes were found.

Conclusion: The parafoveal area is altered in AQP4-Ab seropositive NMOSD patients
suggesting independent neuroaxonal damage from subclinical ON. Longer follow-ups are
needed to confirm the stability of the parafoveal structure over time.

KEYWORDS
aquaporin-4 antibodies (AQP4-1gG), foveal morphometry, neuromyelitis optica spectrum disorders
(NMOSD), optic neuritis, retinal neuroaxonal damage

INTRODUCTION

Neuromyelitis optica spectrum disorders (NMOSDs) are relapsing
inflammatory diseases of the central nervous system with a predi-
lection for optic nerves, brainstem and spinal cord [1] The discovery
of pathogenic antibodies to astrocytic aquaporin-4 (AQP4) water
channels [2] in the majority of patients [3,4] has led to NMOSD
being categorized as a primary astrocytopathy, in which AQP4 anti-
bodies (AQP4-Abs) cause compl t-mediated d to AQP4-
expressing astrocytes [3]

Aquaporin-4 antibody seropositive NMOSD is defined by a re-

lapsing course, but without chronic clinical progression or chronic
lesion activity [5] Acute optic neuritis (ON) is a frequent manifesta-
tion of AQP4-Ab seropositive NMOSD and is typically characterized
by severe visual impairment [6] posterior involvement of the optic
nerve on magnetic resonance imaging, severe damage neuropatho-
logically [7] and neuroaxonal loss in the retina measured by optical
coherence tomography (OCT) [8]

An increasing number of studies have reported retinal changes
in NMOSD patient eyes with no known history of clinical ON [9-11]
This is supported by data from animal models of NMOSD, in which
rats injected with AQP4-Abs show complement-independent Miller
cell loss in the retina [12] Miiller cells are glial cells that extend longi-
tudinally through the retina [13] and that express AQP4 in end feet
covering retinal blood vessels [14,15] Miiller cell density is high in the
parafoveal area, but it decreases in the central avascular foveal zone
[16] To specifically target this area in OCT a fovea morphometry on
3D macular OCT images was developed, which can reliably describe
the foveal/parafoveal shape [17] Using this approach, specific foveal
changes in NMOSD were previously reported, which are distinct to

changes in multiple sclerosis patients, a disorder also leading to ON
but without AQP4-Abs [18]

An alternative hypothesis is that foveal changes stem from ON
attacks that do not reach clinical threshold or from chiasmal cross-
over during an ON in the contralateral eye. Whilst the focus of this
research has been on the fovea, previous studies also reported some
degree of neuroaxonal damage in eyes without clinical ON [10]
When excluding patients with a history of ON, evidence for retinal
neuroaxonal damage was still found [9] and neuronal loss in the gan-
glion cell layer may even be progressive [10] lending support to this
hypothesis.

The aim of this study was to longitudinally describe parafoveal
changes and their diagnostic potential in AQP4-Ab seropositive
NMOSD.

METHODS
Study population

In this retrospective study of patients and controls followed in two
longitudinal observational studies in Oxford and Berlin, NMOSD
AQP4-Ab seropositive patients with no other ophthalmological or
neurological disease and a minimum of 1 year clinical and OCT fol-
low-up were included. Inclusion criteria were (1) a clinic diagnosis
of AQP4-Ab seropositive NMOSD according to the 2015 diagnostic
criteria [19]; (2) follow-up examinations with minimum longitudinal
clinical and OCT imaging data of 1 year; (3) minimum age of 18 at
baseline; (4) minimum of 1 year from ON to baseline; (5) macular
OCT scan characteristics, 61 B-scans with 768 A-scans. Exclusion
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criteria were ophthalmological or neurological comorbidities poten-
tially influencing OCT results, insufficient OCT image quality, acute
ON attacks in the last 12 months or ON attacks during follow-up.
Data from healthy age and sex matched controls were selected from
both centres' image databases; longitudinal OCT data for healthy
controls (HCs) was only available from the Berlin site. A flow diagram
of the study cohort is presented in Figure 1.

Optical coherence tomography

All participants were scanned on Spectralis spectral domain devices
(Heidelberg Engineering, Heidelberg, Germany) with automatic
real-time (ART) function for image averaging. The peripapillary
retinal nerve fibre layer (pRNFL) was measured with an activated
eye tracker using 3.4-mm ring scans around the optic nerve (Berlin
and Oxford: 12° 1536 A-scans, 1 < ART < 99). Combined ganglion
cell layer and inner plexiform layer volume (GCIP), total macu-
lar volume (TMV), inner nuclear layer (INL) and retinal nerve fibre
layer at the macula were calculated as a 3-mm diameter cylinder
around the fovea for a macular volume scan (Berlin, 25° x 30°, 61
vertical B-scans, 11 s ART = 18; Oxford, 30° x 25°, 61 vertical B-
scans, 17 < ART = 22). Foveal thickness (FT) was measured as the
mean thickness of a 1-mm diameter cylinder around the fovea for
the macular scan between the internal limiting membrane and the
Bruch's membrane. Intraretinal semi-automatic segmentation was
performed by the same experienced rater (FCO) for all data with
HEYEX software (version 1.10.4.0 with viewing module 1.0.16.0.,
Heidelberg Engineering) to correct segmentation errors and discard
scans of insufficient quality. OCT data presented in this study follow
OSCAR-IB quality criteria [20] and APOSTEL recommendations [21]

Fovea morphometry

To characterize the foveal shape, a 3D modelling algorithm was ap-
plied to macular OCT scans, applying parametric modelling of the

*

baseline baselme

fovea using cubic Bézier equations for foveal morphometry [17]
The method extracts foveal measurements such as depth, diameter,
slope, pit and areas and volumes of different regions (Figure 2a). A
detailed parameter overview is provided in Appendix A.

Statistical methods

Group differences between AQP4-Ab seropositive NMOSD pa-
tients and HCs were tested by Fisher's exact tests for sex and by
the Mann-Whitney U test for age. Multivariate analysis was used
to analyse baseline and longitudinal differences for OCT and fo-
veal shape parameters. Linear mixed effects (LME) models were
applied to account for inter-eye correlations of monocular meas-
urements. The initial model used for all the parameters was
'OCT ~ Age at baseline + Sex + Site + Group, random = ~1|Eye’ for
baseline and a nested LME model described as ‘OCT ~ Age at base-
line + Sex + Site + Group x time since baseline, random = ~1|Patient/
Eye’ for the longitudinal analysis. From the initial models, simpler
models were built by discarding not significant fixed effects, to avoid
overfitting the model.

Group comparisons were established both at baseline and lon-
gitudinally by obtaining estimated marginal means for the mixed
effects model and contrasts of estimated marginal means were com-
puted of all pairwise comparisons of least squares means.

After this, orthogonal partial least squares discriminant analysis
(OPLS-DA) was applied to identify the best combination of foveal
and macular measure to discriminate the NMOSD AQP4-Ab sero-
positive patients from HCs. OPLS-DA is a supervised multivariate
analysis approach used to investigate the variables that are respon-
sible for class discrimination between disease groups [22] Nineteen
foveal and six macular parameters from each patient were included
in the model. In brief, after correction for unequal class sizes, 10-fold
external cross-validation was performed; this entails splitting the fo-
veal and macular data into a training set (using 90% of data) and a
test set (using 10% of data) a total of 10 times to ensure that each
sample appears in the test set exactly once. The test set is applied

6 pa(lents 6 patlents 15 pat:ems

Repectedeyes.:i | Re;enedeves.o I

Re;ec(ed eyes: 2

Follow-up

Follow-up

FIGURE 1 Study cohort and follow-up
flowchart. Flowchart of participants in
the cohort study. NMOSD, neuromyelitis

Follow-up

| 6 patients | [ 6 patients

optica spectrum disorders; AQP4-ab+,
15 patients

aquaporin-4 antibody positive; ON, optic
neuritis eyes [Colour figure can be viewed

at wileyonlinelibrary.com]
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(a)

(b)

—— Healthy comtres eyes

NON ey
Heahhy coetrol eyes

FIGURE 2 Foveal changes in NMOSD. (a) Cross-sectional, 2D illustration on a central B-scan of foveal region parameters extracted with
the CuBe algorithm [17]. (b) Eyes with a history of ON (ON eyes) and (c) eyes without a history of ON (NON eyes). Both horizontal dashed
lines in (b) and (c) refer to the central foveal thickness distance, defined as the minimum height of the fovea at the centre of the pit. ON, optic
neuritis; NON, non-optic neuritis [Colour figure can be viewed at wileyonlinelibrary.com]

to the OPLS-DA model (generated using only the training set) to de-
termine the predictive accuracy on independent (previously unseen)
data. This process was repeated 100 times to produce 1000 models
in total. If these models perform better than models produced by
random class assignments (50%) then separation of the two groups
has not occurred by chance and the model is statistically significant
[23,24] To identify the most important foveal/macular parameters
responsible for the separation between patient groups, variable im-
portance in projection (VIP) scores were generated. A VIP score is
a measure of a parameter's importance to the OPLS-DA model: the
higher the VIP score, the more importantly the parameter contrib-
utes towards the separation of patient groups. OPLS-DA was per-
formed using in-house scripts and the ropls package in R software
[23,25]

Statistical significance was established at p < 0.05. All tests and
graphical representations were performed in R 3.6.2 with packages
nlme, ropls, ggplot2 and emmeans.

RESULTS

Cohort overview

Thirty-eight HCs and 27 AQP4-Ab seropositive NMOSD patients
were included in the analysis (Table 1). Of the AQP4-Ab seropositive
NMOSD group, 34 eyes never had a history of ON (NON), and 15
had a history of ON. Four eyes were excluded from the analysis due
to poor image quality or technical issues, one eye due to amblyopia.

There were no significant differences between the HCs and the
NMOSD group in the baseline demographic.

Group differences at baseline analysed using multivariate LME
models with estimated marginal means adjusted for age at baseline,
sex and site whilst accounting for inter-eye correlations are presented
in detail in Table 2. As expected, the models showed significant thin-
ning in pRNFL, GCIP, TMV and retinal nerve fibre layer at the macula
in ON eyes compared to HC eyes, suggesting profound neuroaxonal
damage. NON vs. HC eyes showed significantly thinner GCIP, TMV,
INL and FT, but changes were less severe than in the ON eyes (Table 2).

Foveal changes

Fovea morphometry quantifies several metrics of the fovea
(Figure 2a). Visually, ON-related changes in the fovea/parafoveal
area appear as flattened, whereas NON changes appear to be wid-
ened, already suggesting different mechanisms causing the change
(Figure 2b,c). Lower values for ON vs. HC eyes were found in the
following parameters: average pit depth, average rim height, aver-
age rim diameter, rim disc area, major and minor rim disc length, pit
volume and average maximum pit slope degree. ON vs. NON eyes
showed significantly lower values for average pit depth, average
rim height, average rim diameter, minor slope disc length, slope disc
area, rim disc area, major and minor rim disc length, pit volume and
average maximum pit slope degree. NON vs. HC eyes showed sig-
nificantly lower values for average rim height and higher values for
minor slope disc length, slope disc area, average slope disc diameter,
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pit disc area, average pit flat disc diameter, and major and minor pit
flat disc length (Table 2 and Appendix A, Figure A2).

Discriminatory analysis

Orthogonal partial least squares discriminant analysis identifies a
linear combination of measures to separate two groups, with the
aim of being able to classify individual patients. This method reduces
the weight of tightly correlated values that do not give additional
benefit. OPLS-DA was employed as a supervised statistical method
to discriminate ON from HCs, ON vs. NON and NON eyes from
HCs. The mean predictive accuracy of the OPLS-DA models distin-
guishing ON vs. HC eyes was 81.16% + 5.39% (p < 0.0001), whilst
the mean predictive accuracies of the OPLS-DA models separat-
ing ON vs. NON eyes and ON eyes vs. HCs were 76.48% + 5.33%
(p <0.0001) and 67.71% + 4.77% (p < 0.0001) respectively (Figure 3).

Importantly, the top nine most discriminatory variables con-
tributing to the separation of ON eyes from HC and NON eyes
are pRNFL, GCIP, rim volume, major and minor rim disc length,
average rim diameter, rim disc area, average pit depth and aver-
age rim height. In the case of the separation between NON eyes
and HCs, the top nine most discriminatory variables were TMV,
average rim height, GCIP, average pit flat disc diameter, major
and minor pit flat disc length, pit disc area, INL and FT (Figure 3).
The selection of largely different morphometrical factors in ON
and NON eyes clearly suggest that, whilst NON eyes show some
evidence of neuroaxonal damage, this damage cannot explain
the foveal shape changes. The variables that better describe the
difference between HC and NON eyes are not at the retinal or
peripapillary level but at foveal level, indicating an unlikely ef-
fect of a subclinical ON and/or a chiasmal crossover effect from
a contralateral ON, but being more in line with a primary astro-
cytopathy effect.

TABLE 1 Cohort overview

NMOSD
HCs ON NON

Number of participants 38 12* 21°
Number of eyes 76 15° 34°
Sex

Female n (%) 27 (74%) 10 (83%) 20(95%)
Age at baseline (years)

Median (1st-3rd 42.60(30.65-51.77)  38.75(25.65-49.17)  46.00

quartile)
F/U time (years)
Median (1st-3rd 1.95(1.83-2.54) 2.765 (1.022-3.280)
quartile)
Race
African/Caribbean Not available 2(17%)
n (%)
Asian n (%) 1(8%)
Caucasian n (%) 8 (67%)
Mix n (%) 1(8%)

Disease duration (years)

Median (1st-3rd
quartile)

Not applicable 1.16 (0.39-3.70)

Time from last ON (years)

Median (1st-3rd
quartile)

4.21(1.94-9.27)

(38.60-52.40)

244(1.76-3.28)

3(14%)

2(10%)
16 (76%)

1.90 (0.54-5.80)°

3.66(2.15-8.35)°

Note: Age and sex group differences between HCs and NMOSD patients were not significant
(Fisher's exact tests for sex, estimate 4.37, p = 0.1020; Mann-Whitney test for age, estimate 3.19,

p = 0.3796; follow-up time, estimate -0.33, p = 0.17).

Abbreviations: F/U, follow-up; HCs, healthy controls; NMOSD, neuromyelitis optica spectrum

disorder; NON, non-optic neuritis; ON, optic neuritis.

*Six patients with bilateral ON, six patients with unilateral ON and 15 patients with no history of

ON.ON =6+ 6 and NON = 6 + 15.
“Eyes counted after the exclusion of five eyes.
“Based on unilateral ON eyes.
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E E E z' £ g £ i § E :'2 E of the whole eye. Hence, pRNFL measures may not be as proportion-
£ 8§85 ° 0y 1
:: 2 & £ 2 22¢ é & ally d. d as GCIP ed reg y. GCIP loss was much less
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FIGURE 3 OPLS-DA results. (ai) OPLS-DA, ON vs. HC eyes comparison (accuracy 81.16%); (aii) OPLS-DA, ON vs. HC eyes model
validation; (aiii) VIP scores from all parameters used in the model for each comparison; (aiv) values of the most important parameters for
ON vs. HC eyes. (bi) OPLS-DA, ON vs. NON eyes comparison (accuracy 76.48%); (bii) OPLS-DA, ON vs. NON eyes model validation; (biii)
VIP scores from all parameters used in the model for each comparison; (biv) values of the most important parameters for ON vs. NON
eyes. (ci) OPLS-DA, NON vs. HC eyes comparison (accuracy 67.71%); (cii) OPLS-DA, NON vs. HC eyes model validation; (ciii) VIP scores
from all parameters used in the model for each comparison; (civ) values of the most important parameters for NON vs. HC eyes. OPLS-DA,
orthogonal partial least squares discriminatory analysis; VIP, variable importance in projection; ON, optic neuritis; NON, non-optic neuritis;
HC, healthy control; pRNFL, peripapillar retinal nerve fibre layer; GCIP, ganglion cell and inner plexiform layer volume; INL, inner nuclear
layer; FT, foveal thickness [Colour figure can be viewed at wileyonlinelibrary.com]

pronounced than in ON eyes. In a previous study potential progres-
sive GCIP loss in NMOSD patients was reported regardless of ON
[10] Previously, FT changes on OCT in NMOSD AQP4-Ab seroposi-
tive patients were also reported [9,11]. Fovea morphometry changes
were also identified not only comparing against HCs but also when
compared to multiple sclerosis patients [18]. Here it is shown that,
in contrast to ON eyes, the fovea of NON eyes was characterized
by wider pits and more pronounced slopes, best described as fo-
veal widening. OPLS-DA selected parameters TMV, average rim
height, average pit flat disc diameter, minor pit flat disc length, pit
disc area and others as best discriminatory against HCs. Importantly,
OPLS-DA selected parameters differed significantly between ON
and NON eyes, lending strong support to the hypothesis that the
observed foveal changes in NON eyes are not caused by neuroaxonal
damage to the optic nerve.

Ours and previous clinical studies did not address the under-
lying aetiology of foveal involvement in AQP4-Ab seropositive
NMOSD. The parafoveal area is rich in Miller cells, the princi-
pal astrocytic glia of the retina, which express AQP4 in their end
feet adjacent to retinal vessels [30]. In an animal model of retinal
damage in NMOSD, AQP4-Ab injection into the vitreous resulted
in reactive changes and loss of Miller cells without comple-
ment activation [12]. Previous studies have demonstrated lack of

complement reactivity in the area postrema [31] this could also
be the case in the retina, where AQP4-Ab would still bind the
retinal AQP4-expressing cells but would fail to activate the com-
plement, and therefore would not cause mediated damage in the
retinal cell integrity but still would make the changes in the foveal
morphometry.

Longitudinal observations

In a previous study progressive GCIP loss in AQP4-Ab seropositive
NMOSD regardless of ON was reported [10]. In contrast, in the current
study no evid:
NON eyes was found. Given the sample size limitation of this study, it
is unclear whether it was simply underpowered or whether changes to
the fovea are indeed not progressive. Interestingly, OPLS-DA selected
GCIP but not pRNFL as one of the strongest parameters discriminating
NON eyes from HCs. It is possible that GCIP changes reflect a neu-
rodegenerative reaction of ganglion cells to Miiller cell affection, It is
possible that GCIP changes reflect a neurodegenerative reaction of
ganglion cells to Miiller cell affection. The discrepancy between pRNFL
and GCIP differences in NON eyes is interesting and warrants further

e for overt progr of foveal shape changes in

investigation. Future studies with greater sample size and higher power

217



2288 |

ROCA-FERNANDEZ €T AL.

TABLE 3 Annualized foveal changes

NMOSD-NON NMOSD-NON F/U vs baseline
Annualized change, mean (SD) B (SE) p value
Macular parameters
pRNFL (pm) -0.611£1.85 -0.11563 (0.276813 0.6767
GCIP (mm?) -0.009 = 0.0044 -0.0007202 (0.000816) 0.3788
TMV (mm®) -0.004 +0.013 -0.0028363 (0.002249) 0.2090
INL (mm®) 0.003 £ 0.001 -0.00044411 (0.000955) 0.6427
FT (um) -0.43 £2.19 -0.61538 (0.429695) 0.1538
RNFL (mm?) -0.0003 £ 0.006 -0.00122806 (0.000881) 0.1653
Foveal parameters

Average pit depth (mm) 0.00012 £ 0.002 0.0004 (0.0004) 0.3149
Central foveal thickness (mm) -0.0005 + 0.0001 -0.0004 (0.0004) 0.3891
Average rim height (mm) -0.00038 £ 0.0023 -0.0000040 (0.00039) 0.9918
Average rim diameter (mm) -0.00088 + 0.01 -0.00059 (0.002) 0.8039
Rim disc area (mm?) -0.0029 + 0.04 -0.001(0.007) 0.8040
Major rim disc length (mm) 2.38 E-05 £ 0.009 0.0000439 (0.0013) 0.9746
Minor rim disc length (mm) -0.0009 £ 0.007 -0.00067 (0.0016) 0.6194
Major slope disc length (mm) -0.001 £ 0.005 -0.001 (0.0008) 0.157
Minor slope disc length (mm) -0.001 £ 0.004 ~0.00017 (0.0006) 0.803
Slope disc area (mm?) -0.01 +0.026 -0.004 (0.004) 0.35
Average slope disc diameter (mm) -0.006 £ 0.02 -0.002 (0.003) 0.49
Pit disc area (mm?) -0.0002 = 0.002 -0.0002 (0.0006) 0.6445
Average pit flat disc diameter (mm) -0.0008537 £ 0.006 -0.001 (0.00146) 0.4528
Major pit flat disc length (mm) -7.975°% £ 0.0004 -0.00008 (0.00011) 0.4782
Minor pit flat disc length (mm) 1.25 E-05 £ 0.0005 -0.000016 (0.00008) 0.8469
Rim volume (mm?) 0.000333 £ 0.017 0.00010 (0.0030) 0.9721
Pit volume (mm?) -0.0020 = 0.008 -0.0003 (0.001) 0.77
Inner rim volume (mm?) 0.00022 £ 0.002 -0.00002 (0.0004) 0.96
Average maximum pit slope degree (°) 0.0034 +0.41 -0.041(0.079) 0.599

Note: Significant p values are shown in bold. Maximum likelihood was used for the estimation of p values.

Abbreviations: B, estimate; FT, foveal thickness; F/U, follow-up; GCIP, combined ganglion cell and inner plexiform layer volume; INL, inner nuclear
layer; NMOSD-NON, neuromyelitis optica spectrum disease eyes with no history of optic neuritis; pRNFL, peripapillary retinal nerve fibre layer; SE,

standard error; TMV, total macular volume.

are required to address this. The annual changes reported in this study,
albeit not significant, may serve as a basis for sample size calculations.

Functional relevance

The fovea is the most important region for functional vision in the
retina [32]. Due to the high concentration of cones, the fovea is re-
sponsible for central vision and involved in high-resolution image
formation [33]. ON in NMOSD is associated with often severe visual
function loss [6]. A recent study found that patients with AQP4-Ab
seropositive NMOSD had worse visual outcomes compared to mul-
tiple sclerosis patients and patients with myelin oligodendrocyte
glycoprotein antibody seropositive disease in relation to their actual
ganglion cell loss [34]. Further studies are warranted to confirm the

clinical relevance and to identify potential avenues for symptomatic
treatment.

Relevance for other central nervous system areas

Whilst our findings are limited to the retina, the observation that there
may be subtle AQP4-related damage in NMOSD is also relevant for
other central nervous system areas. Secondary symptoms in NMOSD
like cognitive dysfunction [35] fatigue [36] pain [37] and mood disor-
ders [38] are yet mostly unexplained. Imaging studies have so far been
inconclusive regarding focal damage to brain structures in NMOSD,
Imaging studies have so far been inconclusive regarding focal damage
to brain structures in NMOSD happening outside of attack-related
areas or potentially caused by a secondary axonal or transsynaptic
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neurodegeneration [39-41]. A recent independent study has identified
the nucleus accumbens as a potentially interesting target with func-
tional relevance of AQP4-expressing cells for neural plasticity [42].

Limitations and strengths

An important limitation of our study is the small number of NON
eyes, which prevents us from separately analysing patients with
contralateral ON and those never having ON. Additionally, most pa-
tients presenting with an acute long extensive transverse myelitis
and no visual symptoms will not have extensive visual and OCT test-
ing to investigate subtle ON. A recent publication [43] investigating
latency delay and amplitude reduction in visual evoked potentials in
patients with no history of ON suggests that attack-unrelated sub-
clinical disease activity may be happening in the visual system; one
of the limitations of this study is the lack of visual evoked potential
data that could shed light on how this process happens.

A major strength of this paper is the use of a novel paramet-
ric modelling of the 3D foveal shape using cubic Bézier equations
[17]. This has allowed us to describe the fovea and parafoveal area
in an objective and reproducible way. Our cohort, constituted only
of AQP4-Ab seropositive patients, sets the first step on clinical
significance ensuring the examination of only one disease process.
Further, our results suggest that foveal morphometry may offer clin-
ical diagnostic utility. However, broad application would require fur-
ther validation across alternative platforms and protocols.

CONCLUSION

In summary, evidence is provided that the fovea is wider in NON
eyes in patients with NMOSD, whereas ON eyes typically present
with a flatter fovea compared to HCs and NON eyes. Discriminatory
analysis strongly suggests that changes in NON eyes are not caused
by subclinical optic neuropathy or ON. Our study supports a model
in which AQP4-Abs affect antigen-expressing glial cells in NMOSD,
in this case Miiller cells, without complement involvement. This has
relevance for the pathological understanding of NMOSD as well as
potential clinical implications.
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APPENDIX A

FOVEA MORPHOMETRY

The fovea morphometry method is described in detail by Yadav et
al. [17]. Fovea morphometry characterizes the foveal and parafoveal
region by 19 parameters. The method first flattens the inner limiting
membrane (ILM) surface according to Bruch's membrane as the refer-
ence (reference plane) and then radially reconstructs the ILM surface,
from the centre of the fovea up to the points with maximum heights

which are called rim points, using cubic Bézier polynomials. Based on
the reconstructed ILM surface and the reference plane, foveal mor-
phometry parameters are defined. Twelve parameters are defined as

area, average diameter, major length (the length in the dominant direc-
tion) and minor length (the length in the second dominant direction,
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perpendicular to the dominant direction) of three different surfaces:
pit flat disc, a surface that captures the flatness of the foveal pit; slope
disc, a surface that connects points with maximum slope; and rim disc,
a surface that connects rim points. In addition to the parameters de-
scribing the defined surfaces, there are several other parameters de-
scribing the fovea: average pit depth, average height of the points on
the pit flat disc; central foveal thickness, minimum thickness of the

Reference
plane

fovea; average rim height, average height of rim points; rim volume,
volume between the ILM surface and the reference plane limited to
rim points; inner rim volume, similar to rim volume but limited to 1-mm
diameter around the centre of the fovea; pit volume, volume between
the ILM surface and the rim disc; and average maximum pit slope, aver-
age slope of points with maximum slope. Figure A1 shows an overview
of the fovea morphometry method.

Minor

Major

Rim disk

Slope disk

MInOT  yajor

Pit flat disk

FIGURE A1 3D representation of the foveal shape. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE A2 Box plots of disc and macular baseline OCT and foveal data where there are significant differences between at least one
group: (a) peripapillary retinal nerve fibre layer (pDRNFL) at the disc; (b) combined ganglion cell and inner plexiform layer volume (GCIP); (c)
total macular volume (TMV); (d) inner nuclear layer (INL); (e) foveal thickness (FT); (f) retinal nerve fibre layer at the macula (mRNFL); (g)
average pit depth; (h) average rim height; (i) average rim diameter; (j) rim disc area; (k) slope disc area; (I) average slope disc diameter; (m) pit
disc area; (n) average pit flat disc diameter; (o) pit volume; (p) average maximum pit slope degree. The boxplots show the median and 25th
and 75th percentiles [Colour figure can be viewed at wileyonlinelibrary.com]

223



11.1.1.2. The use of OCT and VEPs in MOGAD and AQP4-NMOSD

patients with normal visual acuity.

Citation: Roca-Fernandez, A., Camera, V., Whitacker, G., Messina, S., Mariano, R.,
Sharma, S.M., Leite, M.l., Palace, J. (2021). The use of OCT and VEPs in MOGAD and
AQP4-NMOSD patients with normal visual acuity. Mult Scler J Exp Transl Clin. 2021
Dec22;7(4):20552173211066446. doi: 10.1177/20552173211066446. IF: not vyet

available

224



Experimental
M J Translational
Clinical

Brief Report

The use of OCT in good visual acuity MOGAD
and AQP4-NMOSD patients; with and without
optic neuritis
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Abstract

Myelin oligodendrocyte-antibody-associated disease (MOGAD) often presents with severe optic neuritis
(ON) but tends to recover better than in aquaporin-4 antibody neuromyelitis optica spectrum disorder
(AQP4-NMOSD). We measured OCT and VEP in MOGAD and AQP4-NMOSD eyes with good
visual function, with or without previous ON episodes. Surprisingly, OCT and/or VEPs were abnormal
in 84% MOGAD-ON versus 38% AQP4-NMOSD-ON eyes (p=0.009) with good vision, compared
with 18% and 17% respectively of eyes with no previous ON. A sub-group with macular OCT performed
as part of a research study confirmed both retinal and macular defects in visually-recovered MOGAD eyes.
These findings have implications for investigation and management of MOGAD patients.

Keywords: Neuromyelitis Optica spectrum disorder (NMOSD), myelin oligodendrocyte glycoprotein
antibody disease (MOGAD) opticcoherence tomography (OCT), visual evoked potentials (VEP), Visual

function, Optic Neuritis

Date received: 13 August 2021; accepted: 25 November 2021

Introduction

Aquaporin-4 antibody neuromyelitis optica spectrum
disorder (AQP4-NMOSD) and myelin-oligodendrocyte
glycoprotein antibody disease (MOGAD) often present
with recurrent attacks of optic neuritis (ON) but visual
recovery is generally better in MOGAD-ON than
in AQP4-NMOSD ON.'? It is assumed that optic
coherence tomography (OCT) and visual evoked
potentials (VEPs) reflects visual recovery,
however, our observations are that some MOGAD
patients with good visual recovery from ON had
very abnormal clinical OCT results.” This study
was designed to review systematically this observa-
tion comparing MOGAD with AQP4-NMOSD
patients to see if OCT (and VEPs) were more sensi-
tive in MOGAD in those with good vision

Methods

Patients where OCT had occurred at least 6 months post
ON attack were recruited from the Oxford NMO nation-
ally commissioned service. Only results from eyes with

good central visual acuity (VA) defined as LogMar <0
(best corrected score on the retro-illuminated ETDRS
chart) were included, and OCT and visual evoked poten-
tials (VEP) results were analysed.

(a) For the clinical study MOGAD or
AQP4-NMOSD patients with both clinical
OCTs (peripapillary retinal nerve fiber layer,
pRNFL) and VEP measurements were included.
OCT scans for all patients were performed on
Heidelberg Spectralis OCT machines at the Eye
Clinic at the John Radcliffe hospital under the
same scanning protocol. The peripapillary
retinal nerve fibre layer (pRNFL) was measured
with an activated eye tracker using 3.4 mm ring
scans around the optic nerve (12°, 1536
A-scans, 1 < ART £99). Definition of abnormal-
ity was taken from the Heidelberg Spectralis
reports. VEPs were performed in different clin-
ical laboratories, in different hospitals and on dif-
ferent machines; therefore, abnormality was
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defined according to the local neurophysiology
laboratory definition.

(b) In order to validate the clinical cohort, allowing
for validation and quality control, as well as the
relation with macular data we carried out a
macular sub-study. For this analysis we used
the same Spectralis spectral-domain devices
(Heidelberg Engineering, Heidelberg, Germany)
with automatic real-time function for image aver-
aging to measure disc (pRNFL) and OCT
macular volumes calculated as a 3 mm diameter
cylinder around the fovea. Segmentation of all
layers was performed semi-automatically using
Eye explorer (version 1.10.4.0. with viewing
module 1.0.16.0. Heidelberg Engineering). One
experienced rater adriana roca-fernandez (ARF)
carefully checked all scans for sufficient quality
and segmentation errors and corrected when
necessary. OCT data in this study are reported
according to the APOSTEL recommendations.
The QC process discarded 2 AQP4-NMOSD
and 2 MOGAD eyes due to bad imaging
quality. The reference range for abnormality in
these scans has been defined as the 5th quantile
of the healthy controls (HC) cohort. To calculate
differences between groups we performed linear
mixed effect (LME) models, accounting for inter-
eye correlations of monocular measurements,
and adjusting by age and sex. Estimated regres-
sion coefficients (B), standard errors (SE) and p
values are provided in the results section.

Consent obtained under ethics 16/SC/0224 and 17/
EE/0246.

Results

Clinical cohort

From our service of 219 AQP4 patients and 224
MOGAD patients, 358 eyes were discarded due to
reduced visual acuity (logMAR>0): 293 due to ON
(137 in MOGAD patients, 156 in AQP4-NMOSD
patients) and 65 were discarded due to other comorbid
eyes diseases (age related eye disorders and systemic
autoimmune diseases with ophthalmological involve-
ment — the majority in AQP4-NMOSD patients)
(Figure 1). Only patients with both clinical Oxford
OCT and any VEPs performed (where an ON attack
occurred > 6 months after onset) were included.
Data was available for analysis on 53 MOGAD
patients with 90 good VA eyes and 25
AQP4-NMOSD patients with 44 good VA eyes. Of
these, 56/90 MOGAD eyes (62%) and 8/44
AQP4-NMOSD eyes (18%) had history of one or

more ON episodes (median number of ON, 1.5 for
AQP4-NMOSD, 1 for MOGAD) (Table 1) (Figure 1).

A summary of all results of clinical OCT and VEP
measurements are shown in Fig 2A (Table 1).
Whereas, the majority (80%) of AQP4-NMOSD
eyes with good VA had normal VEP and OCT exam-
inations, only 41% of MOGAD eyes with normal VA
had normal findings, the remainder having abnormal
OCT, VEP or both (p <0.001) (Figure 2A).

This difference between the two diseases was most
apparent in those with normal VA and a previous
ON (Figure 2A); only 16% of MOGAD eyes com-
pared with 63% of AQP4-NMOSD eyes had normal
investigations (p=0.003) (Table 1). Notably, OCT
abnormalities were more common than VEP abnor-
malities, with 79% MOGAD-ON patients having
abnormal OCTs compared to 38%  of
AQP4-NMOSD-ON patients (p = 0.01).

Abnormalities were also noted in some eyes without a
previous history of ON but without a difference
between MOGAD (18%) of which 4/6 had a contra-
lateral ON and AQP4-NMOSD (17%) of which
none had a contralateral ON (p=0.91) (Figure 2A).

Macular sub-study cohort

To further investigate these unexpected observations,
we performed a macular sub-study in a subgroup of
the above; 19 MOGAD patients (35/38 normal VA
eyes), 9 AQP4-NMOSD (15/18 normal VA eyes),
and 21 healthy individuals (42/42 normal VA eyes).
From those, 20 MOGAD eyes and 3 AQP4-
NMOSD eyes had histories of a median of 1 or 2
ON episodes respectively. Figure 2B(1-3) shows
the pRNFL, macular retinal nerve fibre layer
(RNFL) and ganglionar and inner plexiform retinal
layer (GCIP) values for each group. The results con-
firmed a significant reduction in OCT values in the
MOGAD ON group compared to HC not only in
the pRNFL (B(SE)=-33.1(3.77), p<0.001), but
also in the macular GCIP (B(SE): -0.18(0.02),
p < 0.001) and RNFL (B(SE): —0.020 (0.005),
p = < 0.001) parameters Figure 2B(1-3).

Discussion

This observational study demonstrates the sensitivity
of OCT, greater than that of VEPs, in detecting subcli-
nical damage in MOGAD-ON patients. Our macular
sub-study OCT cohort demonstrated a similar
pattern in macular OCT measurements, and con-
firmed our clinic observations where the majority of
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8 eyes had history of ON 56 eyes had history of ON

Figure 1. Flowchart of cohort selection.

MOGAD patients continue to have abnormal tests
despite recovering vision after an ON attack.

Given the much lower prevalence of abnormal
tests (18%) in MOGAD patients who have never had
ON compared to 84% of MOGAD ON patients, it is
likely that the abnormal OCT and VEP results are
mainly a direct consequence of an ON attack
rather than an unrelated disease process. However,
abnormalities still occurred in a moderate number of
non-ON eyes.

Although we previously showed that
AQP4-NMOSD-ON is associated with a worse
visual outcome than MOGAD ON'** here we note
that those patients who do recover good vision are

more likely to have normal investigations than
MOGAD-ON patients. Thus, by studying only
patients with good visual recovery, we selected a
smaller subgroup of AQP4-NMOSD patients than
MOGAD patients because of the better clinical recov-
ery in MOGAD. We excluded those with poor vision
because OCT would be expected to be abnormal and
thus has less diagnostic value. Sotirchos et al.® found
worse visual recovery in AQP4-NMOSD with similar
severity of macular GCIP thinning. We hypothesize
that astrocyte damage in AQP4-NMOSD attacks
might be more of an ‘all or nothing’ event and those
that recover may have no secondary demyelination.
Moreover, knowing that OCT and VEPs are also sen-
sitive markers in MS, we have demonstrated that OCT
(as done at a clinical level) and VEPs appear better at
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Table 1. Demographics and clinical characteristics.
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tests normal (blue).
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Abbreviations: MOGAD, Myelin oligondendrocyte glycoprotein; AQP4, AQP4 seropositive Neuromyelitis optica spectrum
disease; OCT, Optic coherence tomography; ON, Only eyes that have had previous ON; no ON, Only eyes not have previous
ON; pRNFL, peripapillar retinal nerve fibre layer; GCIP, ganglionar and inner plexiform layer; RNFL, macular retinal nerve

fibre layer.

detecting primary demyelinating pathology as occurs
in MOGAD. Although more AQP4-NMOSD patients
overall were on IS the patients with normal vision
post ON who had normal OCT were not on treatment
as their attacks were prior to diagnosis and there was
no evidence their attacks were milder.

This retrospective analysis has limitations. The diagno-
sis of ON in this study, as in routine clinical practice,
was based on clinical signs and symptoms. We did
not use the other eye as the normal control because
many patients had bilateral ON and even in those
without ON in the other eye a subset had abnormal
OCT. Orbital magnetic resonance imaging (MRI) was
not routinely performed although it was used where
the diagnosis was in doubt. Mild ON could have been
missed and ON could have been diagnosed incorrectly
but the NMOSD clinicians reviewed the patients’ symp-
toms and signs with the relevant neurologists/ophthal-
mologists and it is likely these errors would be small.
Additionally, more AQP4-NMOSD patients were on

immunosuppressive medication than MOGAD patients.
However, we do not think these factors would not cause
the observed differences between the two diseases
noted. VEPs were performed at different centres with
different reference ranges and equipment. Likewise,
for the clinical cohort, we used the Heidelberg
BMO-MRW Reference Database which includes only
subjects of European descent. Retinal thickness variabil-
ity between races, and the use of a single threshold in
OCT could have underestimated abnormalities in the
AQP4-Ab group with a greater proportion of patients
of Afro-Caribbean origin. However, this aims to be
pragmatic in order to be easily translated into clinical
practice. We defined good visual function based upon
central visual acuity, and visual fields were not system-
atically performed. We analysed all eyes measured
whether or not they had paired observations, and did
not distinguish between those with concordant ON
eyes or those where only one eye was affected. A
major strength is the use of a single centre for the clinical
OCT tests performed under the same protocol and, in the
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case of the macular sub-study OCT analysis, segmented
by the same person.

Our observations support the use of VEPs and OCT to
determine the likelihood of previous visual symptoms
being due to a MOGAD-ON. This is important
because it could lead to an adjustment in the
on-going immunosuppression. In addition, as sub-
clinical abnormalities can occur without symptoms
and although the relevance of the subclinical abnor-
malities is unknown, cumulative damage could well
lead to clinical impairment and so close monitoring
where it is noted is important. Hence, it is important
to repeat the tests after each MOGAD relapse (i.e.
to re-baseline the results) to provide comparison
data should future visual symptoms occur.
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Clinical presentation and prognosis in
MOG-antibody disease: a UK study

Maciej Jurynczyk,'* Silvia Messina,'* Mark R. Woodhall,'*  Naheed Raza,' Rosie Everett,'
Adriana Roca-Fernandez, George Tacldey, Shahd Ha:md Angela Sheard

Gavin Reynolds, Saleel Chandratre,' Cheryl Hemingway,® Anu Jacob,? Angela Vincent,'
M. Isabel Leite,' Patrick Waters'* and Jacqueline Palace'*#

*#These authors contributed equally to this work.
See de Seze (doi:10.1093/brain/awx292) for a scientific commentary on this article.

A condition associated with an autoantibody against MOG has been recently recognized as a new inflammatory disease of the
central nervous system, but the disease course and disability outcomes are largely unknown. In this study we investigated clinical
characteristics of MOG-antibody discase on a large cohort of patients from the UK. We obtained demographic and clinical data on
252 UK patients positive for serum immunoglobulin G1 MOG antibodies as tested by the Autoimmune Neurology Group in
Oxford. Disability outcomes and disease course were analysed in more detail in a cohort followed in the Neuromyelitis Optica
Oxford Service (n = 75), and this included an incident cohort who were diagnosed at discase onset (# = 44). MOG-antibody discase
affects females (57%) slightly more often than males, shows no cthnic bias and typically presents with isolated optic neuritis (55%,
bilateral in almost half), transverse myelitis (18%) or acute dissemi d phalomyelitis-like pr ions (18%). In the total
Oxford cohort after a median disease duration of 28 months, 47% of patients were left with permanent disability in at least one of
the following: 16% patients had visual acuity <6/36 in at least one eye, mobility was limited in 7% (i.e. Expanded Disability
Status Scale > 4.0), 5% had Expanded Disability Status Scale > 6.0, 28% had permanent bladder issues, 20% had bowel
dysfunction, and 21% of males had erectile dysfunction. Transverse myelitis at onset was a significant predictor of long-term
disability. In the incident cohort 36% relapsed after median discase duration of 16 months. The annualized relapse rate was 0.2.
Immunosuppression longer than 3 months following the onset attack was associated with a lower risk of a second relapse. MOG-
antibody disease has a moderate relapse risk, which might be mitigated by medium term i ppression at onset. Permanent
disability occurs in about half of patients and more often involves sphincter and erectile functions than vision or mobility.
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Introduction

A condition associated with the presence of serum anti-
MOG antibodies has been recently proposed as a new in-
flammatory disease of the CNS driven by antibodies of the
IgG1 class, which target MOG expressed on myelin sheaths
and promote demyelination (Reindl et al., 2013). MOG-
antibody disease is increasingly recognized as distinct
from multiple sclerosis as typical multiple sclerosis patients
test negative for the presence of MOG antibodies when
novel assays with conformationally intact MOG are used
(Waters et al., 2015). Moreover, MOG-antibody disease
clinically and radiologically resembles AQP4-antibody neu-
romyelitis optica spectrum disorders (NMOSD) and acute
demyelinating encephalomyelitis (ADEM) rather than mul-
tiple sclerosis (Brilot et al., 2009; Mader et al., 2011; Kitley
et al., 2012b, 2014; Jurynczyk et al., 2017). Although
MOGe-antibody disease is considered milder and less relap-
sing than AQP4-antibody NMOSD (Kitley et al., 2014;
Sato et al., 2014), the clinical course, predictors of relapses
and clinical outcomes remain largely unknown due to a
relatively small number of patients included in previous
studies and biases towards recruiting relapsing patients be-
cause monophasic patients could not be diagnosed at onset
until the recent discovery of the disease (Kitley et al., 2014;
Jarius et al., 2016a).

In this study we examined demographics, disease presen-
tation, disease course and clinical outcomes in a large cohort
of patients from the UK (n = 252), who tested positive for
serum IgG1l MOG antibodies. Clinical outcomes and pre-
dictors of relapses were studied in more detail in a cohort
followed-up in the neuromyelitis optica (NMO) Specialist
Clinic in Oxford (7 = 75), including patients who were diag-
nosed with MOG-antibody disease at onset (n = 44).

Materials and methods

Ethics

All patients followed in Oxford signed written consent of the
NMO Tissue Bank (Oxford Research Ethics Committee C Ref:
10/H0606/56) and the audit of the MOG antibody-positive
patients was registered under the Oxford University
Hospitals Trust policy.

MOG antibody testing

Testing for the presence of serum MOG antibodies was per-
formed in the Autoimmune Neurology laboratory in Oxford
using a cell-based assay (M.W.) as described previously
(Waters et al., 2015). All MOG antibody-positive patients
were negative for AQP4 antibodies.

Cohorts

We selected three different cohorts to analyse: the UK
Cohort’, which was the largest but least detailed and objective

dataset; the ‘Oxford Total Cohort’ with more detailed uni-
formly and prospectively collected data; and an ‘Oxford
Incident Cohort’ where only those diagnosed at onset were
included.

UK cohort

Questionnaires on 494 samples positive for MOG antibodies
were sent out to hospitals, or requesting clinicians (where they
were identifiable), which included 12 basic questions on year
of birth, ethnicity (Caucasian, Asian, Afro-Caribbean, Mixed
or Other), date of onset attack, onset attack type [unilateral
optic neuritis, bilateral optic neuritis, short transverse myelitis,
longitudinally extensive transverse myelitis (LETM), ADEM,
other], recovery from first attack (full, good, moderate or
poor), maintenance prednisolone or immunosuppression treat-
ment (none, yes for <3 months, 3-6 months, >6 months),
number of attacks, date of first relapse, date of last relapse,
end date of follow-up, disability at last follow-up (none, mild,
moderate, severe) and current diagnosis (the questionnaire is
shown in the Supplementary material). Clinicians were asked
to specify if the onset attack was in the ‘other’ category.
ADEM-like presentations (e.g. brainstem attack) were merged
with ADEM attacks and analysed as one group. Complete
questionnaires were returned on 252 patients.

Oxford total cohort

More extensive prospectively collected data from 75 patients
seen within the specialist Neuromyelitis Optica Clinic in
Oxford were available and included treatment, disability out-
comes, disease course and phenotype. We selected disability
outcomes that were prevalent enough in the MOG-antibody
cohort: visual acuity <6/36 in at least one eye, Expanded
Disability Status Scale (EDSS) =4.0 (ambulatory without aid
or rest for <500 m), neurogenic bladder dysfunction (urinary
incontinence and/or urgency), neurogenic bowel dysfunction
(faecal incontinence and/or constipation) and erectile dysfunc-
tion. Outcomes were considered in the analysis if they
persisted for at least 6 months and were present at last
follow-up. Cognitive problems were noted when reported but
were not systematically assessed and thus not analysed.

Oxford incident cohort

Because MOG-antibody disease is a recent discovery and thus
the diagnosis was not possible until the past 5 years, patients
captured in prevalence cohorts with longer follow-up are likely
to have been diagnosed if they present with relapses. To avoid
this relapse risk bias, a 44-patient incident cohort from the
Oxford cohort were identified where the diagnosis was made
shortly after onset and before the second relapse. The onset
dates were all after January 2012, once the diagnostic MOG-
IgG1 assay became available.

Statistical analysis

Statistical analysis was performed using R. Unpaired t-tests or
Mann-Whitney U-tests were used when comparing two
groups. ANOVA or Kruskal-Wallis tests were used when com-
paring multiple groups (e.g. patients with distinct onset pres-
entations). The Kaplan-Meier method was used for estimating
relapse risk and disability outcomes. Binomial and logistic re-
gression was used to identify predictors of relapses and
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disability. K-means clustering was used to identify patient sub- There were no obvious differences between the three cohort
groups according to age of onset. sets except for shorter follow-up periods and lower relapse
rate in the Oxford incident cohort.

In the UK cohort, the ethnic breakdown was as expected
Results in the general population. There was a slight female pre-
dominance of 57% and a broad onset age range of 1-81
years with a trimodal appearing distribution identified from
the modelling analysis, with the age clusters being <20
The demographics of the UK cohort, the Oxford total years, 20-45 years and >45 years at disease onset (Fig.
cohort and Oxford incident cohort are shown in Table 1. 1A and Supplementary Fig. 1A). Male and female patients

Demographic data

Table | Comparison of basic demographics, clinical features between the UK cohort, Oxford total cohort and

Oxford incid. hort (diagnosis after the onset attack) gu
3
Total cohort Oxford g
Total Incident ;a;
Padients, 252 7 4“ g
Mean age at onset = SD 30.1 £ 183 29.0 = 165 320+ 176 =
Female, % 57 56 48 o}
Onset attack, % f;
Unilateral ON 31 25 18 é’_
Bilateral ON 24 27 27 3
Transverse myelitis 18 20 21 il
ADEM or ADEM-like 18 20 25 S
Simultaneous ON and TM 9 8 9 8
With short TM 4 I 0 3
With LETM 5 7 9 3
Disease course, % %
Monophasic 56 41 64 5
Relapsing 44 59 36 e
Phenotype at follow-up, % )
ON NA 37 36 =
™ NA 12 18 <
ADEM/ADEM-like NA 24 32 2
ON +TM NA 27 14 2
Median disease duration in months (range) 26 (0-492) 28 (1-437) 155 (1-57) 2
Time until relapse, months a
Ist quartile 14 7 5 g
Median 40* 27 44+ 2
Reaching endpoints a
VA <6136 in one or both eyes, % NA 16 7 S
Limited walking distance, EDSS >4, % NA 7 9 8
Permanent bladder dysfunction, % NA 28 34 £
Self or in situ catheterization, % NA 17 25 é
Permanent bowel dysfunction, % NA 20 27 N
Permanent erectile dysfunction, % males NA 21 26
CSF findings Oxford total cohort
Normal WBC (< 10/ul) 29/47
WBC 10-50/pl 12/47
WBC 50-100/u! 3/47
WBC =100/l (range) 3/47 (100-300)
Normal protein 27/50
CSF protein, 0.5-1 g/l 18/50
CSF protein, = | g/l (range) 5/50 (1-2.9)
Elevated protein with normal WBC (protein range) 4/39 (0.6-1.7)
Unmatched OCB 7/57

*Estimated from Kaplan-Meier curves.
OCB = oligoclonal bands; ON = optic neuritis; TM = transverse myelitis; VA = visual acuity; WBC = white blood cells.

234



A Distribution of age at onset
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Figure | Age at onset in MOG-antibody patients in the UK. (A) Distribution of age at onset shown as a histogram overlaid with a
density plot (pink). (B) Age at onset in distinct MOG-antibody onset phenotypes. ON = optic neuritis; TM = transverse myelitis.

Table 2 Basic clinical information on patients with different onset attack phenotypes in the UK and Oxford incident

cohorts
Unilateral Bilateral ON LETM Short TM ON+TM ADEM/
ON ADEM-like
UK cohort (n=252)
Patients, % 31 24 14 4 9 18
Mean age at onset in 28 % 16 (7-68) 36 18 (6-74) 31 £ 17 (6-73) 53 = 16 (22-81) 33 £ 14 (15-69) 19 £ 19 (1-67)
years £ SD (range)
Median disease duration 27 (2-432) 17 (1-355) 26 (0-287) 28 (5-108) 24 (3-312) 26 (8-492)
in months (range)
Relapsing, % 53 43 31 22 39 46
Oxford incident cohort (n = 44)
Patients, % 18 27 18 2 9 25
Median disease duration 25 (2-43) 10 (3-20) 6.5 (1-57) 9 31 (11-37) 37 (8-53)
in months (range)
Relapsing, % 50 42 12 0 50 36

ON = optic neuritis; SD = standard deviation; TM = transverse myelitis.

had comparable general characteristics with similar mean
onset age, ethnicity and similar disease duration although
there were more onset optic neuritis + transverse myelitis in
males (14% versus 6%, not significant, Supplementary
Table 1). There was a trend towards higher proportion of
female patients and younger age at onset in non-Caucasian
patients when compared with Caucasians (Supplementary
Table 2).

Disease presentation

In the UK cohort the majority of patients (55%) presented
with optic neuritis: 24% bilateral, 18% had isolated trans-
verse myelitis; 14% were longitudinally extensive and 4%
short-segment; 9% had simultaneous optic neuritis and
transverse myelitis; and 18% had an ADEM or ADEM-

like presentation (including brainstem attacks). Patients
with ADEM/ADEM-like presentations were younger than
the other groups (Fig. 1B and Table 2) and in patients with
disease onset <20 years of age it was the most prevalent
presentation (36% of patients). Patients with disease onset
between 20 and 45 years of age most often presented with
unilateral optic neuritis (36%), while patients with disease
onset above 45 years of age presented with bilateral optic
neuritis  (39%). Short transverse myelitis was more
common than LETM in patients older than 45 years at
onset (14% versus 9%), but was exceptional in younger
patients. Onset presentations in different age groups are
shown on Supplementary Fig. 1B.

In the Oxford Total cohort, where more detailed history
was available, 11/75 patients experienced symptoms in
keeping with area postrema syndrome (nausea, vomiting,
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hiccups), most of them (91%) at onset attacks. In 5/11
patients, area postrema symptoms preceded the recognized
onset attack symptoms. Vomiting was the most frequent
symptom (nine patients), followed by hiccups (one), and
cough (one). Five had ADEM/ADEM:-like presentations,
four had transverse myelitis & optic neuritis and two had
bilateral optic neuritis. Brain MRI scans were performed at
the time of symptoms in 9/11 patients; three had brainstem
lesions adjacent to fourth ventricle (Supplementary Fig. 2),
one had cerebellar lesions, three had brain lesions without
brainstem or cerebellar involvement and two had normal
brain MRL

Recovery from relapses

In the UK cohort, recovery from the onset attack was full
or good in 78%, with full recovery more frequent in pa-
tients with unilateral optic neuritis and ADEM-like presen-
tations (Fig. 2A). Younger patients were more likely to fully
recover than older adults (Fig. 2B). Patients with optic
neuritis at onset tended to relapse more frequently than
those with transverse myelitis or ADEM (Table 2).

Disease course in the Oxford
incident cohort

Time taken until 25% of patients relapsed was 5 months
(Fig. 3A), with 36% relapsing at final follow-up. In those
who were followed-up for at least 24 months (7 = 16), the
annualized relapse rate (excluding the onset attack) was
0.2. There was a tendency for more relapses in younger
patients (Fig. 3B).

A Recovery from distinct onset attack types

n=78 n=58 n=35 n=9 n=23 n=46
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Patients presenting with optic neuritis and classic Devic’s
phenotype were more likely to relapse than those with iso-
lated transverse myelitis or ADEM-like presentation (Fig.
3C and Table 2). The same phenomenon was observed in
the total UK cohort (Supplementary Fig. 3).

Second attacks in the Oxford total
cohort

Second attacks were predominantly optic neuritis (35/44
relapsing patients, 24/26 among those with isolated optic
neuritis onset and 4/7 among those with isolated transverse
myelitis at onset).

NMOSD, ADEM and multiple

sclerosis criteria in the Oxford
total cohort

Of the 53 adults (> 16 years), 47 fulfilled either the NMO
2006 (Wingerchuk et al., 2006) or NMOSD 2007
(Wingerchuk et al., 2007) criteria but only 17 fulfilled the
NMOSD 2015 (Wingerchuk et al., 2015) criteria (because
of the requirement for more than one area to be involved if
AQP4 antibody-negative), two of whom fulfilled the
ADEM criteria defined primarily for children (Krupp
et al., 2013). Six patients did not fulfil any of the afore-
mentioned criteria: five had monophasic unilateral optic
neuritis with normal brain MRI and one patient had
short-segment transverse myelitis with a single non-specific
brain white matter lesion. Assuming LETM attacks do not
count as multiple sclerosis relapses, only one patient ful-
filled the McDonald 2010 multiple sclerosis criteria

B Recovery from onset attack in age groups
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Figure 2 Recovery from the onset attack in the UK cohort. (A) Depending on the onset attack phenotype; (B) in different age groups.
The total number of patients in each group is shown above the bar. ON = optic neuritis; TM = transverse myelitis.
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A Relapse risk in the Incident Cohort B In different age groups
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Figure 3 Kaplan-Meier curves showing cumulative probability over time of remaining relapse free in the Oxford incident

cohort. (A) All patients in the Oxford incident cohort are i

luded. The 95% confid

interval is shown in grey. The dashed line represents the

number of months until 50% patients relapsed. The risk table shows the number of patients at risk of the relapse at each time point, (B) depending
on the age at onset; (C) depending on the onset phenotype. ON = optic neuritis; TM = transverse myelitis.

(Polman et al., 2011) but with red flags: bilateral optic
neuritis followed within weeks by a short lateral transverse
myelitis with a low thoracic lesion and typical NMO-like
brain lesions (thalamic and brainstem). These lesions
resolved (multiple sclerosis patients would be expected to
increase lesion load over time) and oligoclonal bands were
not detected in the CSF.

Of the 22 paediatric patients, 19 fulfilled the 2006 NMO
or 2007 NMOSD criteria but only 13 fulfilled the 2015
NMOSD criteria, two of whom fulfilled the ADEM criteria.
A further two fulfilled the ADEM criteria alone and an-
other two had a diagnosable ADEM attack but because
of other relapses these could not be diagnosed as ADEM
at follow-up.

A detailed breakdown of how MOG-antibody patients
fulfilled distinct disease criteria is shown in Supplementary
Fig. 5A and B (adults and children, respectively).

Treatment duration and relapse risk

In the UK cohort, 40% did not receive long-term immuno-
suppression after the first attack, 34% were treated for less
than 3 months, 11% from 3-6 months and 15% for more
than 6 months. The risk of relapse was higher in those who
were not immunosuppressed or immunosuppressed for less
than 3 months (53% and 47%, respectively) when com-
pared with those treated for 3 to 6 months or longer than 6
months (22% and 26%, respectively).

We then assessed this in more detail in the Oxford total
cohort. Forty-five of 75 patients received long-term im-
munosuppression after their onset attack. Of those, 38
were treated with oral prednisolone, six with oral

prednisolone and azathioprine and one with oral prednis-
olone and methotrexate. The risk of relapse was signifi-
cantly lower in patients who were treated for more than
3 months in comparison to those treated for less than
3 months (P=0.005, Cox regression, Fig. 4A). It was
clear that relapses tended to occur early and often shortly
after stopping corticosteroids (Fig. 4B).

Disability outcome in the UK cohort

In the UK cohort, where disability was subjectively scored
by the referring clinician, 41% of patients did not have any
disability at last follow-up but approximately a quarter had
moderate to severe disability. Logistic regression showed
that disability at last follow-up was significantly worse
with number of attacks (P < 0.01) and worse recovery
from the onset attack (P < 0.01), but was not significantly
influenced by age at onset (P = 0.07), gender (P = 0.7), eth-
nicity (P = 0.37) or disease duration (P =0.8).

Disability outcomes in the Oxford
total cohort

Thirty-five of 75 patients in the Oxford total cohort had
permanent visual (visual acuity <6/36 in at least one eye),
motor (EDSS >4.0), sphincter or erectile dysfunction at the
last follow-up. Twenty-five became disabled from the onset
attack (33%) and 10 from subsequent attacks (20% of 50
who recovered fully from the onset attacks). We detail
these outcomes below.
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A Relapse risk from onset of treatment
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Figure 4 Risk of relapse depending on the duration of treatment in the Oxford incident cohort. (A) Kaplan-Meier curve showing
cumulative probability over time of remaining relapse-free depending on how long patients were treated with immunosuppression after the onset
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ON = optic neuritis; TM = transverse myelitis.

Visual disability

Twelve of 75 patients reached the permanent visual out-
come of visual acuity 6/36 or worse in at least one eye at
last follow-up and all of them had optic neuritis during the
onset attack (< transverse myelitis or ADEM.) In nine, this
was a consequence of the first attack, i.e. 9 of 48 patients
who had optic neuritis at onset became visually disabled
from the onset attack (four had unilateral optic neuritis,
three bilateral optic neuritis and two had optic
neuritis + ADEM). Seven of the nine were treated at acute
attack with intravenous methylprednisolone, one with
dexamethasone and one was not treated.

Of the remaining 39 patients with optic neuritis onset {+
transverse myelitis or ADEM), three became visually im-
paired from subsequent attacks of isolated (uni- or bilat-
eral) optic neuritis attacks. These three patients all
recovered fully from the onset optic neuritis attacks. At
the time of subsequent disabling attacks, two of them
were not on background immunosuppression, and one
was on a reducing dose of prednisolone and methotrexate.
In the acute phase of the subsequent disabling optic neuritis
attacks one patient received intravenous methylpredniso-
lone, one had an increase in the dose of oral prednisolone
and one was not treated.

Two of 75 patients had visual acuity 6/36 or worse in the
best eye at last follow-up. Older patients were less likely to
develop permanent visual disability at follow-up
(Supplementary Table 3 and Supplementary Fig. 4A).
Accordingly, patients who reached the visual disability end-
point were younger at disease onset than those who did not
(mean 20.8 +11.3 versus 30.6 & 17.0, P =0.06). Of all
patients who had optic neuritis at onset (< transverse mye-
litis or ADEM, 7 = 48) visual disability occurred in 12/39

of observation at the when i

ths. (B) Cumulative probability of remaining relapse-free over

7 i 3
ppression was

(31%) patients younger than 45, and 0/9 (0%) older than
45 years of age. Cumulative probability of remaining free
from visual disability is shown on Supplementary Fig. 4A
and B.

Motor disability

All permanent motor disability (EDSS >4.0) at follow-up
was associated with transverse myelitis attacks (+ optic
neuritis) and occurred in five patients only (three males,
two females). Four of the five had EDSS =6 at last
follow-up (5%). In three of five patients, disability was
related to the onset attack and these three were of 30
patients with transverse myelitis at onset, 14 females,
16 males (15 rtransverse myelitis alone, nine ADEM
+ transverse myelitis, six optic neuritis + transverse myeli-
tis). Of these three patients, two were treated at acute onset
attack with intravenous methylprednisolone, plasma ex-
change and intravenous immunoglobulins and one was
treated with intravenous methylprednisolone only. Two pa-
tients became disabled from subsequent transverse myelitis
attacks and initially presented with optic neuritis or ADEM
onset phenotypes. Both had stopped short courses of ster-
oids just prior to the disabling transverse myelitis attack. In
the acute transverse myelitis attack one of them was treated
with intravenous methylprednisolone followed by oral
prednisolone and the other had no acute treatment, but
was started on interferon-f.

Those who had limited walking distance at last follow-up
were slightly older than those without walking disability
(36.3£22.7 versus 28.6 = 15.9, not significant).
However, age of onset was not a significant predictor of
final motor disability, neither was gender, disease duration
or type of onset attack (Supplementary Table 3).
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Cumulative probability of remaining free from motor dis-
ability is shown in Supplementary Fig. 4C and >D.

Bladder disability

Permanent bladder dysfunction at follow-up occurred in 21
patients, all related to transverse myelitis (with or without
other features). Males were affected more frequently than
females (12/33 versus 9/42), which was likely to be related
to the higher proportion of males having transverse myelitis
(+ optic neuritis or ADEM) than females (16/33 versus 14/
42 onset attacks, respectively). All of these patients had
lesions affecting the thoracic cord or conus. Fifteen patients
had bladder dysfunction from the onset attack. Six were
treated with intravenous methylprednisolone only, five
with intravenous methylprednisolone and plasma exchange,
two with intravenous methylprednisolone, plasma exchange
and intravenous immunoglobulins and two with oral
steroids.

Six patients were disabled from further attacks (two from
transverse myelitis onset phenotype, two from ADEM onset
phenotype and two from optic neuritis onset attacks).
Three were not on background immunosuppression, two
stopped steroids within the last 2 weeks and one was on
a reducing dose of prednisolone. During the attack that left
them with bladder disability, five were treated with intra-
venous  methylprednisolone and one with oral
methylprednisolone.

Thirteen patients required long-term catheterization (5/42
females and 8/33 males) at last follow-up. Only two of
these patients had ambulation problems (EDSS >4.0) at
the same time.

Overall bladder outcome was not significantly affected by
age of onset, disease duration or gender (Supplementary
Table 3). Cumulative probability of remaining free from
bladder disability is shown in Supplementary Fig. 4E and F.

Bowel and erectile dysfunction

Bowel and erectile dysfunction only occurred in those with
bladder disability. Bowel dysfunction occurred in 15 pa-
tients (six females and nine males). Erectile dysfunction
occurred in 21% of males, or 44% of males presenting
with transverse myelitis at onset.

Cognitive problems

Six of 15 (40%) patients with ADEM/ADEM-like onset
presentations were left with cognitive problems, three had
paediatric and three had adult onset. Within the ADEM/
ADEM-like group, age at onset was similar between those
left with and without residual cognitive problems.
Cognition was not affected in patients with other onset
presentations. Of the paediatric patients, one showed
poor concentration, one learning difficulties and one psy-
chiatric (mania, hallucinations) and memory problems. In
particular, the last patient was also positive for NMDAR-
antibody encephalitis. Among adult patients, one showed
memory impairment and low mood, one poor concentra-
tion and one drowsiness.

Poor outcome predictors in the
Oxford total cohort

Onset attack involving transverse myelitis was a predictor
of poor outcome (visual, motor, bladder, bowel or erectile)
in the Oxford cohort (P = 0.02). This was not the case for
the age at onset, gender or Caucasian ethnicity.
Importantly, when taking the 50 patients who did not
reach poor outcome from the onset attack and looking
for predictors of a subsequent poor outcome we found
none among onset attack type, age at onset, gender,
Caucasian ethnicity and poor recovery from onset attack.

Test positivity over time and relapse
risk

We assessed whether the persistence of MOG antibodies on
follow-up testing might be correlated with the risk of fur-
ther relapses. We obtained information on 57 patients who
had at least two MOG antibody tests over time, at least 6
months apart (all patients included in the group who
showed persistence of the antibody in the serum had testing
performed at least 6 months apart). Forty-one (72%) re-
mained positive over time (median disease duration 37
months, range 17-57), 14 (25%) became negative on
follow-up testing and two (3%) turned negative and then
again positive (median disease duration 9 months, range 1-
16, Fig. 5). Twenty-four of 41 (59%) patients in whom the
antibody remained positive over time had further relapses.
All patients who became negative over time remained re-
lapse-free. Two patients who became negative and then
positive (Fig. 5) did not have further attacks.

Patients who became antibody-negative over time more
often presented with simultaneous optic neuritis and trans-
verse myelitis, and ADEM-like phenotypes when compared
with those who remained antibody-positive, and were more
likely to be monophasic (58% versus 36%), but the differ-
ences were not statistically significant (Supplementary Table
4). The duration of immunosuppression after the onset
attack did not seem to predict the antibody status.

Discussion

This is the largest MOG-antibody study reported and in-
corporates a national unselected patient cohort, the largest
single centre cohort with more detailed clinical data and
also a large incident cohort. We show that MOG-antibody
disease can present at any age, most commonly with optic
neuritis, shows slight female preponderance and no ethnic
bias. It is often a relapsing disease with the risk of relapse
affected by the duration of immunosuppression initiated
after the onset attack. The prognosis is typically favourable,
but patients can be left with significant sphincter and erect-
ile dysfunction, cognitive impairment and poor visual
acuity. The majority of this disability originates from the
onset attack.
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Longitudinal MOG-Ab test positivity and occurrence of attacks in individual patients

Patients
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Figure 5 MOG-antibody test results (negative or positive) and the occurrence of relapses over time. Patients 1-14 became MOG
antibody-negative at last follow-up, Patients |5 and 16 turned negative and then positive again, and Patients |5-57 remained positive at each assay

over time. There were no relapses in patients who became negative.

Initial reports indicated that the presence of MOG anti-
body typically predicts a monophasic disease but focused
on patients presenting with both optic neuritis and LETM
(Kitley et al., 2012b, 2014); however, the phenotype is
clearly broader and includes a relapsing disorder (Sato
et al., 2014; Hoftberger et al., 2015). High risk of relapse
over time (~80%) and high annualized relapse risk (0.92)
recently reported (Jarius et al., 2016a) may be overesti-
mated because patients with onset prior to the availability
of the antibody test will ordinarily only re-present and thus
be diagnosed, if they relapse. Additionally, there is likely to
be a bias towards testing patients with relapses. Our study,
using an incident cohort with our policy of treating patients
at onset with >6 months prednisolone (which appears to
reduce the risk of relapse), may explain the lower risk of
relapse of ~50% over 2 years (Fig. 3A) and lower annual
relapse rates. However, it is still likely that some monopha-
sic patients were not referred and thus the true risk of re-
lapse may be even lower. It is also worth mentioning that
none of the patients who turned antibody-negative on re-
petitive testing experienced further relapses during follow-

up, which is in line with a recent report (Hyun et al.,
2017).

The prognosis in MOG-antibody disease has been a ques-
tion of debate. In a recent study including 50 MOG-anti-
body patients, severe visual impairment was present at last
follow-up in 36% (defined as visual acuity <0.5 in one or
both eyes) and markedly impaired ambulation in 25% pa-
tients (Jarius et al., 2016b). Another study reported a more
favourable outcome with 19% patients with optic neuritis
visually impaired (sustained visual acuity <0.2) at last
follow-up (Septlveda et al., 2016), which compares with
our figure of 16%. Only 11% patients had EDSS =4
(Sepuilveda et al., 2016). In a study including 17 MOG-
antibody patients only one had EDSS =6 at last follow-
up (Kim et al, 2015). Analysis of our Oxford cohort
showed that permanent visual disability affected only pa-
tients with optic neuritis at onset and typically was a con-
sequence of the onset attack but could also result from
subsequent optic neuritis attacks. Motor disability was
rarer and might result either from onset or further trans-
verse myelitis attacks. Interestingly, permanent bladder and
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erectile dysfunction was more prevalent than motor disabil-
ity at follow-up (28% and 21%, respectively), and this
observation may be an important indicator to test for
MOG antibodies, as in multiple sclerosis the occurrence
of urogenital symptoms is considered similar to that of
lower limb dysfunction (Miller et al., 1965). Importantly
our study indicates that patients with good recovery from
the onset attacks are still potentially at risk of disabling
attacks and that although it is difficult to predict who
will have a future disabling attack, longer-term immuno-
suppression could be considered in patients presenting with
optic neuritis because even among those who recovered
there was an 8% risk of developing visual disability over
the next 28 months. It is also worth noting that MOG-
antibody ADEM/brainstem disease carried a risk of per-
manent cognitive impairment (40%).

When compared with our previous work MOG-antibody
disease is clearly less disabling than AQP4-antibody
NMOSD in terms of visual function and ambulation.
After 25 months from onset permanent bilateral visual dis-
ability and reduced mobility as defined by EDSS >6.0
occurred in 1% and 4% of MOG-antibody patients, re-
spectively, as compared with 20% and 25% of AQP4-anti-
body patients from the UK (Kitley et al., 2012a). Sphincter
dysfunction was not assessed in the AQP4-antibody cohort,
but from our experience it is typically associated with
motor disability rather than stand alone. It is also worth
noting that a sizeable proportion (roughly 15%) of MOG-
antibody patients presented with symptoms suggestive of
area postrema syndrome, which has been thought to be
highly specific for AQP4-antibody NMOSD.

Previous studies reported the presence of serum MOG
antibodies in rare cases of paediatric and adult multiple
sclerosis (Hacohen et al., 2015; Spadaro et al., 2016) al-
though the paediatric cases have had their diagnoses
revised to ADEM-optic neuritis, a known MOG-antibody
phenotype (personal communication, Hacohen) and the
adults had atypical multiple sclerosis phenotypes. In our
UK cohort, 17/252 patients were diagnosed with multiple
sclerosis by the referring clinicians but all had typical
MOG-antibody disease features such as bilateral optic
neuritis, LETM, ADEM-like presentation including brain-
stem involvement, lack of progressive disease, and brain
MRI not typical of multiple sclerosis, including the absence
of silent brain lesions. Assuming that LETM is not con-
sidered as a multiple sclerosis attack, only one adult patient
in the Oxford cohort fulfilled McDonald criteria but with
red flags such as NMO-typical brain imaging and absent
oligoclonal bands in the CSF.

There are several strengths and limitations to our study.
The main limitation of the study is the lack of information
from all clinicians who requested testing. This was mainly
due to the difficulty in identifying the responsible clinicians
from the request forms because their in-house laboratories
transpose request details when sending samples for external
testing. However, we cannot think of a likely bias towards
completing questionnaires for some phenotypes over others.

The strength is that this is by far the largest national MOG-
antibody cohort reported and the UK cohort was very simi-
lar to the Oxford cohort suggesting the obtained data were
representative of the whole. Additionally, auditing results
obtained from a single UK assay service allowed a wider
range of patients to be assessed, thus included paediatric
and adult populations, ADEM as well as NMOSD pheno-
types, and we were able to identify the not uncommon
presentation of short transverse myelitis. Further strengths
of our study include: an incident cohort to reduce the risk
of bias towards relapsing patients in those with onset
before the availability of the antibody test and the largest
single centre cohort (n=75) ensuring homogeneous de-
tailed data collection.

In conclusion, MOG-antibody disease is a newly identi-
fied CNS inflammatory condition, distinct from multiple
sclerosis and is associated with attacks involving the optic
nerve, spinal cord, brainstem and the brain. The risk of a
relapsing disease is moderate and might be mitigated by
prolonged immunosuppression. The prognosis is typically
good, but a subset of patients might be left with some
degree of sphincter, erectile, cognitive or visual dysfunction.
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Quantitative spinal cord MRI in MOG-
antibody disease, neuromyelitis optica and
multiple sclerosis

Romina Mariano,' Silvia Messina,' Adriana Roca-Fernandez,' Maria l. Leite,'
Yazhuo Kong®** and Jacqueline A. Palace'

Spinal cord invol is a hallmark feature of multiple sclerosis, neuromyelitis optica with AQP4 antibodies and MOG-antibody
disease. In this cross-sectional study we use quantitative spinal cord MRI to better understand these conditions, differentiate them
and associate with relevant clinical outcomes. Eighty participants (20 in each disease group and 20 matched healthy volunteers)
underwent spinal cord MRI (cervical cord: 3D Ty, 3D T,, diffusion tensor imaging and on transfer ratio; thoracic cord:
3D T,), together with disability, pain and fatigue scoring. All participants had documemed spma] cord involvement and were at
least 6 months post an acute event. MRI scans were analysed using publicly available software. Those with AQP4-antibody disease
showed a significant reduction in cervical cord cross-sectional area (P = 0.038), thoracic cord cross-sectional area (P = 0.043), cer-
vical cord grey matter (P=0.011), magnetization transfer ratio (P < 0.001), fractional anisotropy (P = 0.004) and increased mean
diffusivity (P=0.008). Those with multiple sclerosis showed significantly increased mean diffusivity (P = 0.001) and reduced frac-
tional anisotropy (P =0.013), grey matter volume (P = 0.002) and magnetization transfer ratio (P =0.011). In AQP4-antibody dis-
case the damage was localized to areas of the cord involved in the acute attack. In multiple sclerosis this relationship with lesions
was absent. MOG-antibody disease did not show significant differences to healthy volunteers in any modality. However, when con-
sidering only areas involved at the time of the acute attack, a reduction in grey matter volume was found (P = 0.023). This suggests
a predominant central grey matter component to MOG-antibody myelitis, which we hypothesize could be partially responsible for
the significant residual sphincter dysfunction. Those with relapsing MOG-antibody disease showed a reduction in cord cross-sec-
tional area compared to those with monophasic disease, even when relapses occurred elsewhere (P=0.012). This suggests that
relapsing MOG-antibody disease is a more severe phenotype. We then applied a principal component analysis, followed by an or-
thogonal partial least squares analysis. MOG-antibody di was discriminated from both AQP4-antibody disease and multiple
sclerosis with moderate predictive values. Finally, we assessed the clinical relevance of these metrics using a multiple regression
model. Cervical cord cross-sectional area associated with disability scores (B = —0.07, P=0.0440, R* = 0.20) and cervical cord
spinothalamic tract fractional anisotropy associated with pain scores (B = —-19.57, P=0.016, R*> = 0.55). No spinal cord metric
captured fatigue. This work contributes to our understanding of myelitis in these conditions and highlights the clinical relevance of
quantitative spinal cord MRIL
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Introduction

The most well-described inflammatory demyelinating CNS
disease is multiple sclerosis, a T-cell predominant immuno-
logical disorder of unknown aetiology (Olsson et al., 2016).
More recently, two further diseases caused by antibodies
have been described. Aquaporin-4 antibodies (AQP4-Ab)
target the AQP4 water channels situated on astrocyte foot
processes and cause a primary astrocytopathy with second-
ary demyelination and the clinical phenotype of neuromyeli-
tis optica spectrum disorders (NMOSD) (Lucchinetti et al.,
2014). Myelin oligodendrocyte glycoprotein antibodies
(MOG-Ab) target myelin and are associated with a primary
demyelinating disease with a wider clinical phenotype
(Kitley et al., 2014).

Although there is clinical overlap, the underlying patho-
genesis for each is unique causing important phenotype dif-
ferences. Most notable is that multiple sclerosis is associated
with chronic disease activity and progressive disability out-
side of relapse whereas the two antibody diseases cause a
relapsing course with more severe relapses and stability in
between relapses (Tan et al., 2016). The presence of AQP4-
Ab is an independent predictor for relapses and so all
patients require long-term immunosuppression therapy to
prevent relapses (Weinshenker et al., 2006; Jarius et al.,
2012). In MOG-Ab disease, relapses occur in 34-46% of
patients (Jurynczyk et al., 2017b; Cobo-Calvo et al., 2018;
Senanayake et al., 2018). Differences between the monopha-
sic and relapsing cohorts of this condition are not yet under-
stood. Understanding what drives the differences between
and within these disease groups would offer essential infor-
mation to our understanding of these conditions and to
therapeutic development and outcome prediction.

Spinal cord involvement is a hallmark feature of all three
conditions and spinal cord lesions are important because
they are a major driver of clinical symptoms and may cause
substantial disability (Ciccarelli et al., 2019). The classically
described MRI findings are short, asymmetrical lesions in
multiple sclerosis and longitudinally extensive central lesions
(=3 vertebral segments) in both NMOSD and MOG-Ab
disease (Ciccarelli et al., 2019) with involvement of the
conus being noted particularly in those with MOG-Abs
(Mariano et al., 2019). However, short lesions are being
reported more commonly in MOG-Ab disease (Dubey et al.,
2019; Mariano et al., 2019) and both short and asymptom-
atic lesions have been reported in patients with AQP4-Ab
disease (Flanagan et al., 20154, b). Although clinical MRI

has provided sound guidelines for an approach to these con-
ditions, there are limitations (Filippi et al., 2019). The use of
quantitative and non-conventional imaging gives more in-
sight into the pathogenic process than conventional imaging.
Spinal cord MRI is notably more challenging and has been
most applied predominantly in multiple sclerosis but recent
developments in improved acquisition and analysis have
made more widespread application possible (Stroman et al.,
20154, b).

In multiple sclerosis, measurements of spinal cord cross-
sectional area (CSA), diffusion metrics and magnetization
transfer ratio (MTR) have shown clinical relevance in terms
of disability, prognosis and progression (Moccia et al.,
2019). In particular, CSA has been shown to be a highly
relevant outcome (Casserly et al., 2018) and as having po-
tential as a primary outcome in clinical trials for progressive
multiple sclerosis (Cawley et al., 2018; Prados and Barkhof,
2018). Furthermore, it has been shown that diffusion imag-
ing in specific tracts within the cord demonstrate a strong re-
lationship with the relevant clinical outcomes (Naismith
et al., 2013). Few studies have shown that these imaging
techniques are also applicable in NMOSD (Benedetti et al.,
2006; Klawiter et al., 2012; Pessoa et al., 2012; Liu et al.,
2015; Matthews et al., 2015; Chien et al., 2019). Finally,
one study has looked at atrophy measurements in MOG-Ab
disease but none to our knowledge have explored the use of
other quantitative measures (Chien et al., 2019). No stand-
ardized comparative study has been conducted using these
non-conventional methods in the spinal cord across the three
diseases and including healthy volunteers.

In this study we used multimodal MRI to study spinal
cord involvement in AQP4-Ab-positive NMOSD and MOG-
Ab disease and compared it to multiple sclerosis and healthy
volunteers. MRI sequences that have shown clinical rele-
vance were selected and clinical data were collected using
established measures. We aim to assess if these markers can
be used to differentiate these conditions, provide a better
understanding of the underlying condition outside of an
acute episode, and if they are clinically relevant.

Materials and methods

Ethics

All participants signed informed, written consent specific to this
study, which was approved the Research Ethics Committee of
Cambridge South and was obtained according to the
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Declaration of Helsinki. The reporting of this research was done
in conjunction with the STROBE supporting guidelines.

Diagnosis

Testing for MOG-Abs and AQP4-Abs was performed in the
autoimmune neurology laboratory at the University of Oxford
using cell-based assays, as previously described (Wingerchuk
et al., 2014; Waters et al., 2015). In particular, the MOG-Ab
assay was to full-length MOG with an IgG1-specific secondary
antibody, which increases specificity. All those positive for
MOG-Ab were negative for AQP4-Ab and vice versa. The diag-
nosis of relapsing-remitting multiple sclerosis was made by a
trained neurologist according to the 2010 McDonald criteria
and confirmed by a second trained neurologist prior to
approaching the patient to participate. None of the patients
with multiple sclerosis had atypical features.

Subjects

Our clinic database was screened for adult patients either posi-
tive for AQP4-Ab or MOG-Ab and at least one possible episode
of cord involvement. Adult multiple sclerosis patients, recruited
as a disease control, were approached at consecutive clinic visits
if they were confirmed to be relapsing-remitting and to have spi-
nal cord involvement (either symptomatic or asymptomatic).
Healthy volunteers were recruited by advertising, as per our eth-
ics regulations. We age and sex-matched these participants as
closely as possible to the disease groups. Recruitment ran from
January 2018 to March 2019.

Patients in any disease cohort were excluded if they were un-
willing to participate, had any contraindication to MRI scan-
ning, including claustrophobia, or had been diagnosed with a
confounding neurological comorbidity.

Sample size considerations included the rarity of the diseases
being studied and selecting only those with spinal cord involve-
ment. Spinal cord disease occurs in roughly 27% of those with
MOG-Ab disease (Jurynczyk et al., 2017b) and 40% of those
with AQP4-Ab disease (Pandit et al., 2015), which further limits
availability but it was important for the objectives of our study
that we included only those with documented cord involvement.
We designed the study to have the power to detect group differ-
ences in metrics based on data from previous studies (Benedetti
et al., 2006; Klawiter et al., 2012; Pessda et al., 2012; Liu et al.,
2015; Matthews et al., 2015; Chien et al., 2019) using
G*power (Faul et al., 2007) as well as recommendations for
imaging studies based on evidence from multiple sclerosis
(Altmann et al., 2014; Reich et al., 2015).

Severity and treatment of acute
attacks

The severity at nadir for the antibody mediated conditions was
the same: median (range) 6.0 (3-9) in MOG-Ab disease and 6.0
(3-8) in AQP4-Ab disease.

In the antibody-mediated conditions, treatment of the acute
attack is particularly important (Kleiter et al., 2016). In the
AQP4-Ab cohort, all patients were treated acutely in a range of
1-10 days from the onset of symptoms. A total of 45 myelitis
attacks occurred in this cohort. Five (from three patients) were
treated with intravenous methylprednisolone, followed by

R. Mariano et al.

plasma exchange; one was treated with high dose oral prednis-
olone and the remaining were all treated with intravenous meth-
ylprednisolone. In all cases the acute treatment was followed by
a tapering dose of oral prednisolone and all of these patients
were put on long-term immunosuppression thereafter. In the
MOG-ADb cohort, all patients were treated acutely in a range of
1-9 days from the symptom onset. A total of 31 myelitis attacks
occurred in this cohort. Twenty-five were treated with intraven-
ous methylprednisolone. Five were treated with high dose oral
prednisolone and one was untreated and resolved spontaneous-
ly. All those in the MOG-Ab cohort then received tapering oral
prednisolone which continued for a range of 6 months to 1 year
after their attack. Six of the relapsing MOG-Ab patients were
started on an additional long-term immunosuppressant.

Cervical cord

The clinical scans were reviewed and compared to the research
scans collected for this study and patients were categorized as
follows: (i) lesion present in cervical cord on clinical scan and
on follow-up research scan (persistent); (ii) lesion present on
clinical scan but no longer identifiable on follow-up research
scan (resolved); or (iii) no lesion in the cervical cord (no
cervical).

Thoracic cord

In the thoracic cord, patients were categorized as either having
had thoracic involvement (thoracic involvement) or not {no
thoracic). The thoracic images were not further categorized into
persistent or not as the axial imaging sequences were not
applied in this region.

Study visit

This research study visit was conducted at least 6 months out-
side of an acute event in any disease cohort.

During the study visit we collected demographic characteris-
tics (i.e. age at onset of the disease, sex, and self-reported race/
ethnicity), date of onset of the disease (disease duration was
then calculated from the onset to the date of the research study
visit), current treatment, and relapse history, in particular the
specific location of any episode of spinal cord involvement.

During the same visit, participants completed a Brief Pain
Inventory and a Modified Fatigue Impact Scale (MFIS). An
Expanded Disability Status Scale (EDSS) was conducted and
each patient underwent a 1-h multimodal spinal cord MRI,
described in detail below. Healthy volunteers underwent the
same MRI scan.

MRI data acquisition

MRI scans were acquired on a 3 T Siemens Prisma at the
Oxford Centre for Functional MRI of the Brain (FMRIB) with a
64-channel head and neck coil and additional spine array.

The protocol included cervical cord 3D Ty MPRAGE (repeti-
tion time: 2.3 s; echo time: 3.57 ms; flip angle 9°; phase encod-
ing: A>P; res: 0.8x0.8x08 mm’, 3D T, SPACE
(repetition time: 1.5 s; echo time: 95 ms; GRAPPA 2; phase
encoding: H>>F; res: 0.9 x 0.9 x 0.9 mm?), 2D T,* MEDIC
(repetition time: 5.6 s; echo time: 71 ms; GRAPPA 2; phase
encoding: R L; res: 0.4 x 0.4 x 3 mm’, six echoes), DTI AP/
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PA (repetition time: 2.9 s; echo time: 79 s; flip angle 80°; phase
encoding: AP and PA; res: 1.5 x 1.5 x 4 mm’, b=1000, 32
directions), MT on/off (repetition time: 600 ms; echo time: 8.6
ms; res: 0.4 x 0.4 x 4 mm?) and thoracic cord 3D T, (repeti-
tion time: 1.5 s; echo time: 136 ms; GRAPPA 2; phase encoding:
A>P;res: 0.8 x 0.8 x 0.8 mm’).

A standard operation procedure was developed to ensure uni-
form acquisition in terms of participant positioning and se-
quence set-up. As far as possible, scans were done at the same
time of day and all participants were encouraged to be remain
well hydrated in the 24 h preceding the scan. The same re-
searcher was present at all scans to ensure uniformity (R.M.).

MRI data processing and analysis

Data were processed with tools from Spinal Cord Toolbox
(SCT) v4.0 (De Leener et al., 2017) and FMRIB Software
Library (FSL) 6.0 (Jenkinson et al., 2012). See Fig. 1 for illustra-
tion of quantitative analysis.

Structural imaging

Cervical cord atrophy and lesion measurements

Cervical cord images were analysed to obtain mean CSA,
number of lesions and lesion volume. 3D T, images were auto-
matically segmented to generate a cord mask using the DeepSeg
(Gros et al., 2019) tool in SCT and manually adjusted, when ne-
cessary, using the FSL viewer FSLeyes (McCarthy, 2019) in sli-
ces presenting low contrast between cord and CSF. T images
were labelled per segment and straightened before being regis-
tered to the PAM-50-T} spinal cord template from SCT using a
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multi-step registration method based on non-linear transforma-
tions. Quality of registration was visually inspected using the
quality control mechanism provided by SCT (De Leener et al.,
2017). CSA was calculated per vertebral level and the mean
CSA from C1-C7 was used for statistical analysis.

Binary lesion masks were manually generated using both
axial MEDIC and sagittal T,-weighted images, which were
co-registered and then confirmed by a blinded rater. In cases of
discrepancy, a third rater reviewed the image.

Thoracic cord atrophy measurements

Thoracic cord images were analysed to obtain the mean CSA.
3D T, images were segmented to generate a cord mask using
DeepSeg (De Leener et al., 2017) and manually adjusted, when
necessary, using the FSL viewer FSLeyes (McCarthy, 2019) in
slices presenting low contrast between cord and CSF. A multi-
step registration method based on non-linear transformations
was used to register each magnetic resonance scan to the PAM-
50-T, spinal cord template (De Leener et al., 2017). Quality of
registration was visually inspected using the quality control
mechanism provided by SCT (De Leener et al., 2017). CSA was
calculated per vertebral level to encompass the whole thoracic
cord but excluding the conus, therefore the mean CSA for each
participant was taken from T, to one level above the conus.

Cervical cord diffusion tensor imaging

Diffusion data were acquired in two phase encoding directions:
AP and PA and merged. FSL tools topup (Andersson et al.,
2003; Smith et al., 2004) and eddy (Andersson and
Sotiropoulos, 2016) were used for distortion correction. Dtifit
(Jenkinson et al., 2012) was then used to generate fractional

Figure | Imaging analysis. Examples of MRI metric analysis showing (A) cervical cord segmentation, (B) an fractional anisotropy map with
cord segmentation and spinothalamic and corticospinal tract segmentation, (C) cervical cord MTR image with segmented cord, (D) T,* axial
image showing grey matter and a posterior lesion (white arrow) in multiple sclerosis, (E) with grey matter segmentation and (F) lesion mask, and

then (G) co-registered with the sagittal image.
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anisotropy and mean diffusivity maps. The cord was segmented
within the native DTI space and this mask was applied to each
quantitative map. A multi-step registration method based on
non-linear transformations was used to register the fractional
anisotropy/mean diffusivity image to the PAM-50 spinal cord
template via the previously registered anatomical references with
SCT tool register_multimodal (De Leener et al., 2017). The
template was then warped into fractional anisotropy/mean diffu-
sivity image and metrics (whole cord, grey matter, white matter,
lesional areas and normal-appearing cord) were then extracted
per slice using sct_extract_metric (De Leener et al., 2017).
Tract-based analysis was done using the PAM-50 probability
atlas, which includes the corticospinal and spinothalamic tracts.

Cervical cord magnetization transfer ratio
Magnetization transfer (MT)-on image was registered to MT-off
image and MTR was computed using SCT. The MTR image
was registered to the PAM-50 spinal cord template using the
SCT tool register_multimodal, {De Leener et al, 2017) as
described above for the DTI analysis. The template was then
warped into the map and metrics were extracted per slice using
sct_extract_metric (De Leener et al., 2017).

Statistical analysis

Statistical analysis was performed using SPSS v26.0 and
GraphPad Prism version 6.0c. Mann-Whitney U-tests were used
when comparing continuous variables. A chi-square test was
used for comparing frequencies. Between-group comparisons
were done using ANCOVA (general linear model in SPSS with
age and sex as covariates) with post hoc Bonferroni. Within-
group comparisons were done using ANOVA with post hoc
Tukey or Kruskal-Wallis with post hoc Dunn test. Binomial lo-
gistic and multivariate regression models were used to identify
factors associated with disability, pain and fatigue. P-values
were two-tailed and statistical significance was set at 0.05.
Principal component analysis was run using SIMCA
v14.0.0.1359 (MKS Data Analytics Solutions, Sweden) with all
MRI metrics that showed differences between groups to assess
for spontaneous, unsupervised clustering. Thereafter a predictive
regression analysis was run and an orthogonal partial least
square analysis (OPLS-DA) model with seven cross-validation
rounds and 200 iterations, comparing the three conditions in
pairs (MOG-Ab versus AQP4-Ab, MOG-Ab versus multiple
sclerosis, and AQP4-Ab versus multiple sclerosis). Each model
was assessed for total variation in X (R2X), the total variation
in Y (R2Y) and the accuracy of the prediction (q2). An R2Y of
100% suggests the model can explain all variation between
groups. A higher R2Y and g2 mean a better separation. A q2 of
0.4 is generally accepted as the threshold for significance
(Waterman et al., 2010).

Data availability

All data were collected and stored in accordance with GDPR
guidelines. Its availability is dependent on specific collaboration
and data sharing agreements made with the host organization.
Analysis software and methods are publicly available.
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Results

Demographics

The study consisted of 80 participants (20 in each of the
four groups). Where possible, key baseline characteristics
were matched; however, there are important differences be-
tween these diseases that made complete matching impos-
sible and this was handled by adjusting for differences in the
statistical analysis (see below). The demographics of each
group are represented in Table 1. Patients with AQP4-Ab
tended to be older and with a female and non-Caucasian
predominance, in keeping with demographics described in
the literature (Kitley et al., 2012) and the MOG-Ab group
had the shortest disease duration.

Spinal cord involvement throughout
disease course

All patients in the three disease cohorts were selected if they
had spinal cord involvement during the course of their dis-
ease. In keeping with the recognized differences in the anti-
body diseases versus multiple sclerosis, patients with MOG-
Ab and AQP4-Ab myelitis all had symptomatic transverse
myelitis, and those with multiple sclerosis myelitis included
both symptomatic and asymptomatic transverse myelitis
lesions. The distribution of sagittal areas of the cord
involved (cervical, thoracic and/or conus) is shown in Fig. 2
and highlights more conus involvement and lack of isolated
cervical cord involvement in MOG-Ab disease, and more
isolated cervical involvement in multiple sclerosis. The axial
location of the lesions was central in 16/20 (80%) of the
patients with MOG-Ab disease and 17/20 (85%) of those
with AQP4-Ab. In the multiple sclerosis group, more than
one lesion was present in each person with a total of 48
lesions noted. Nineteen of 48 (40%) were posterior and 29/
48 (60%) were lateral; and none were central.

Clinical data

Motor

The median EDSS scores did not differ significantly between
the three groups and are as follows: MOG-Ab 1.5 (0-8),
AQP4-Ab 3.0 (0-8) and multiple sclerosis 2 (0-6). However,
in patients with MOG-Ab, there was a single patient with
an EDSS of 8, the remainder of the patients were all <3
(Table 1).

Sphincter

When considering long-term  sphincter dysfunction, this
occurred predominantly in those with MOG-Ab disease (13
with sphincter dysfunction, four requiring catheterization)
when compared to AQP4-Ab (nine with sphincter dysfunc-
tion, two requiring catheterization) and multiple sclerosis (six
with sphincter dysfunction, one requiring catheterization).
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Table | Demographics and clinical features
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MOG AQP4 Multiple sclerosis Healthy volunteers  P-values

n 20 20 20 20 -
Mean age = SD 434=109 529+125 45369 445+143 0.010
Sex, female:male 10:10 13:7 11:9 12:8 0.796
Ethnicity (%) 0.001

Caucasian 20 (100) 11 (55) 20 (100) 18 (90)

Afro-Caribbean 0 (0) 5 (25) 0(0) 1(5)

Asian 0(0) 4(20) 0(0) 1(5)
Phenotype (%) <0.001

Isolated TM 4(20) 10 (50) 0(0) -

TM + ON 10 (50) 4(20) 0(0) -

TM + BS/BR 5(25) 4 (20) 8 (40) -

TM + BS/BR + ON 1(5) 2(10) 12 (60) -
Median disease duration in months (range) 40.1 (8.5-239.9) 141.5(8.5-297.7)  147.1 (10.4-252.1) - 0015
Mean total number of attacks 2 3 3 - 0.949
Mean number of myelitis attacks L1 23 0.75* - 0.045
Median EDSS (range) 1.5 (0-8) 3(0-8) 2 (0-6) - 0.109
Sphincter dysfunction (number requiring catheter) 13 (4) 9(2) 6(1) - 0.084
Mean BPI score + SD 204=4.16 5.66+4.19 2.28+345 0 0.009
Mean MFIS score = SD 27.4+18.92 35.26+20.8 36.05+14.27 8972 0260

*This is the number of dinically symptomatic attacks.
BPI = Brief Pain Inventory; BR = brain; BS = brainstem; MFIS = Modified Fatigue Impa

Disease group MOG-Ab
Lesion location
Cenvical Cord
Thoracic Cord
Conus
Number of patients 6 7 1 6

ct Scale; ON = optic neuritis; SD = standard deviation; TM = transverse myelitis.

AQP4-Ab Ms
i i
57 8 118 8

Figure 2 Sagittal lesion location. Schematic of sagittal location of cord lesions, throughout the disease course, in the three groups. MS =

multiple sclerosis.

Pain

Those with AQP4-Abs had significantly higher scores than
those with MOG-Ab (P =0.006) and multiple sclerosis
(P = 0.045) [3(2) = 10.18, P = 0.006].

Fatigue

Five patients with MOG-Abs, nine patients with AQP4-Abs,
eight patients with multiple sclerosis and 0 healthy volun-
teers reached the diagnostic score of 38 on the MFIS. The
mean MFIS scores in all three disease groups (P =0.006,
<0.001, <0.001, respectively) were significantly higher
than healthy volunteers [x*(3) = 29.13, P < 0.001].

Imaging results
Of the five imaging modalities for each of the 80 subjects, a
total of 34 individual scans were not included because of

either poor quality or incomplete acquisition (six diffusion,
18 thoracic, four MTR, six grey matter segmentations).
Supplementary Table 1 shows all raw data means + stand-
ard deviation (SD) as well as the estimated marginal means,
after age and sex correction. The imaging results are shown
graphically in Fig. 3, the between-group comparison, and
Fig. 4, the within-group comparison based on whether there
is a persistent lesion, a previous lesion that has now resolved
on MRI or no lesion ever affecting that area. Key features of
interest are highlighted below.

Cervical cord lesions

Nine of 12 AQP4-Abs and 14 of 17 multiple sclerosis cer-
vical cord lesions were persistent, all 12 cervical cord lesions
in MOG patients had resolved on structural imaging.
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Figure 3 Between-group comparison. MRI metrics for each participant shown as raw data with lines for mean and standard deviation. P-val-
ues calculated with ANCOVA using age and sex as covariates and corrected for multiple comparisons using Bonferroni. FA = fractional anisot-
ropy; HV = healthy volunteer; MD = mean diffusivity; MS = multiple sclerosis.

Mean cervical lesion volume did not differ between
AQP4-Ab and multiple sclerosis (247.78 mm? versus 305.56
mm?, P = 0.853); however, the mean number of lesions was
significantly different with a greater number of lesions occur-
ring in patients with multple sclerosis (1+0 versus 3+2,
P =0.007), in keeping with the expected single, long lesions
in AQP4-Ab disease.

Cervical cord cross-sectional area

The patients with AQP4-Abs showed a significant reduction in
mean cervical cord CSA compared to the healthy volunteers
(P= 0.038) [F(3,76) = 3.234, P =0.027] with those with
lesions driving this difference. This is evidenced by the signifi-
cant difference between those with persistent lesions when com-
pared to those without cervical cord involvement (P = 0.035)
[F(2,17) = 3.788, P = 0.035]. The mean CSA of those without a
history of cervical cord lesions being almost equivalent to
healthy volunteers (73.86 mm? versus 74.38 mmZ, P = 0.815).
In those with multiple sclerosis there was a significant re-
duction compared to the healthy volunteers on direct com-
parison (68.96 mm? versus 74.71 mm?, P =0.005), not
significant when comparing all groups. Additionally, the re-
lationship with the lesion status was not significant (Fig. 4).

In those with MOG-Abs, there was no significant reduc-
tion in CSA overall compared to healthy volunteers or when
comparing those with previous lesions in the cervical cord to
those without (Fig. 4).

Thoracic cord cross-sectional area

Patients with AQP4-Abs just reached significance reduction
in thoracic cord CSA compared to the healthy volunteers
(P =0.043) [F(3,46) = 3252, P = 0.032]. This was driven by
involvement of the thoracic cord with those that had never
been affected by thoracic cord lesions having values compar-
able to the healthy volunteers group (37.11 mm” versus
37.91 mm?, P=0.677). This pattern is not evident in the
multiple sclerosis group. There were no patients with MOG-
Ab disease that did not have thoracic cord involvement and
no thoracic lesions were persistent. The group mean did not
differ statistically from the healthy volunteers; however, the
only patient to reach EDSS > 6 in the MOG-Ab group had
the smallest thoracic CSA (28.69 mm?).

Cervical cord grey matter volume

The patients with AQP4-Ab disease (P = 0.011) and with
multiple sclerosis (P =0.002) showed a significant
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Figure 4 Within-group comparison. ANOVA (with post hoc Tukey) or Kruskal Wallis (with post hoc Dunn) results for within-group compari-
sons in each cohort, dividing patients by lesion status (x-axis) in the cervical cord (persistent, resolved or no cervical) and in the thoracic cord
(thoracic or no thoracic). No patients with MOG-Ab had persistent cervical cord lesions. The dotted line represents the healthy volunteer (HV)
mean for each modality. C-CSA = cervical cross-sectional area; FA = fractional anisotropy; GM = grey matter; MD = mean diffusivity; MS = mul-

tiple sclerosis; T-CSA = thoracic cross-sectional area.

reduction in mean cervical cord grey matter volume com-
pared to the healthy volunteers [F(3,74) = 3.984,
P =0.011], but not in those with MOG-Ab. This effect
was related to lesions in the AQP4 group (Fig. 4) and
lower but not significantly so in persistent lesions in the
multiple sclerosis group.

Patients with MOG-Ab and affected cervical cords had
significantly reduced grey matter volume when compared to
MOG-Ab without cervical cord lesions (P =0.023) and

compared to the healthy volunteers (P=0.010)

[x*(1) = 11.01, P = 0.004].

Cervical cord DTI

The mean fractional anisotropy in both those with AQP4-
Ab (P=0.004) and multple sclerosis (P=0.013) was
significantly reduced compared to the healthy volunteers
[F(3,73) = 5.323, P =0.002]. This difference appeared to be
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driven by the lesions in AQP4-Ab (Fig. 4). In MOG-Ab dis-
ease, the mean fractional anisotropy was comparable to
healthy volunteers whether the cervical cord had been
involved or not (Fig. 4).

Cervical lesional fractional anisotropy was significantly
reduced compared to the normal-appearing spinal cord in
both AQP4-Ab (0.46+0.10 versus 0.56+0.04, P =0.037)
and multiple sclerosis (0.43+0.06 versus 0.59+0.02,
P < 0.001), and the mean lesional fractional anisotropy did
not differ between groups (0.46 versus 0.43, P =0.539).
MOG-Ab patients had fractional anisotropy values compar-
able to healthy control subjects whether previous lesions
affected the cervical cord or not (Fig. 4).

The mean mean diffusivity was increased in those with
AQP4-Abs (P =0.008) and in multiple sclerosis (P =0.001)
compared to healthy volunteers [F(3,73) = 6.794, P < 0.001].

Cervical cord magnetization
transfer ratio

Cervical cord MTR showed very similar patterns. Mean
MTR was reduced in both AQP4-Ab (P < 0.001) and mul-
tiple sclerosis (P = 0.011) groups compared to healthy volun-
teers; as well as in AQP4-Ab when compared to the MOG-
Ab group (P =0.002) [F(3,76) = 7.336, P < 0.001]. Those
with MOG-Abs showed no difference in mean MTR
whether they had cervical cord involvement or not and, in
both subsets, the mean MTR was comparable with healthy
volunteers (49.28, 50.02 and 50.41, respectively).

Cervical lesional MTR was significantly reduced
compared to the normal-appearing spinal cord in both
AQP4-Ab (41.43£2.08 versus 47.70+4.85, P = 0.003) and
multiple  sclerosis  (43.10+£1.03  versus 49.40+3.82,
P < 0.001) and the mean lesional values did not differ sig-
nificantly between groups (41.43+2.08 versus 43.10+1.03,
P =0.269). Supplementary Fig. 1 shows all lesional metrics
compared to surrounding normal-appearing spinal cord in
patients with persistent lesions.

Monophasic versus relapsing disease
in MOG-ADb disease

These results are shown in Supplementary Fig. 2.

In those with MOG-Ab disease, volumetric measures of cer-
vical cord area, thoracic cord area, as well as grey matter vol-
ume were lower in the 14 relapsing patients and lower values
occurred in both those with relapsing myelitis (z = 3) as well
as those whose relapses occurred elsewhere (7 =11). This
reached significance in the thoracic cord, the location that
was affected in all MOG-Ab patients, (33.60+3.75 versus
40.75+3.86, P = 0.002) and held when comparing the mono-
phasic to relapsing myelitis (40.75 +3.86 versus 29.48+0.81,
P =0.003) and those with non-myelitis relapses (40.75+3.86
versus 34.96+3.27, P =0.012). Additionally, when compar-
ing thoracic cord volumes of those with relapsing MOG-Ab
disease to healthy volunteers there was a significant difference
(33.60+3.75 versus 37.86+3.22, P =0.003) but not when

R. Mariano et al.

comparing monophasic MOG-Ab disease to healthy volun-
teers (40.75+3.86 versus 37.86+3.22, P =0.100). Age and
sex were included as covariates in all models.

Clinical association of cervical cord
imaging metrics

We built a multiple regression model for each of the three
clinical outcomes: EDSS, pain and fatigue (Supplementary
Table 2). We included age, sex, disease duration and dis-
ease type and then included significantly associated MRI
metrics using a stepwise regression model. Due to anatom-
ical and physiological a priori hypotheses, we assessed
associations between EDSS and corticospinal tract frac-
tional anisotropy, and pain spinothalamic tract fractional
anisotropy.

In the EDSS model, the mean cervical cord CSA was the
only significant variable (B = -0.07, P =0.0440, overall
model R = 0.20).

In the pain model, the fractional anisotropy in the spino-
thalamic tract (B = -19.57, P=0.016), the presence of
AQP4-Ab (B = 14.08, P = 0.010) and EDSS score (B = 0.46,
P =0.002) were significant predictors (overall model R? =
0.55). As no MRI metrics associated with fatigue, only clin-
ical factors were included.

As disability and fatigue showed a significant relationship
in the univariate analysis, we conducted a logistic regression
using the cut-off of >38 to represent clinically significant fa-
tigue. The odds ratio (OR) was 1.5 for every 1-point in-
crease in EDSS [OR = 1.5, confidence interval (CI) = 1.05-
2.15, P=0.038].

Discriminatory analysis

To test the ability of these MRI measures to discriminate be-
tween diseases and predict the disease type, we used the
MRI metrics in a principal component analysis. Variables
included were as follows: mean cervical CSA, whole cervical
cord MTR, whole cervical cord fractional anisotropy, whole
cervical cord mean diffusivity, number of lesions, sagittal le-
sion location and length, cervical cord grey matter volume
and thoracic cord volume. Patients with MOG-ADb tended to
spontaneously separate (Fig. 5). We therefore applied dis-
criminatory models to each pair separately using OPLS-DA).
A moderately predictive model was created to distinguish
MOG-Ab from multiple sclerosis (g> = 0.43, R2Y 68%)
(Fig. 6A). The most important classifiers between MOG-Ab
and multiple sclerosis were number of persistent lesions, sa-
gittal lesion location (thoracic more predictive of MOG-Ab),
whole cervical cord mean diffusivity and mean cervical cord
CSA. A model was also built to distinguish MOG-Ab from
AQP4-Ab (g% = 0.51, R2Y 59%) (Fig. 6B). The most im-
portant classifiers between MOG-Ab and AQP4-Ab were
number of persistent lesions, sagittal lesion location (thoracic
predictive of MOG-Ab) and whole cervical cord MTR.
AQP4-Ab could not be distinguished significantly from mul-
tiple sclerosis (q2 = 0.37, R2Y = 49%) (Fig. 6C).
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Figure 6 Discriminatory analysis. Orthogonal partial least squares analysis showing moderately predictive models for MOG-Ab and multiple
sclerosis (MS) (A), MOG-Ab and AQP4-Ab (B), and AQP4-Ab and multiple sclerosis (C).

Discussion

This is the first paper, to our knowledge, that uses quantita-
tive MRI methods to study spinal cord involvement in
MOG-Ab disease and compare it with AQP4-Ab-positive
NMOSD and multiple sclerosis. In particular, we highlight

that both patients with MOG-Ab and AQP4-Ab disease
show changes only in the area of the cord affected by the le-
sion. In MOG-Ab there is evidence of atrophy in some cases,
and this appears to more significantly involve the grey mat-
ter. However, it is milder than AQP4-Ab disease and in add-
ition, in keeping with their good clinical recovery, those with
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MOG-Ab show no difference to healthy volunteers in quan-
titative measures using diffusion and magnetization-weighted
imaging after recovery from the myelitis. Additionally, these
spinal cord MRI metrics show clinical relevance in terms of
pain and disability, but not fatigue. Our results suggest that
cervical cord CSA associates with EDSS and spinothalamic
fractional anisotropy may be predictive of pain scores.

To understand the evolution of spinal cord involvement in
these conditions it is important to consider findings through-
out the disease course. Therefore, the results of our research
MRI scans, conducted at least 6 months after an acute event,
are presented in a way that is informed by the earlier presen-
tations. None of the patients with MOG-Ab had persistent
cord lesions. This is a clinically relevant finding as the imag-
ing protocol is one used in clinical practice in many centres
and may be useful diagnostically where a reliable MOG-Ab
test is unavailable or gives a low positive and thus less spe-
cific result. Those with AQP4-Ab had single, predominantly
central, long lesions as is typical of this disease (Tackley
et al., 2014a). Patients with multiple sclerosis had multiple
small asymmetrical lesions, in keeping with the literature
(Eden et al., 2019).

Those with AQP4-Ab showed the greatest atrophy in the
cervical and thoracic cord and grey matter as well as the
most tissue damage as represented by the quantitative MRI
metrics (fractional anisotropy, mean diffusivity and MTR).
This damage was localized to areas of the cord involved dur-
ing the acute attack. Those with persistent lesions had the
worst metrics while areas of the cord that had never been
involved were comparable to healthy volunteers. Lesions in
AQP4-Ab disease therefore appeared to cause more localized
damage than in multiple sclerosis and MOG-Ab disease.
The involvement of the grey matter is expected in AQP4-Ab
disease as it typically involves the central cord (Tackley
et al., 2014b).

In those with multiple sclerosis the overall mean metrics
were abnormal when compared to healthy volunteers in
grey matter volume, mean diffusivity, fractional anisotropy
and MTR. However, there were no clear differences between
those with lesions and those without. This suggests abnor-
malities in the normal-appearing spinal cord. This is an
expected finding due to the background neurodegeneration
and the findings of quantitative abnormalities in normal-
appearing brain tissue in multiple sclerosis (Moll et al.,
2011). However, it must be taken into consideration that in
multiple sclerosis because subclinical lesion activity is typical,
and frequent enough MRI scans cannot be performed, nor-
mal-appearing tissue on MRI could include previous ‘MRI
resolved’ lesions. Although in multiple sclerosis, lesions are
not typically central, grey matter damage is well described in
pathology {Geurts and Barkhof, 2008) and brain grey matter
volume loss is predominant even in the early stages of mul-
tiple sclerosis (Calabrese et al., 2007).

In MOG-Ab patients all reported metrics were normal ex-
cept that of the grey matter volume in those with previous
lesions. The findings in the MOG-Ab group are consistent
with the clinical recovery in MOG-ADb patients, where in our
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clinical practice we also see normalization of sensory and
visual evoked potentials. This is not expected in multiple
sclerosis or AQP4-Ab disease.

As mentioned, central cord involvement is well reported in
those with AQP4-Ab and in MOG-Ab disease (Mariano
et al., 2019) and a recent study (Dubey et al, 2019)
described the ‘H’ sign seen on acute axial T, imaging where
involvement of the cord appears to be limited to the grey
matter. Grey matter involvement in MOG-Ab disease is
proving to be increasingly important with a cortical pheno-
type now recognized (Ogawa et al., 2017), documented grey
matter involvement in ADEM-like disease (Hacohen et al.,
2017) and reports of acute flaccid myelitis associated with
MOG-Ab (Dubey et al., 2018; Wang et al., 2018). Our find-
ing of a reduction in grey matter volume in the MOG-Ab
affected cord area further supports this and is the first quan-
titative evidence of long-term damage of grey matter. As
measures such as fractional anisotropy and MTR are
thought to better represent myelination and axonal integrity,
(Miller et al., 1998), the fact that they are unaffected may
represent either that white matter is less affected or recovers
better in the course of MOG-Ab disease but this grey matter
involvement also requires further research into the underly-
ing pathogenesis of MOG-Ab disease and the location of
MOG expression within the CNS. The degree of grey matter
atrophy in the cervical cord did not correlate with any clinic-
al outcomes. However, as the predominant area involved in
MOG-Ab disease is the thoracic cord and the most common
symptoms that persist after an attack of myelitis are related
to sphincter dysfunction, it may be the cervical cord does
not capture this. We recently described the outcomes in mye-
litis in MOG-Ab disease (Mariano et al., 2019) and found
an association with conus lesions and long-term catheter
requirements. However, conus involvement does not fully
explain sphincter dysfunction in all patients with MOG-Ab.
Given the importance of the grey matter in micturition path-
ways and sphincter control mechanisms (Fowler et al.,
2008), we hypothesize that this may be due to grey matter
involvement in the lower cord and that improvements in
thoracic cord imaging techniques would assist in studying
this. Additionally, although our limited thoracic cord meas-
urements did not correlate with disability outcomes, it must
be noted that they only patient who reached EDSS 8 in the
MOG-Ab cohort had the smallest thoracic cord volume and
so the variability in the CSA values in the thoracic cord in
MOG-Ab may suggest variable levels of tissue loss during
the acute attack.

We then looked at the effect of relapses in the MOG-Ab
disease group. It has been established that the presence of
AQP4-Ab is predictive of relapsing disease and so it is rec-
ommended that all patients be treated with immunosuppres-
sive treatment to prevent relapses (Weinshenker et al., 2006;
Jarius et al., 2012). However, in MOG-Ab disease relapse
rates of 34-46% (Jurynczyk et al., 2017b; Cobo-Calvo
et al., 2018; Senanayake et al., 2018) have been reported
and so many patients may remain monophasic in their dis-
ease course and this has important treatment implications.
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We compared those with relapsing disease and found that
volumetric cord measures were lower in those with relapsing
disease, even if the relapse occurred outside of the cord. It
has been argued that if followed-up for long enough, all
patients with MOG-Ab disease may eventually have a re-
lapse and it is a continuum. However, our findings suggest
that relapsing MOG-AD disease may be distinct from mono-
phasic disease.

We then considered the clinical relevance of the MRI met-
rics with regard to our three outcomes: disability, pain and
fatigue. Our findings suggested that mean cervical cord area
associates with disability independent of the disease type. It
has already been suggested as an outcome measure for clin-
ical trials in primary progressive multiple sclerosis (Cawley
et al., 2018) and has also been shown to be clinically useful
in HTLV-1-associated neurological disease (Azodi et al.,
2017). Our hypothesis was that this measure would show
an association with disability in our total cohort, independ-
ent of disease type. It was the only imaging metric that cor-
related with disability in a univariate analysis in each disease
and, when combining diseases, it was the metric that built
the strongest model using a stepwise regression. However,
only 20% of disability is accounted for by this model and
this is in keeping with other studies that have assessed cer-
vical cord atrophy as measures of disability in multiple scler-
osis (Tsagkas et al., 2018; Song et al., 2020). Correlations of
disability with imaging outcomes is complex because disabil-
ity scoring is imperfect and usually non-linear and imaging
markers need to capture total pathology (volume loss and
damage in remaining tissue) and account for the eloquence
of different areas affected (although spinal cord is likely to
be eloquent). Studies have largely only considered brain
imaging markers as spinal cord imaging is notoriously diffi-
cult, particularly to standardize across centres to allow for
larger cohorts. Future work may identify feasible methods
for validating and incorporating these spinal cord measures
into AQP4-Ab and MOG-AbD clinical trials together with
brain imaging markers. Having an episode of myelitis in the
context of NMOSD with AQP4-Abs is an independent pre-
dictor of pain separate to EDSS. Additionally, independent
of disease type, we have shown for the first time, fractional
anisotropy scores in the spinothalamic tracts associate with
pain scores. We show that tract-specific analysis may be a
useful tool when studying spinal cord involvement.

No spinal cord metric used in this study was able to cap-
ture sphincter dysfunction, particularly prominent in those
with MOG-Ab. However, as described above, we feel that
the thoracic cord would be more useful in the study of
sphincter dysfunction as lower cord involvement is more
common in MOG-Ab disease.

The final outcome that we studied was fatigue. There was
no measure within the spinal cord that was able to explain
fatigue and it is possible that fatigue is mainly driven by
brain pathology although this may depend on the type of fa-
tigue. It is a symptom that was experienced in all three con-
ditions. Fatigue is a complex symptom with pathways that
are still unclear (Braley and Chervin, 2010). It may be that
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studies of functionality, such as resting state functional MRI,
are more useful in better understanding this symptom. There
is some evidence of its use in the brain (Jaeger et al., 2019)
but functional MRI of the spinal cord is an emerging field
that may be useful in better understanding the complexity of
such symptoms (Powers et al., 2018).

Finally, we considered whether or not these metrics are
able to discriminate these conditions. Our models showed a
moderate ability to differentiate MOG-Ab disease cords
from those with AQP4-Ab or multiple sclerosis, by using
cord metrics alone, but the model for AQP4-Ab versus mul-
tiple sclerosis was not significant. In the brain it has been
shown that clinical features of acute brain scans were able to
differentiate the antibody-mediated conditions from multiple
sclerosis (Jurynczyk et al., 2017a). If we consider the acute
spinal cord MRI features of AQP4-Ab and MOG-Ab myeli-
tis, we have shown in a previous study that while there are
notable differences i.e. predominance of the conus and mul-
tiple lesions in MOG-Ab, that 76% of patients with MOG-
Ab and 89% of patients with AQP4-Ab had a long central
lesion on their acute scan and so there is overlap in the acute
setting between the antibody conditions. However, when we
consider the features at follow-up, as we have shown in this
study, the MOG-Ab group becomes distinct due to the sig-
nificant recovery of both clinical MRI features and of the
quantitative measures used in our study. While the predictive
strength may not be adequate for individual patient diagnos-
tic precision, these findings further support the evidence that
MOG-Ab disease appears to be different from both AQP4-
Ab disease and multiple sclerosis, which may be related to
its milder phenotype with good recovery. In this cross-sec-
tional comparison, AQP4-Ab and multple sclerosis could
not be accurately differentiated. Therefore, a prospective lon-
gitudinal study would be necessary to explore these condi-
tions as one would expect worsening of all metrics in
multiple sclerosis independent of relapse.

Limitations

We acknowledge the limitations of this study being sample
size, where subtle differences may not be evident, and differ-
ences between the recognized disease characteristics within
the groups that cannot be totally matched e.g. predominance
of female sex, higher mean number of myelitis attacks and
greater disability in AQP4-Ab disease and predominance of
cervical cord involvement in multiple sclerosis as compared
to the lower cord in antibody-mediated conditions.
However, our groups were fairly well matched across many
characteristics and we adjusted for those that were not in
our analyses. Additionally, the homogeneity of a single-
centre study where imaging is done on the same scanner (es-
pecially because obtaining reliable quantitative spinal cord
imaging is challenging), and where consistency and accuracy
of diagnosis is maximized (using the same highly specific
assays and clinicians) is an advantage. The findings can then
be used to build hypotheses and decide which protocols
need to be aligned when taking observations forward into
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multi-centre studies. Finally, technical limitations prevented
the use of the quantitative MRI sequences in the thoracic
cord.

Future perspectives

A longitudinal study would be important to see if the groups
can be differentiated by the presence or absence of silent dis-
ease pathology and by combining brain, spinal cord and op-
tical coherence tomography findings to capture the full
spectrum of CNS involvement.

Conclusion

In this study we show that multimodal MRI provides us
with valuable information about the spinal cord involvement
in three different inflammatory demyelinating conditions.
The conclusions of this study are based on the results of be-
tween-group and within-group comparisons that show con-
sistent patterns, regardless of imaging metric, making the
overall findings more compelling. This establishes a more ro-
bust understanding of these disorders. Myelitis with AQP4-
Abs shows the most severe, localized damage in areas
involved during the acute episode. In multiple sclerosis, met-
rics show significant change in comparison to healthy volun-
teers; however, the relationship with lesion location is not as
pronounced. Finally, in MOG-Ab disease, metrics are com-
parable with healthy volunteers in all measures except that
there is significant localized grey matter atrophy in affected
areas of the cord. MOG-Ab disease is also moderately discri-
minated from AQP4-Ab disease and multiple sclerosis based
on these quantitative metrics due to good recovery. Finally,
we show that these metrics have clinical significance in their
generic association with disability and pain scores.
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ABSTRACT

Purpose Optical coherence tomography (OCT) captures
retinal damage in neuromyelitis optica spectrum disorders
(NMOSD). Previous studies investigating OCT in NMOSD
have been limited by the rareness and heterogeneity of the
disease. The goal of this study was to establish an image
repository platform, which will facilitate neuroimaging
studies in NMOSD. Here we summarise the profile of the
Collaborative OCT in NMOSD repository as the initial effort
in establishing this platform. This repository should prove
invaluable for studies using OCT to investigate NMOSD.
Participants The current cohort includes data from 539
patients with NMOSD and 114 healthy controls. These
were collected at 22 participating centres from North and
South America, Asia and Europe. The dataset consists of
demographic details, diagnosis, antibody status, clinical
disability, visual function, history of optic neuritis and other
NMOSD defining attacks, and OCT source data from three
different OCT devices.

Findings to date The cohort informs similar demographic
and clinical characteristics as those of previously published
NMOSD cohorts. The image repository platform and centre
network continue to be available for future prospective
neuroimaging studies in NMOSD. For the conduct of the

Strengths and limitations of this study

» The Collaborative OCT in neuromyelitis optical spec-
trum disorders repository cohort comprises the larg-
est number of retinal optical coherence tomography
(OCT) images from patients with a neuromyelitis
spectrum disorder, a rare autoimmune disease of
the central nervous system.

» Besides imaging data, information on clinical and
functional scores as well as laboratory parameters
were assessed. :

» We collect OCT images as original files, allowing for
a detailed quality reading and standardised, device-
independent OCT analysis.

» Despite standardised image analysis, the image het-
erogeneity due to different OCT machines and scan
protocols remains a challenge.

Future plans We are pursuing several scientific projects
based on the repository, such as analysing retinal layer
thickness measurements, in this cohort in an attempt to
identify differences between distinct disease phenotypes,
demographics and ethnicities. The dataset will be available
for further projects to interested, qualified parties, such

Friedemann Paul; study, we have refined OCT image quality criteria and as those using specialised image analysis or artificial
friedemann.paul@charite.de developed a cross-device intraretinal segmentation pipeline. ~  intelligence applications.
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INTRODUCTION

Neuromyelitis optical spectrum disorders (NMOSD) are
rare autoimmune neuroinflammatory diseases spanning
a broad age range. They are clinically characterised by
recurrent attacks of optic neuritis (ON), myelitis and less
frequently by the brainstem and cerebral attacks, and
profoundly impact patients’ quality of life."™ The current
concepts of NMOSD are rapidly changing. An interna-
tional panel of experts published the latest NMOSD diag-
nostic criteria in 2015.” Pathogenic serum autoantibodies
against aquaporin-4 (AQP4-IgG), an astrocytic water
channel protein, can be detected in 60%-80% of patients
with NMOSD.® 7 The diagnostic criteria differentiate
patients with positive or negative/unknown AQP4-IgG
status. In the latter case, strict rules apply to the clinical
presentation and paraclinical findings, in particular those
from MRI for diagnosing NMOSD.”® In some AQP4-IgG
seronegative patients within the NMO disease spectrum,
for example with isolated recurrent ON or myelitis, serum
antibodies against myelin oligodendrocyte glycopro-
tein (MOG) can be detected.”™ As a different cellular
target is involved, most experts consider MOG-IgG auto-
immunity, or MOG-IgG-associated encephalomyelitis, as
a separate disease entity, pathogenetically distinct from
classic AQP4-IgG-associated NMOSD.'™™ The term
myelin oligodendrocyte glycoprotein antibody disease
has recently been proposed for this disorder."”

ON is one of the most common clinical manifestation
of NMOSD. It frequently results in severe structural optic
nerve damage and visual impairment, often occurs bilat-
erally, with common relapses.’ 1718 patients often develop
a visual disability as a result of decreased high-contrast
visual acuity (HCVA) and low-contrast visual acuity, as well
as colour and visual field defects. These functional limita-
tions result in impaired vision-related quality of life and a
high incidence of legal blindness.'"™'

Optical coherence tomography (OCT) acquires high-
resolution retinal images and plays an important role in
assessing ON-associated damage in NMOSD* and other
neuroinflammatory disorders associated with ON.* **
After transection of optic nerve axons following acute
ON, retrograde neurodegeneration leads to neuroaxonal
damage in the retina.”

Retinal postinflaimmatory neuroaxonal degeneration
typically progresses for about 6 months after the onset of
acute idiopathic ON. It can be assessed by OCT as peri-
papillary retinal nerve fibre layer thickness (pRNFL) or
ganglion and inner plexiform layer thickness (GCIP).*
Due to the rarity of NMOSD, adequate disease-specific
studies on temporal ON dynamics are scant.”’” Thus, it
remains uncertain which time frame accurately reflects
the disease. For example, in a recent population-based
study of all acute ON in Southern Denmark, there was
not a single AQP4-IgG seropositive case and only two
with MOG-IgG in the 50 patients gresenting with de novo
acute ON during study duration.” In MOG-IgG SEeropos-
itive patients, ON appears to be milder than in patients
with detectable AQP4-IgG* and leads to a better outcome

despite equally severe retinal thinning.”* However,
MOG-IgG seropositive patients display a higher relapse
frequency, potentially leading to comparable cumulative
retinal damage and loss of vision in the two subgroups.m Y
Furthermore, MOG-IgG seropositive patients have a more
pronounced pRNFL thinning in the temporal quadrant,
while temporal and nasal quadrants are equally affected
in AQP4-IgG positive disease.'** It is currently unclear, to
what extent the retina and vision are affected by NMOSD
independently of ON.* In multiple sclerosis (MS), disease-
associated and progressive neurodegeneration can occur
in eyes unaffected by ON.*** Studies of NMOSD have led
to conflicting results. ON in NMOSD tends to be more
posterior and closer to the chiasm than that occurring
in MS, and chiasmal affection could lead to carry-over
effects in the less affected companion eye.?'ﬁ 7 However,
recently described microstructural changes in the retina
also suggest a primary retinopathy in NMOSD.***! This is
potentially mediated by AQP4-expressing retinal Miiller
cells and could be independent of ON. Longitudinal data
demonstrating progressive GCIP loss in AQP4-IgG posi-
tive patients with NMOSD independent of ON further
supports this notion.”” * These observations remain
to be independently confirmed. In contrast, a recent
exploratory longitudinal study in MOG-IgG seropositive
patients suggested only progressive RNFL loss but not
longitudinal GCIP reduction.**

Besides neuroaxonal damage, macroscopic retinal
findings have been reported in NMOSD. Macular micro-
cysts occur in the inner nuclear layer and are associ-
ated with severe ON in approximately 20% of patients
with NMOSD.**7 Pathology and clinical significance of
macular microcysts, sometimes called microcystic macular
oedema, remain unclear; however, macular processes
appear to occur more frequently than other processes
such as vitreous traction, which was found in one MOG-
IgG positive patient with microcysts.*®

Investigating OCT for clinically and pathologically mean-
ingful information is hampered by the rareness and hetero-
geneity of NMOSD.* In 2015, the Guthy Jackson Charitable
Foundation International Clinical Consortium (GJCFICC)
agreed to establish an image repository platform (neuromy-
elitis optical imaging repository (NOIR)), the purpose of
which is to facilitate multinational and multicentre neuroim-
aging studies in NMOSD. NOIR is intended to help identify
imaging pitfalls in NMOSD, develop and clinically validate
imaging biomarkers of the disease, clinical disability and to
define imaging endpoints for clinical trials. Here we report
the outcome of the Collaborative OCT in NMOSD reposi-
tory study (CROCTINO) as the initial effort in establishing
a platform for investigating retinal abnormalities using OCT
in NMOSD.

COHORT DESCRIPTION

Study design

The study was designed as a multinational and multicentre
repository study collecting longitudinal OCT data as well

2
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Figure 1 Flow chart explaining the overall study design
and information technology (IT) infrastructure. DCC, Data
Coordinating Center; OCT, optical coherence tomography;
REDCap, Research Electronic Data Capture; SAMIRIX is

a custom-developed intraretinal segmentation pipeline®.
OSCAR-IB are validated consensus quality criteria for retinal
OCT reading™.

as relevant clinical data from patients with NMOSD and
healthy controls (HCs). Participating centres were asked
to contribute both retrospective and prospective data
that was collected over a defined period extending from
2000 to 2018. Scientific coordination and OCT reading
were performed at the Charité—Universititsmedizin
Berlin Translational Neuroimaging Group. Partici-
pating centres were mainly recruited from the GJCF-ICC,
which includes international researchers and clinicians
focusing on NMOSD. Additional experts who had previ-
ously published studies using OCT in NMOSD but who
were not members of the GJCF-ICC were contacted
and invited to participate. For this purpose, a question-
naire screening each centre for the number of eligible
patients and the type of OCT instruments used at their
site was sent to the entire GJCF-ICC and to other iden-
tified experts. Centres giving a positive response to the
recruitment questionnaire received further instructions

on how to contribute OCT images and the associated
demographical and clinical data of their patients and
HCs. The overall study design—including the workflow—
is illustrated in figure 1.

Inclusion and exclusion criteria

Subjects were included with (a) a diagnosis of NMOSD
as specified by the 2015 International Panel criteria’ or
(b) longitudinal extensive transverse myelitis and/or (c)
recurrent ON or (d) HCs (without matching require-
ments). OCT source data, demographic and clinical
metadata from patients and HCs were required, including
age, sex, disease subtype, autoantibody status and clinical
history including details of ON.

Data collection and workflow

All demographic and clinical data were assessed in an
electronic repository based on Research Electronic Data
Capture (REDCap),” located at the University of Utah
Data Coordination Center. OCT images were transferred
by participating centres via TeamBeam (Skalio GmbH,
Hamburg, Germany), a commercial web-based medical
data exchange service certified for secure data transfer.
OCT images were then stored and analysed using a secure
server at Charité—Universititsmedizin Berlin, Berlin,
Germany.

Study preparation began in January 2016 by identifying
potential participating centres, setting up the informa-
tion technology (IT) infrastructure and developing the
electronic case report forms (eCRFs) in REDCap. eCRFs
were sent to all participants for review and were revised
accordingly. The data collection was launched on 1
September 2016, when the final repository was released,
and centres received REDCap accounts for data entry.
Data collection officially closed on 30 September 2018.
After a detailed plausibility check, identified missing data
could be submitted until 31 December 2018. A detailed
timeline is illustrated in figure 2.

Collected dataset

The data elements that were collected are listed in online
supplemental file 1 (including indications of which
data elements were mandatory or optional) and are
summarised as follows:

Demographic and clinical data

In addition to age and sex, ethnicity was assessed based
on published NIH categories (https://grants.nih.gov/
grants/guide /notice-files/not-od-15-089.html). Possible
selections comprised ‘American Indian or Alaska Native’,
‘Asian’, ‘Black or African American’, ‘Hispanic or Latino’,
‘Native Hawaiian or Other Pacific Islander’, “White’ and
‘Other’; up to two selections were possible. Height and
weight were collected. Information concerning the pres-
ence of ophthalmological comorbidities other than those
related to NMOSD was requested. The possible answers
were: ‘Unknown’, ‘No (excluded by examination)’,
‘No (excluded by history taking)’ and ‘Yes’. In case of
Yes’, the condition had to be specified. Furthermore,
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the presence of other comorbidities was assessed. Infor-
mation about NMOSD diagnosis was mandatory, with
possible selections of ‘NMO (2006 criteria)’, ‘AQP4-IgG
seropositive NMOSD (2015 criteria)’, ‘AQP4-IgG sero-
negative NMOSD (2015 criteria)’, ‘MOG-IgG-associated
encephalomyelitis/NMOSD’, ‘RON/CRION (Recur-
rent Optic Neuritis)’, ‘LETM (Longitudinal Extensive
Transverse Myelitis)’. We inquired about the AQP4 and
MOG antibody statuses separately (both mandatory) with
possible answers ‘Seropositive’, ‘Currently seronegative,
but at least one previous test was positive’, ‘Seronegative’,
‘Not known/Never assessed’. Patients were considered to
be seropositive for AQP4-IgG or MOG-IgG if antibodies
were detected in at least one assay. Centres were also
asked which assay they used for antibody testing. Provi-
sion of the Expanded Disability Status Scale (EDSS) score
was optional.”’ History of clinical attacks was requested
with a focus on ON. Information concerning each eye was
recorded separately as was the number of ON attacks and
date of last episode. History of other NMOSD defining
attacks, such as transverse myelitis, area postrema
syndrome, brainstem syndromes, symptomatic narcolepsy
or acute diencephalic clinical syndrome with NMOSD-
typical diencephalic MRI lesions, and symptomatic cere-
bral syndrome with NMOSD-typical brain lesions was
requested without dates and with the option ‘unknown’.
Immunotherapy was assessed with a selection of common
NMOSD treatments™ and possible selections ‘Current’
and ‘Previous use’.

Optical coherence tomography

Scans from all common OCT machines were accepted,
resulting in scans from three different types of machines:
(a) Spectralis SD-OCT (Heidelberg Engineering, Heidel-
berg, Germany), (b) Cirrus HD-OCT (Carl Zeiss Meditec,
Dublin, California, USA) and (c) Topcon 3D OCT-1
(Topcon, Tokyo, Japan). We requested that centres
upload two scan types per eye from each visit:

Figure 2 Detailed study timeline including all study phases with start and end dates, as well as a brief description of each
phase. eCRFs, electronic case report forms; OCT, optical coherence tomography.

» A peripapillary ring scan with 12° or approximately
3.4mm diameter around the optic disc. For those
using Cirrus and Topcon, an optic disc volume scan
was uploaded since peripapillary data are extracted
from this scan.

» A macular volume scan, centred on the fovea, with
a minimum size of 20°x20° (approximately 6 mmx6
mm).

There were no restrictions regarding OCT image
averaging or quality. At least one scan per visit was
required to be included in the repository. After images
were transferred, their quality was assessed based on
modified OSCAR-IB criteria.”® * Modifications were
made for better applicability to macular scans (see
online supplemental file 2). pRNFL segmentation was
performed with device-internal algorithms, intraretinal
layer segmentation with a device-independent segmen-
tation pipeline.”

Visual function

HCVA was requested with a selection menu ranging from
20/10 (-0.3 logMAR) to ‘no light perception’. Informa-
tion on the method of testing was not requested, but
details of whether testing was performed best corrected,
habitually corrected or uncorrected were recorded.
Monocular HCVA was mandatory while binocular HCVA
was optional. Additionally, low contrast letter acuity
(LCLA) from 2.5% contrast Sloan charts, normal/
abnormal classifications of visual evoked potentials
(VEP) P100 latencies and mean deficit and pattern stan-
dard deviation from visual fields could be entered as
optional information.

Statistical analysis

Cohort and statistical description for this cohort profile
were performed with R V.3.4.4°° in R Markdown and
RStudio (RStudio, Boston, Massachusetts, USA).

4
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Centre Patients HC OCT device

Barcelona, Spain 13 13 Spectralis or Cirrus

Berlin, Germany 76 39 Spectralis

Goyang-si, Korea 50 0 Topcon OCT

Istanbul, Turkey 0 Cirrus

Lyon, France 10 0 Spectralis

Maracaibo, Venezuela 3 0 Spectralis

Milan, Italy 30 0 Spectralis

New York, USA 0 Spectralis and Cirrus

Oxford, UK

0 Spectralis

Sao Paulo, Brazil 0 Spectralis

Strasbourg, France 25

0 Spectralis

HC, healthy control; OCT, optical coherence tomography.

collected. Centres and the size of their patient and HC
cohorts are listed alphabetically in table 1.

In total, we collected 1868 peripapillary ring scans/
optic nerve volume scans and 1672 macular volume scans
fulfilling defined specifications. Only scans with corre-
sponding clinical data were considered. Device and scan
specifications are depicted in table 2.

A cohort characterisation is depicted in table 3. The
mean patient age (mean+SD) was 43.1+14.8 years with
444 (82%) women. The age of HCs (mean+SD) was
32.1£9.8 years with 72 (63%) women. The majority of
patients were White or Middle Eastern (n=315), followed
by Asian (n=128) and Black or African American (n=27).

Among all patients, 515 (95.5%) fulfilled the 2015
diagnostic criteria for NMOSD.” Of those not meeting
the 2015 criteria, 21 (3.9%) carried the diagnosis of
LETM, and 3 (0.6%) recurrent ON. Among those
fulfilling NMOSD diagnostic criteria, 369 (72%) were
AQP4-IgG seropositive, leaving 146 (28%) with negative
or unknown AQP4-IgG status. Among the AQP4-IgG
seronegative patients, 54 (37%) were MOG-IgG sero-
positive, 34 (23%) were double-negative for AQP4-IgG
and MOG-IgG and 58 (40%) had an unknown antibody
status. In the entire cohort, 369 (68%) were AQP4-IgG
seropositive, 54 (10%) MOG-IgG seropositive, 52 (10%)
had double negative and 64 (12%) had an unknown
antibody status. There were 400 (74%) patients with at
least one episode of ON, and 410 (76%) patients with
a history of myelitis. The mean time since disease onset
(mean+SD) was 5.47+19.47 years and mean age at initial
symptom onset (mean+SD) was 36.18+15.05 years. Infor-
mation about current N,N-Dimethyltryptamine (DMT)
was available in 398 (74%) patients. Ninety-seven patients
(18.0%) received a combination of multiple DMTs. Most
frequent DMT options comprised rituximab (n=128;
24%), azathioprine (n=121; 22%), oral prednisolone
(n=98; 18%), mycophenolate mofetil (n=77; 14%) and
methotrexate (n=11; 2%).

Protocol*

Cirrus Mac 5.0% 27 000%
Cirrus Ring

Axial resolution (um) Acquisition (A-scans/s) n

B-scans A-scans per B-scan Size (mm)t

293 128 512 6x6
388 200 200 6x6/3.4%

*Only protocols making up more than 5% of the total macular scan rates were considered.

TScan size can vary as it depends on the eye length.

}Peripapillary ring scan extracted from optic nerve head volume scan.

Mac, macular volume.
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Table 3 Cohort description

Healthy
controls Patients
Subjects (n) 114 539
Centres (n) 5 22
Age (years; mean+SD) 32.119.8 43.1:14.8
Sex (woman; n (%)) 72 (63.2) 444 (82.4)
Time since disease onset (years; — 5.5+19.5
mean=SD)
Age at initial symptom onset - 36.2+15.1
(years; mean+SD)
Ethnicity White or Middle 96 (84.2) 315 (58.4)
(n (%)) Eastern
Asian 17 (14.9) 128 (23.7)
Black or African 0 (0) 27 (5.0)
American
Hispanic or Latino 1 (0.9) 11 (2.0)
Other 0(0) 23 (4.3)
Not reported 0(0) 35 (6.5)
Patients fulfilling the 2015 - 515 (95.5)
diagnostic criteria for NMOSD
(fulfilled; n (%))
AQP4-IgG seropositive NMOSD  — 369 (68.5)
(n (%))
MOG-IgG seropositive NMOSD - 54 (10.0)
(n (%))
Double-negative NMOSD (n (%)) - 34 (6.3)
NMOSD with unknown antibody- - 58 (11.0)
status (n (%))
Patients with a history of optic =~ - 400 (74.2)
neuritis (n (%))
Patients with a history of myelitis - 410 (76.1)
(n (%))

AQP4-1gG, aquaporin-4 IgG antibodies; MOG-IgG, myelin
oligodendrocyte glycoprotein IgG antibodies; NMOSD,
neuromyelitis optica spectrum disorders.

The majority of the centres provided OCT source data
from a Spectralis machine (17 centres), followed by Cirrus
(6 centres) and one centre contributed Topcon OCT images
(table 1).

HCVA was available for 529 (98%) patients and 83
(73%) HCs. Most of the patients received best-corrected
HCVA (47%), 28% were habitually corrected and 25%
not corrected. LCLA was obtained from 99 (18%) patients
and 40 (35%) HCs. VEP were available for 177 (33%),
and visual fields for 90 (17%) patients applying devices at
the discretion of each centre.

Longitudinal data were available for 157 (29%) patients
from 11 centres. Mean follow-up time (mean+SD) was 27+17
months.

Patient and public involvement
Patients and the Public were not explicitly involved in
the design or conduct of this study. However, the results

of this study will be presented on a Guthy-Jackson Char-
itable Foundation’s International NMO Patient Day,
giving patients, relatives and researchers the opportunity
to share ideas for projects based on this cohort.

Findings to date

To our knowledge, the CROCTINO repository comprises
the largest dataset on retinal OCT in NMOSD. Cohort
demographics are in line with previous epidemiological
NMOSD studies: gender ratio, age at symptom onset
and prevalence of AQP4-IgG and MOG-IgG antibodies
are similar to previously published studies and suggest a
cohort that is representative of the disease spectrum.”
OCT quality and quantitative analyses are currently being
investigated as first scientific derivatives of the work and
will be published in the near future. During the study,
many challenges in conducting an investigator-driven
academic repository study were experienced. First, this
study was implemented without centre reimbursement.
‘While we are unaware of specific guidelines in this regard,
we felt that data quality would potentially be higher when
centres receive no reimbursement. Although without
reimbursement we expected a lower motivation for
interested centres to participate at all, we reckoned that
data quality might be higher from participating centres
contributing out of sole scientific interest. Despite the
absence of financial compensation, centre motivation was
excellent, and we were able to include substantially more
datasets (n=539) than initially anticipated (n=200). Lack
of reimbursement did preclude the participation of some
centres, particularly in North America. Sharing of data
requires legal compliance, including the conclusion of
data transfer agreements (DTA). Although we provided
an initial DTA template for this study, almost all centres
required modifications, the consequence of different
legal systems in this multinational setting. This process
resulted in a substantially delayed data collection. On the
other hand, the DTA templates for each of the involved
centres in combination with concluded DTA for this
repository now provide a powerful platform and network
for future studies in NMOSD.

During the conduct of this study, we developed several
technical solutions, which will be made available beyond
the scope of this repository. First, the technical infrastruc-
ture and newly established workflows will be instrumental
in conducting future neuroimaging studies in NMOSD.
We further developed a device-independent intraretinal
layer segmentation pipeline based on an established
segmentation algorithm.” This pipeline is capable of
importing and segmenting OCT scans from all devices
included in the study and will presumably lead to better
comparability of OCT data obtained from different
devices.” Finally, we modified the widely used OSCAR-IB
criteria™ for assessing OCT image quality to be appli-
cable to macular volume scans and all OCT devices. The
modified criteria will be validated using data from our
repository.
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Strengths and limitations

With 539 patients, CROCTINO comprises the largest
dataset of OCT images from patients with NMOSD that
we are aware of. The cohort resembles epidemiological
studies published earlier and includes relevant demo-
graphic and clinical data. Further, the autoantibody
status is available for many datasets, including not only
AQP4-IgG but also MOG-IgG, thus distinguishing this
cohort from many earlier studies where MOG-IgG was
either unknown or unavailable. Inclusion of different
ethnicities and geographical regions should allow analysis
and comparison with patients with NMOSD in different
cohorts, who are usually investigated only in smaller
separate analyses from one or few centres. Finally, this
study collected raw OCT imaging data thereby allowing
detailed quality reading and image analysis, also with
advanced technologies in the future.

The study has several limitations, many of which are
inherent to multicentre settings. First, the inclusion
of retrospective data precluded application of a stan-
dardised, homogeneous imaging protocol. Hetero-
geneity in the dataset is further caused by (a) use of
different OCT machines, (b) different scan protocols
and (c) no homogeneous visual function measures.
Several geographic regions are not represented in the
repository (eg, Australia, Africa), and HC scans are not
matched demographically and are only available for
some ethnicities and from certain regions. Although
great care was taken in collecting, completing and veri-
fying the data, we could not ensure complete individual
data set validity. For example, different methods for
antibody testing® with often uncertain sensitivity and
specificity and a non-standardised documentation of
patient-reported information could lead to some noise
in respective analyses.

Collaboration and future directions

The study coordinating centre is pursuing several scien-
tific projects based on the repository in collaboration
with the participating centres, such as the analysis of
pRNFL and intramacular layer thickness measurements
in this cohort in an attempt to identify differences
between distinct disease phenotypes, demographics
and ethnicities. We encourage collaboration with inter-
ested researchers in additional scientific projects.
The CROCTINO dataset will be made available to all
participating centres and to qualified investigators on
request (details see below). The study coordinators are
also interested in further expanding the repository by
including (a) additional data from currently underrep-
resented geographic regions, (b) additional HC data to
provide expanded ethnicity comparators and (c) more
prospective, longitudinal data, also extending already
existing follow-up periods of the included patients. The
established NOIR platform and the CROCTINO cohort
will serve to investigate retinal imaging biomarkers in
NMOSD in the future.
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Abstract

Background: Identifying magnetic resonance imaging (MRI) markers in myelin-oligodendrocytes-gly-
coprotein antibody-associated disease (MOGAD), neuromyelitis optica spectrum disorder-aquaporin-4
positive (NMOSD-AQP4) and multiple sclerosis (MS) is essential for establishing objective outcome
measures.

Objectives: To quantify imaging patterns of central nervous system (CNS) damage in MOGAD during
the remission stage, and to compare it with NMOSD-AQP4 and MS.

Methods: 20 MOGAD, 19 NMOSD-AQP4, 18 MS in remission with brain or spinal cord involvement
and 18 healthy controls (HC) were recruited. Volumetrics, lesions and cortical lesions, diffusion-imaging
measures, were analysed.

Results: Deep grey matter volumes were lower in MOGAD (p=0.02) and MS (p=0.0001), compared
to HC and were strongly correlated with current lesion volume (MOGAD R=-0.93, p<0.001, MS
R=-0.65, p=0.0034). Cortical/juxtacortical lesions were seen in a minority of MOGAD, in a majority of
MS and in none of NMOSD-AQP4. Non-lesional tissue fractional anisotropy (FA) was only reduced in
MS (p=0.01), although focal reductions were noted in NMOSD-AQP4, reflecting mainly optic nerve and
corticospinal tract pathways.

Conclusion: MOGAD patients are left with grey matter damage, and this may be related to persistent
white matter lesions. NMOSD-AQP4 patients showed a relative sparing of deep grey matter volumes,
but reduced non-lesional tissue FA. Observations from our study can be used to identify new markers of
damage for future multicentre studies.

Keywords: Multiple sclerosis, neuromyelitis optica with AQP4-Ab, MOG-Ab disease, MRI, non-
conventional MRI

Date received: 28 December 2020; revised: 13 March 2021; accepted: 15 April 2021.

Introduction Brain lesions, reported in up to 60% of NMOSD-

Recently, two new antibody-mediated central nervous
system (CNS) diseases, previously been thought to be
multiple sclerosis (MS) variants, have been identified.
The first, aquaporin-4-antibody (AQP4-Ab) disease,’
is a primary astrocytopathy and is recognised to be the
major cause of the neuromyelitis optica spectrum dis-
orders (NMOSD).2? Myelin oligodentrocyte glyco-
protein (MOG) antibody, targeting myelin, is
associated with a wider clinical phenotype.**

AQP4 patients,® can be difficult to distinguish from
MOG antibody-associated disease (MOGAD);” how-
ever, using conventional magnetic resonance imaging
(MRI), the presence of typical MS lesions, may help
in differentiating it from the antibody disorders.”

The presence of occult white and grey matter dam-
age in MS, detected using non-conventional MRI, is
well-known, while opinion varies as to whether
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Table 1. Baseline clinical and demographic characteristics of the enrolled participants.

Participants, n 19

Mean age at onset = SD 55.6*13.2
Female, % 68.4
Caucasian, % 52.6
Median disease duration, years (range) 11(0-24)
Median number of relapse (range) 2(1-11)
Median EDSS (range) 3(0-7)
Mean EDSS = SD 3019
Mean LogMAR VA 0.4+0.9
(average OD and OS) = SD

20 18 18 N/A

418+11.0 441+66 389+134  <0.001*
50 55.5 55.5 0.695
100 100 83 0.001
2(0-24) 115(1-24) N/A 0.018
2(1-11) 3(1-13)  N/A 0.347
1.5 (0-7) 20(0-6) N/A 0.025
1.7+1.6 28+17 NA 0.055
-0.03+0.6 -0.08+0.1 NA 0.022

NMOSD-AQP4 causes normal-appearing white and
grey matter abnormalities and atrophy®'2 Non-
conventional volumetric and diffusion imaging data
in MOGAD are scarce.'?

Furthermore, in contrast to MS, MOGAD and
NMOSD-AQP4 do not have a progressive stage;
therefore, identifying differences between antibody-
mediated conditions and MS may provide clues as to
what is driving the progressive neurodegenerative
process in MS.

The main aims of our study are to use volumetrics,
lesion analysis and DTI measures to: (a) to identify
different pattern of CNS damage in the three diseases
and (b) to quantify the damage during the remission
stage.

Materials and methods

Further details of patients’ enrolment, clinical assess-
ment, MRI imaging analysis are in Supplementary
Materials and Methods.

Patients

A total of 20 MOGAD, 19 NMOSD-AQP4, 18
relapsing remitting MS and 18 healthy controls (HC)
over the age of 18 consented to the study (REC 17/
EE/0246; Table 1). Patients were recruited if they
were at least 6 months downstream of an acute attack
and had a brain or spinal cord involvement, with or
without optic neuritis (ON). All patients with
NMOSD-AQP4 and MOGAD had positive
antibodies.

MRI imaging protocol

Brain MRI was performed at 3T (Siemens Magnetom
Prisma, Erlangen, Germany) including T1-weighted,
fluid attenuated inversion recovery (FLAIR), proton
density (PD), double inversion recovery (DIR)
T2-weighted and diffusion-weighted sequences (see
Supplementary Material and Methods).

Statistical analysis

RStudio version 1.1.447 for non-imaging data was
used. Differences were evaluated by analysis of vari-
ance (ANOVA to test means) and 7> (to test propor-
tion), non-parametric tests were performed when the
variables were not normally distributed. Linear models
with disease group, sex and age as independent varia-
bles (volumetric scaling factor in case of volumetric
measures) and the specific MRI measure as the depend-
ent variable were fit, then for pairwise-comparison
between groups, the estimated marginal means and
standard error (SE) with Bonferroni correction across
groups were calculated. Pearson’s correlation was used
to test the relationship between MRI findings.

In addition, a multivariable linear regression model
with a stepwise variable selection based on the Akaike
information criterion (AIC), was fitted in every dis-
ease group using age and sex, and MRI measures (that
show differences across groups) as independent vari-
ables, and Expanded Disability Status Scale (EDSS)
as the dependent variable.

For visual acuity (mean LogMAR), we use the same
demographic variables and only two a priori MRI
measures as independent variables (optic chiasm and
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Figure 1. Total deep grey matter volumes (a), basal ganglia, hippocampus and brainstem volumes (b-I) between disease

groups.

The graphs represent the median and the 25th and 75th percentile; *p < 0.05 when compared to HC, on the linear model adjusted for age,

sex and volume scaling factors; AQP4-Ab=NMOSD-AQP4.

thalamus volume due to their connection to the ante-
rior visual pathways) in the multivariable linear
regression model.

For all analyses, p <<0.05 was considered statistically
significant. Graphs were created using ggplot and
gepubr packages, Rstudio.

Results

The clinical and demographic characteristics of the
four groups are represented in Table 1. Age in
NMOSD-AQP4 was significantly different from HC,
thus, was included in all regression models, together
with sex.

All the non-significant results described below are
shown in detail in Supplementary Results.

Volumetric analysis

Non-normalised volumes are shown in Supplementary
Table 1. Results are shown as difference of volume
estimates between groups in cubic millimetres, stand-
ard error (SE), p-value; when compared to HC a nega-
tive value indicates a lower volume in the disease
group; when describing disease comparisons, the
negative value indicates a lower volume in the disease
group first mentioned in the comparison).

Total brain volume, white/grey matter fraction and
third/fourth ventricular volumes: no significant dif-
ferences were found in global measures (see
Supplementary Results).

Grey matter volumes: when considering the total deep
grey matter volumes, both MOGAD and MS showed
lower volumes when compared to HC (MOGAD:
—2609mm® (880) p=0.02; MS: —4092mm* (891)
p=0.0001; Figure 1(a)) driven predominantly by sig-
nificant putamen atrophy in MOGAD (-615.4mm?
(226) p=0.05) and more diffuse atrophy across the
individual grey matter structures in MS (see Figure
1(b-i)). Only the brainstem was smaller in NMOSD-
AQP4 (—2575.8mm? (933) p=0.04) when compared
to HC. Compared to NMOSD-AQP4, the caudate was
significantly smaller in MS (—650 mm? (202) p=0.01).
The remaining comparisons were not statistically sig-
nificant (see Supplementary Results). The deep grey
matter volume was not significantly correlated with
the number of relapses (see Supplementary Results).

Cortical thickness and volumes: cortical thickness
(mm?) and volumes (mm?) were not significantly dif-
ferent between groups (see Supplementary Results).

White matter region of interest volumes: given that
visual function is often involved in the antibody-
mediated diseases, and association fibres can be
abnormal in MS, we selected the optic chiasm and
corpus callosum as regions of interest for volume
analysis. No significant difference in optic chiasm
volumes were seen, but when including only those
with at least one attack of ON, NMOSD-AQP4-ON
had significantly lower chiasmatic volumes when
compared to the other groups (NMOSD-AQP4:
—153.54mm’ (23.8) p<0.001; HC: —121.43mm’
(23.3) p<0.001, MOGAD-ON: —80.05mm? (24.8)
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Figure 2. (a) Lesion probability map in NMOSD-AQP4, MOGAD and MS (b) voxel-wise comparison between MS and
NMOSD-AQP4, MS and MOGAD. Lesions were identified on the lesion map with cluster tool (part of FSL) and using
the Talairach Atlas. (a) The colour scale (from 5% to 80%) represents the minimum to maximum probability of a lesion
occurring in a particular spatial location. Montreal Neurological Institute (MNI) standard space template Z coordinate is
shown in millimetres. In the NMOSD-AQP4 group, the lesion map showed a widespread distribution, with the highest
percentage of patients having lesions in the lateral ventricle anterior horns (31.5%), and in the right lingual gyrus of the
occipital lobe (42%) and 10.5% in the corpus callosum. In the MOGAD group, the lesion map showed a widespread
distribution, with the highest percentage of patients having lesions in the lingual gyrus bilaterally (50% right and 57.1%
left), 42.8% have small lesions in the anterior horns of the right and left lateral ventricles, 14.3% in the superior frontal
gyrus and 14.3 % in the medial frontal gyrus. In the MS group, the lesion map showed a more focal distribution, with the
highest percentage of patients having lesions in the periventricular anterior horns area (88.8% on the right and 94.4% on
the left lateral ventricles), 16.6% in the brainstem, 11.1% cerebellum and 55.5% in the corpus callosum. (b) Statistically

significant voxel locations (values represent 1-p-value, TFCE corrected) are represented in blue-light blue (MS vs

NMOSD-AQP4) and red-yellow (MS vs MOGAD).

p=0.04, MS-ON: —95.51 mm? (28.1) p=0.02) likely
reflecting the recognised posterior location of
NMOSD-AQP4-ON and its severity (see Table 1).
This effect was not seen in the MOGAD-ON groups
and, additionally, there were no significant differ-
ences of the corpus callosum across groups (see
Supplementary Results).

Lesion analysis

Lesion volume: 14 out of 20 (70%) MOGAD patients
had brain lesions at the time of the scan and 17 (85%)
of MOGAD patients had brain lesions acutely. All MS
and NMOSD-AQP4 had acute brain lesions with per-
sistent lesions at the time of the research scan. Only
two HC had brain lesions, one had two punctiform
small lesions normal for ageing brain and another had
a few small punctiform non-specific lesions. The MS
patients had a higher lesion volume when compared to
NMOSD-AQP4 disease (1.326mm? (0.503) p=0.03)
and MOGAD patients (2.219mm? (0.545) p=0.0005).
Lesion volume was positively correlated with disease
duration in MS (Pearson’s correlation R=0.46, p=0.05)
and MOGAD patients (R=0.81, p<<0.001). Lesion

volume also showed a moderate correlation with the
number of relapses in NMOSD-AQP4 (R=0.53,
p=0.02) but this was not significant in MOGAD
(R=0.26, p=0.37) and MS (R=0.48, p=0.06).

Lesion probability maps: the voxel-wise analysis
between MOGAD and NMOSD-AQP4 was not sig-
nificant, while the MS analysis showed that lesions
are statistically more frequent in the periventricular
areas than NMOSD-AQP4 and MOGAD (p<0.05
TFCE (threshold-free cluster enhancement) cor-
rected; see Figure 2(a) and (b)).

Cortical lesions analysis: a total of 69 DIR sequences
were available for the cortical lesions’ analysis (16
HC, 16 NMOSD-AQP4, 19 MOGAD and 17 MS).
We defined cortical lesions as those lesions within the
cortex or extending from the cortex to the adjacent
white matter and juxtacortical lesions as white matter
lesions in direct contact with the cortex.'* Three
MOGAD patients (15.7%) showed cortical/juxtacor-
tical lesions (type I; one with one curvilinear and one
with one ovoid lesion, and one participant with three
curvilinear lesions), while 11 (65%) MS patients had
identifiable  cortical/juxtacortical  (leukocortical)
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Figure 3. Cortical/juxtacortical lesions in (a and b) MS and (c and d) MOGAD. The inter-rater agreement was k=0.78
(» < 0.001) with 95% confidence interval (CI) 0.59-0.97. (a) Ovoid cortical lesion in MS participant; (b) ovoid cortical/
juxtacortical lesion in MS participant; (¢ and d) curvilinear juxtacortical lesions in two MOGAD participants.

lesions, with three patients presenting at least one
pure cortical lesion (type II; see Figure 3(a)-(d)) and
one an extensive subpial lesion (see Table 2 with
p-value).

Diffusion-weighted imaging analysis

Diffusion measures across the groups are shown in
Supplementary Table 2 (16 MS, 19 MOGAD, 17
NMOSD-AQP4 and 17 HC scans were available for
the analysis). All group comparisons used linear
regression with Bonferroni correction and were
adjusted for age and sex (results are shown as differ-
ence of diffusion measures estimates between groups,
standard error (SE) p-value).

White matter diffusion metrics: fractional anisotropy
(FA) and mean diffusivity (MD in 10 mm?s™"), axial
diffusivity (AD in 10 mm? s7') and radial diffusivity
(RD in 102°mm? s7') were calculated (see
Supplementary Table 3) within the lesions voxels
(lesion-FA) using the FLAIR lesion masks, and also
in the normal-appearing white matter (NAWM).

Lesion-FA was lower, and lesion-MD and -RD were
higher when compared to the NAWM within all the
three diseases (p<0.001; see Figure 4(a)-(d)), and
also compared to HC (lesion-FA NMOSD-AQP4:
—0.16 (0.02), MOGAD: —0.16 (0.02), MS: —0.15
(0.02), p<<0.001 in each group; lesion-MD NMOSD-
AQP4: 0.11 (0.03), p=0.002, MOGAD: 0.13 (0.03),
MS: 0.17 (0.03) p<<0.001 in each group; lesion-RD

NMOSD-AQP4: 0.16 (0.03), MOGAD: 0.15 (0.02),
MS: 0.17 (0.02), p<0.001 in each group), but no dif-
ferences were found in AD values. NAWM-FA in
MOGAD and NMOSD-AQP4 was similar to HC and
only in MS was lower compared to both HC and
MOGAD (-0.03 (0.01), p=0.01; —0.03 (0.01),
p=0.03; see Figure 4(a)-(d)).

Tract-based spatial statistics (TBSS) of NAWM FA:
although 85% of MOGAD had brain lesions acutely,
the TBSS voxel-wise analysis of FA-NAWM did not
show significantly low FA as compared to HC.
NAWM-FA was abnormal in NMOSD-AQP4 and MS
when compared with HC, with lower FA in NMOSD-
AQP4 affecting mainly corticospinal, brainstem and
visual tracts and in MS focussed particularly on the
corpus callosum (Figure 4(e)).

Grey matter diffusion metrics: MD values analysed in
the cortical and deep grey matter structures did not
show significant differences (see Supplementary
Results).

Correlations between lesion volume and grey

matter volumes in NMOSD-AQP4, MOGAD and

MS

Because the predominant differences in non-lesional
volumes in MOGAD were in grey matter structures,
we looked at the relationship between lesion volume
and total deep grey matter volume and found signifi-
cant negative correlations in MOGAD and MS for
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Table 2. Cortical/juxtacortical lesions in the three disease groups.

NMOSD-AQP4 MOGAD MS Chi-square p-value
Patients, n 16 19 17 -
Patients with at least one cortical/juxtacortical 0 3(15.8) 11(64.7) 0.005
lesion, n (%)
Patients with one cortical/juxtacortical lesion, n (%) — 2(10.5) 3(17.6) 0.650
Patients with> 1 cortical/juxtacortical lesion, n (%) — 1(5.3) 8(47) 0.006
Number of cortical/juxtacortical lesions, median - 0(0-3) 1(0-12) -
(range)
NMOSD-AQP4: yelitis optica disord porin-4 positive; MOGAD: myelin-oligodendrocytes-glycop

autibody-associatod disease; MS: muliple solerosis.
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Figure 4. FA, MD, RD and AD lesions and NAWM comparison in the four groups (a—d); tract-based spatial statistics
(TBSS) FA in NMOSD-AQP4 versus HC, NMOSD-AQP4 versus MOGAD, and MS versus HC (e). (a—d) *p < 0.05
when compared to HC, on the linear model adjusted for age and sex. NAWM: normal-appearing white matter,
AQP4:NMOSD-AQP4. (e) The FA skeleton is shown in green with a threshold of 0.2, tracts with lower FA are shown in
red—yellow (values represent 1-p-value, TFCE corrected). TBSS voxel-wise analysis of FA NAWM showed a significant
reduction in NMOSD-AQP4 when compared with HC in the external capsule, corona radiata, the anterior limb of the
internal capsule, posterior limb of the internal capsule (including fibres of the optic radiation), retrolenticular internal
capsule, corpus callosum, posterior thalamic radiation (including the optic radiation); in the brainstem, the cerebral
peduncle, the middle cerebellar peduncles, medial lemniscus, the pontine crossing tracts (corticospinal tracts) and the
inferior cerebellar peduncles. FA NAWM in NMOSD-AQP4 when compared to MOGAD, showed a more widespread
significant reduction. MS compared to HC, showed a significant reduction of the FA in the corpus callosum, corona
radiata and posterior thalamic radiation, and not significant when compared to MOGAD. The TBSS voxel-wise analysis
in the MOGAD did not show any significant difference when compared with HC.

deep grey matter volumes (Pearson’s correlation
coefficients; MOGAD: R= —0.93, p<0.001; MS:
R=-0.65, p=0.0034) and also for cortical thickness
(MOGAD:R = —0.71, p=0.005; MS: R= —0.64,
p=0.0042). No significant correlations were found

with cortical volume. Due to the above correlation,
we looked at the deep grey matter lesion volume cor-
relation with deep grey matter volume but there was
no significant correlation (although the numbers of
lesions here were low; see Supplementary Results).
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Figure 5. Comparison of hippocampus volumetric measures for patients with MOGAD and either a monophasic,
relapsing with a brain relapse or relapsing with a non-brain relapse phenotype.

The graphs represent the median, the 25th and 75th percentile.

Monophasic and relapsing MOGAD

MOGAD can be monophasic or relapsing and thus
may be associated with different pathological mecha-
nisms. We compared deep grey matter volumes
(where abnormalities were most apparent) in the
monophasic group (n=6) to those with relapses not
affecting the brain/brainstem (n=28) to remove a dose
effect of repeated brain damage. Hippocampal vol-
umes were lower but not significant (see Figure 5),
and caudate volumes were significantly higher in this
relapsing group compared to monophasic group (hip-
pocampus: —411mm® (218) p=0.09; caudate:
—471mm’ (118) p=0.03). However, only the hip-
pocampal volume difference was plausible as this pat-
tern was mirrored by a lower volume in the relapsing
with brain/brainstem attacks.

Clinical outcomes and their association with the
imaging findings

Disability — EDSS. We explored the association of
MRI findings with EDSS, within each disease group,
using a stepwise multivariable regression model,
which showed that lower NAWM FA in NMOSD-
AQP4 (R*=0.49; slope= —61.67, p<<0.001), lower
deep grey matter volumes and female sex in MS
(R?=0.47; deep grey matter volume slope= —0.0002,
p=0.05; beta value for sex=2.09, p=0.005) and
lower brainstem volume in MOGAD (R?=0.23;
slope=—0.0003, p=0.03) were associated with worse
EDSS (see Supplementary Results for further details).

Disability - visual acuity. We found that lower optic
chiasm in NMOSD-AQP4 (R2=0.63; slope= —0.007,
p<0.001),and lower thalamic volume and female sex
in MOGAD (R?=0.42; slope= —0.0004, p=0.006;
beta value for sex=0.48, p=0.04) were associated
with worse visual outcome. We did not find any sig-
nificant predictor in MS.

Discussion

This is the first study using quantitative and non-con-
ventional MRI to compare and contrast MOGAD to
NMOSD-AQP4, MS and HC and showed different
patterns across the three diseases (Table 3). We noted
significant volume loss in the deep grey matter struc-
tures in MOGAD, as well as in MS, but not in NMOSD-
AQP4, despite the greatest disability being seen in
NMOSD-AQP4 and least in MOGAD. Abnormal deep
grey matter and cortical thickness in MOGAD, showed
a high correlation of 93% and 71%, respectively, with
persistent brain lesions. In the white matter, optic chi-
asm volume was lower only in NMOSD-AQP4-ON
patients. Although majority of the MOGAD patients
had brain involvement in the acute phase, and FA was
lower in the lesional tissue, NAWM-FA was not
affected. Non-lesional FA was only found to be low in
MS, although focal reductions in FA were noted in
NMOSD-AQP4 patients, reflecting mainly the optic
nerve, brainstem and corticospinal tract pathways.
Cortical/juxtacortical (type I) fluffy, curvilinear lesions
were seen in a minority of MOGAD, while cortical/
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Table 3. Summary of the main findings.

Brain volume { - {
White matter volume {4 P {
Grey matter volume 1 - {
Third ventricle volume t T )
Fourth ventricle volume > > “
Grey matter measures
Deep grey matter volume { H )
Brainstem volume A Wi W
Cortex volumes Lt “ “
Cortex thickness X! o {
Cortical lesions* o T ™
Cortex MD - o )
Basal ganglia MD > > “r
‘White matter measures
Optic chiasm volume in ON A > >
Corpus callosum volume > > {
Lesions volume* T T ™
Lesion FA W W W
Lesion MD ™" ) ™
Lesion RD ) ™M (i
Lesion AD > o >
Normal-appearing white matter FA { o AN
Normal-appearing white matter MD ) P T
Normal-appearing white matter RD T - &
“ o “

Normal-appearing white matter AD

juxtacortical and purely cortical (type II) ovoid lesions
were identified in majority of MS patients and in none
of the NMOSD-AQP4 patients.

Our study identified that deep grey matter structures
are the only region of atrophy in MOGAD and this
associated significantly with the current lesional vol-
ume. Overall, the grey matter was most sensitive to
atrophy in MS, supporting previous studies.''® Deep
grey matter volume was lower, but not significantly in
NMOSD-AQP4 as compared to HC. Despite poorer
outcomes and older age, it appears this measure is less
sensitive in NMOSD-AQP4, in keeping with other
published papers.®!*!7 This finding supports the grow-
ing evidence for grey matter involvement in MOGAD:
grey matter lesions have been described in acute dis-
seminated encephalomyelitis (ADEM) and over half of
the children with ADEM have MOG-antibodies,'®.1?
and grey matter atrophy has also been shown in the

spinal cord in MOGAD.? Further analysis showed that
the lesions in both MOGAD and MS, but not in
NMOSD-AQP4, correlated negatively with deep grey
matter volume suggesting current lesion volume could
be driving the atrophy by disruption of the white matter
bundles projecting into the deep grey matter structures.
The lack of correlation when using deep grey matter
lesions alone suggests that lesions in tracts beyond the
deep grey matter may contribute to its atrophy. It would
be interesting in future studies to assess whether relaps-
ing patients with greater residual lesion load might pre-
dict a worse outcome, and thus require more aggressive
therapy than those with recovery of lesions.

Optic chiasm volumetric analysis, showed a signifi-
cant low volume in NMOSD-AQP4 patients who
have had an ON attack. This is in keeping with the
clinical residual severity of ON associated with AQP4
antibodies and the observed optic radiation damage
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may, therefore, be a consequence of the anterograde
trans-synaptic degeneration, due to the axonal loss in
the optic chiasm.2! The lack of abnormality in the
optic chiasm in MS and MOGAD with ON reflects
the better recovery and the lack of posterior involve-
ment, which is typically seen in NMOSD-AQP4.22

Ovoid, and some purely cortical (type II) lesions were
(as expected) identified in a majority of MS patients.
We found none in NMOSD-AQP4. Of note, we found
curvilinear and fluffy cortical lesions involving adja-
cent juxtacortical regions (type I) in three MOGAD
patients. This is intriguing, considering MS and
MOGAD may have similar predominantly white mat-
ter targets (i.e. myelin) but cortical involvement is
now well-described in MS,2 and cortical signal
changes associated with seizure have been reported as
a rarer isolated phenotype in MOGAD.’ In addition,
cortical/juxtacortical lesions have been described in a
clinical MRI study of MOGAD.* Cortical/juxtacorti-
cal lesions have been reported as absent in NMOSD?*
or have been identified in only a minority of NMOSD-
AQP4 patients during the acute phase.26 Although the
cortex is rich in AQP4 water channels, we did not find
lesions. Lower cortical thickness has been described
in MS patients. In our cohort, it was not significantly
lower when compared to the other disease groups,
possibly due to the low sample size and low disability
of the studied cohort.

We did not show a specific lesion pattern distribution
in MOGAD and this is in line with previous findings
where a disperse lesion distribution was identified.?”
Although infratentorial lesions are common in the
acute phase, we did not find them in our MOGAD
cohort as, in contrast to previous retrospective stud-
ies,”” we only included patients in the remission
phase. The location of lesions outside of the acute
phase, that is, persistent lesions, is likely to be more
useful in associating them with long-term disability.

FA changes were not found in MOGAD NAWM,
even though MOGAD attacks are equally severe at
nadir* and 17 out of 20 of the MOGAD cohort had
acute brain lesions with 8 out of 20 having large acute
lesions. Of interest is that the lesions themselves
across all diseases, including MOGAD, appeared
similarly affected on diffusion metrics and were
abnormal when compared to the NAWM measures.
Total NAWM-FA was found to be significantly abnor-
mal in MS, and this could represent widespread lesion
related damage (related to remote lesions or ‘resolved’
lesions) and/or non-lesional pathology. Tract-based
analysis also identified damage in NMOSD-AQP4
but predominantly affecting the visual and pyramidal

pathways, supporting remote lesional damage in areas
commonly affected in this disease. This predomi-
nance of visual and pyramidal pathway tract remote
involvement is supported by other studies.!:*2 Thus
recovery, as measured by this metric, was best in
MOGAD than the other diseases.

Different MRI predictors of disability within the indi-
vidual disease groups could suggest that different
pathological mechanisms contribute to the tissue dam-
age across these diseases. It is not surprising that
NAWM FA was associated with EDSS in NMOSD-
AQP4 disease, because the regional changes we iden-
tified were in those tracts mainly associated with the
optic nerve and corticospinal tract and might relate to
remote damage from attacks of ON and transverse
myelitis. Lower deep grey-matter volume and female
sex, associated to worse EDSS in MS, possibly reflect-
ing the widespread atrophy of the deep grey matter
structures noted in MS. Brainstem volume was the
only MRI measure associated with EDSS in MOGAD,
and this may reflect its eloquent site for ambulatory
disability and is in line with our observation that the
presence of brainstem lesions is associated with a
worse recovery from transverse myelitis attacks.?®

In the NMOSD-AQP4 group, lower optic chiasm vol-
umes could explain reduced visual acuity, in line with
previous observations of a preferential involvement
of the chiasm in NMOSD-AQP4,?? reflecting the rec-
ognised lack of chiasmatic involvement in MOGAD.?
Only lower thalamic volume was associated with
poorer mean visual acuity in MOGAD.

The main limitation of our study is the small sample
size per disease group, related to our including two
rare disease groups made even rarer by enriching them
with patients with brain/cord involvement, and exclud-
ing those with the common phenotype of anatomically
limited optic nerve involvement. The use of four dif-
ferent groups gives interesting insights into pathologi-
cal differences, reflected in non-conventional,
quantitative imaging measures. In addition, the homo-
geneity of a single-centre study, using the same scan-
ner and protocol, along with reliable diagnostic ability
(using the same expert clinicians and highly accurate
assays) is an advantage and will reduce ‘noise’ and
improve power. All group comparisons were adjusted
for multiple comparisons with a Bonferroni correction
across groups. No further adjustments for multiple
comparisons were made and thus, the significant
results, where novel or not studied previously, will
need to be replicated in future studies. Observations
from our study can then be used to build hypotheses
and design future multicentre studies.
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Conclusion

Our study shows for the first time in MOGAD that
deep grey matter atrophy can occur and that only
lesional and not NAWM tissue damage can be
detected using FA. It also highlights the relative spar-
ing of deep grey matter in NMOSD-AQP4 disease,
despite being associated with greater disability, and
notes focal NAWM white matter changes. Future
studies should focus on the association of ‘invisible’
symptoms (i.e. cognitive impairment and fatigue)
with deep grey matter changes in MOGAD.
Longitudinal studies in greater numbers may deter-
mine if non-conventional MRI measures could pre-
dict relapsing disease and may help identify who
should be immunosuppressed from onset.
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Abstract

Background and Objectives

To determine optic nerve and retinal damage in aquaporin-4 antibody (AQP4-IgG)-sero-
positive neuromyelitis optica spectrum disorders (NMOSD) in a large international cohort
after previous studies have been limited by small and heterogeneous cohorts.

Methods

The cross-sectional Collaborative Retrospective Study on retinal optical coherence tomogra-
phy (OCT) in neuromyelitis optica collected retrospective data from 22 centers. Of 653
screened participants, we included 283 AQP4-IgG-seropositive patients with NMOSD and 72
healthy controls (HCs). Participants underwent OCT with central reading including quality

*These authors contributed equally to this work.
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Glossary

AQP4-IgG = aquaporin-4 IgG; CROCTINO = Collaborative Retrospective Study on retinal OCT in Neuromyelitis Optica;
EDSS = Expanded Disability Status Scale; GCIP = ganglion cell and inner plexiform; HC = healthy control; HC-VA = high-
contrast visual acuity; INL = inner nuclear layer; MME = microcystic macular edema; MS = multiple sclerosis; MOG-IgG =
myelin oligodendrocyte glycoprotein IgG; NMOSD = neuromyelitis optica spectrum disorder; NMOSD-NON = NMOSD
eyes without a history of ON; OCT = optical coherence tomography; ON = optic neuritis; pRNFL = peripapillary retinal nerve
fiber layer; SE = standard error; VA = visual acuity; VEP = visually evoked potential.

control and intraretinal segmentation. The primary outcome was thickness of combined ganglion cell and inner plexiform
(GCIP) layer; secondary outcomes were thickness of peripapillary retinal nerve fiber layer (pPRNFL) and visual acuity (VA).

Results

Eyes with ON (NMOSD-ON, N = 260) or without ON (NMOSD-NON, N = 241) were assessed compared with HCs (N =
136). In NMOSD-ON, GCIP layer (57.4 + 12.2 ym) was reduced compared with HC (GCIP layer: 81.4 + 5.7 ym, p < 0.001).
GCIP layer loss (-22.7 pm) after the first ON was higher than after the next (-3.5 ym) and subsequent episodes. pRNFL
observations were similar. NMOSD-NON exhibited reduced GCIP layer but not pRNFL compared with HC. VA was greatly
reduced in NMOSD-ON compared with HC eyes, but did not differ between NMOSD-NON and HC.

Discussion

Our results emphasize that attack prevention is key to avoid severe neuroaxonal damage and vision loss caused by ON in
NMOSD. Therapies ameliorating attack-related damage, especially during a first attack, are an unmet clinical need. Mild signs of
neuroaxonal changes without apparent vision loss in ON-unaffected eyes might be solely due to contralateral ON attacks and do

not suggest clinically relevant progression but need further investigation.

Patients with neuromyelitis optica spectrum disorder (NMOSD)
experience recurrent optic neuritis (ON),! resulting in vision loss
and decreased quality of life." According to our understanding,
there are at least 3 subtypes based on serostatus: Up to 3 of 4
patients manifest as anti-aquaporin4 IgG (AQP4-IgG) sero-
positive. Approximately half of the AQP4-IgG—seronegative pa-
tients manifest as anti-myelin oligodendrocyte glycoprotein IgG
(MOG-IgG) seropositive, and half are double seronegative.” Yet,
clinical correlates of serologic phenotypes, including subclinical or
clinical retinal degeneration and vision loss, remain unclear.%”

Optical coherence tomography (OCT) is an interferometric
technique producing high-resolution retinal images."® OCT
has become a reliable tool for diagnosing and monitoring
neurologic and neuro-ophthalmologic diseases, especially for
quantifying neurodegeneration after ON." Because of limited
samples and varying methods, existing OCT studies in
NMOSD are inconsistent regarding the amount of retinal
neurodegeneration with and without ON. Previous studies also
failed to address the influence of retinal neurodegeneration on
microcystic macular edema (MME) and function.*” These
issues together with heterogeneities and the often monocentric
character of previous cohorts limit the relevance of meta-
analyses.

To overcome these limitations, we performed an OCT analysis of
AQP4-IgG-seropositive patients with NMOSD in an in-
ternational multicenter study, termed Collaborative Retrospective
Study on retinal OCT in Neuromyelitis Optica (CROCTINO).”

Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 6 | November 2021

It represents the largest NMOSD OCT data set and additionally
validated an OCT postprocessing approach to circumvent dif-
ferences in acquisition and imaging processing protocols inherent
to pooled analyses.'® Outcomes include: (1) distinguishing retinal
neurodegeneration after ON from subtle damage in clinically
unaffected eyes, (2) defining frequency of MME, and (3) deriving
structure-function correlations.

Methods

Study Design

This cross-sectional international multicenter study was per-
formed under the aegis of the CROCTINO study, which was
a collaborative effort within the Guthy-Jackson Charitable
Foundation network.” Participating centers contributed OCT
data (acquired between 2008 and 2018) and clinical metadata
(acquired between 2000 and 2018, eTable 1, links.lww.com/
NXI/AS57).

Cohort Selection

Inclusion criteria for this analysis were (1) patients diagnosed
with NMOSD per the 2015 International Panel of NMOSD
diagnosis criteria'' and (2) having confirmed serum AQP4-
IgG. Exclusion criteria were (1) comorbidities potentially
confounding interpretation of OCT results (e.g., macular
degeneration, glaucoma, and intracranial hypertension); (2) >
3 months distance between clinical and OCT data acquisition;
(3) < 6 months between OCT imaging and most recent ON,
or (4) an uncertain history of ON. The inclusion and

Neurology.org/NN
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Table 1 Cohort Description for AQP4-IgG-Seropositive
Patients With NMOSD and HCs

AQP4-
IgG-seropositive
NMOSD HC
Subjects (N) 283 72
Eyes (N) 501 136
Sex (male/female, N/N [%/%]) 28/255 (9.9/90.1) 26/46 (36.1/
63.9)
Age (y, mean + SD) 441 £14.2 309+7.7
Ethnicity (N [%])
Asian 77 (27.2) 16(22.2)
Black/African American 13(4.6) 0(0)
White, Hispanic/Latino 4(1.4) 1(1.4)
White, Non-Hispanic 159 (56.2) 55 (76.4)
Other/nonreported 30(10.6) 0(0)
Disease-modifying therapy (N
[%])
Rituximab 73(25.8)
Azathioprine 67 (23.7)
Oral prednisolone 53(18.7)
Mycophenolate mofetil 48 (17.0)
Methotrexate 8(2.8)
Time since onset (y, mean +SD) 7.2+6.7
EDSS score (median [IQR]) 3.5(2.0-4.5)

Patients with a clinical history of 204 (72.1)
ON (N [%])

Eyes with a clinical history of ON 260 (52)
(N [%])

No. of ON episodes/eye (N,
median [min-max])

1(1-6)

Time since last ON (mo, mean+ 71457

sD)

Abbreviations: AQP4-IgG = aquaporin-4 antibodies; NMOSD = neuromyelitis
optica spectrum disorder; HC = healthy control; N = number; OCT = optical
coherence tomography; ON = optic neuritis episode.

Age (p < 0.0001) and sex (p < 0.0001) were not matched.

exclusion criteria are depicted in eFigure 1, links.lww.com/
NXI/A556. AQP4-IgG testing was performed at the discre-
tion of each investigator.

Standard Protocol Approvals, Registrations,
and Patient Consents

All participants gave written informed consent, and the study
was approved by local ethics committees and conducted in
accordance with the applicable laws and the current version of
the Declaration of Helsinki. Data are reported according to
STROBE reporting guidelines.'>

Neurology.org/NN
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High-resolution imaging data were acquired using 3 differ-
ent spectral domain OCT devices: Spectralis SD-OCT
(Heidelberg Engineering, Heidelberg, Germany) at 15 cen-
ters (194 patients/358 eyes; 72 healthy controls [HCs]/136
eyes); Cirrus HD-OCT (Carl Zeiss Meditec, Dublin, CA) at
6 centers (S8 patients/87 eyes); or Topcon 3D OCT-1
(Topcon, Tokyo, Japan) at 1 center (31 patients/S6 eyes).
All reading of OCT data was performed at Charité-
Universititsmedizin Berlin Translational Neuroimaging Group
by S graders. Image quality was assessed using modified
OSCAR-IB criteria by one of the graders, respectively.">**
OCT segmentation for the combined ganglion cell and inner
plexiform (GCIP) layer and inner nuclear layer (INL) thick-
nesses was corrected semi-automatically using an in-house
software.'”" In brief, GCIP layer and INL thicknesses were
calculated from a 5-mm diameter cylinder around the fovea
excluding the central 1-mm diameter cylinder from a macular
volume scan.'® The peripapillary retinal nerve fiber layer
(pRNFL) thickness was measured and corrected according to
the device protocol (Spectralis: peripapillary ring scan with
12° or approximately 3.4 mm diameter around the optic disc;
Topcon and Cirrus: extraction from optic disc volume scan).
For the current analysis, eyes were excluded from the analysis
if neither ring nor macular scan passed quality control. We
further excluded data from the less common instrument for 1
center. The final cohort included 364 macular and 481 per-
ipapillary scans of 501 eyes from 283 patients and 136 eyes
from 72 HCs. Lower numbers of macular scans compared
with peripapillary scans were due to both lower submission
of macular data and more exclusions based on quality
concerns.

Visual and Global Function Testing

High-contrast visual acuity (HC-VA) was available for 497
(99.2%) patient and 10 (13.9%) HC eyes. HC-VA was best
corrected for 212 (42.3%) patient and 56 (41.2%) HC eyes,
habitually corrected for 145 (28.9%) patient and 2 (<0.1%)
HC eyes, and without correction for 140 (27.9%) patient eyes
and 17 (1.3%) HC eyes. All VA data are reported as logMAR.
VA measurement method was decided on discretion of each
center. Visually evoked potentials (VEPs) were available for
167 (33.3%) patient eyes and 40 (29.4%) HC eyes, with P100
latency recorded as a binary value (normal/prolonged). Ex-
panded Disability Status Scale (EDSS) scores were de-
termined at the discretion of each center with data available
for 180 (63.6%) patients.

Statistical Analysis

Statistical analyses were performed with R version 3.6.1
using RStudio and R Markdown (RStudio Inc., Boston,
MA)."® p Values less than 0.05 were considered significant.
We considered p values less than 0.10 a trend. Group
matching by age and sex for confirmatory analyses was
performed using automatic matching by R package Matchlt
(method: exact). Group comparisons and correlations of
OCT and VA values were performed using linear mixed-
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Figure 1 Group Comparisons of GCIP Layer Thickness

A B
pE00N p <0.001
p<0.001 p <0.001 p=0.028
Yol A
.
.
80— ol 80|
. -
aiy H 2=
E. - ~ g
o . 5
e — . o 60
o 60 . v}
.
.
40— o Y 40—
.
.
T T T T T T T
HC NMOSD-NON  NMOSD-ON 0 1 2 more
History of ON Number of ON epsiodes
C s D.a NMOSD-NON vs NMOSD-ON
< 0.
ns - p=0025 Cirrus OCT ——— -18.00 [-21.53, -14.47)
Spectralis OCT ot -15.80 [-17.96, -13.64]
.
¥ Topcon OCT -13.20 [-20.84, -05.56)
| SO o S e )
3 -25 -20 -15-10 -5
80 D.b NMOSD-NON vs NMOSD-1-ON
£ o Cirrus OCT ey -17.10[-21.22, -12.98]
g : Spectralis OCT —.—t -14.50 [-16.85, -12.15])
v % Topcon OCT — 1 -12.70[-20.54, -4.86]
. R B T I,
i -25 <20 <15 <10 -5 O
i D.C NMOSD-1-ON vs NMOSD-2-ON
o Cirrus OCT ot -6.80 [-08.37, -5.23)
40— . Spectralis OCT ~ +—e—i -5.70 [-10.80, -0.60)

T

T

T

HC

NMOSD-NON_,,  NMOSD-NON,__

Topcon OCT —_—

-2.30 [-14.06, -9.46]

| R S N S
History of 1 contralateral ON -15-10-5 0 5 10

Boxilots of GCIP layer thicknesses (um) acquired by Heidelberg SD-OCT with values of individual eyes (jitter) for (A) HC (grae(/left), NMOSD-NON
(dark blue/middle), NMOSD-ON (dark red/right); for (B) number of ON episodes (NMOSD-NON dark blue/left, NMOSD-1-ON light red/left-middle,
NMOSD-2-ON medium-red/right-middle, NMOSD-=3-ON medium-dark red/right); and for (C) HC (gray/left), NMOSD-NON,,, (light blue/middle),
NMOSD-NON_,, (blue/right). (D) Forest plots for results from different OCT devices for (D.a) NMOSD-NON vs NMOSD-ON, (D.b) NMOSD-NON vs
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optica with a history of 2 ON episodes; ON = optic neuritis.

effect models. Intereye within-subject effects and effects of
the center were included as random effects. Sex, ethnicity,
and age were included as fixed effects for the analyses in the
entire cohort. Age and sex were not included for the
matched subset. For OCT parameters, the model was used
for data from all devices separately and combined by Fisher
combined probability test. The marginal and conditional
coefficients of determination of the linear models were
calculated with pseudo R-squared. All results are reported

Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number &6 | November 2021

combined and individually for Spectralis SD-OCT; the
analyses of data acquired by Cirrus HD-OCT or Topcon
3D OCT-1 and for the matched subset are reported as
online-only supplement.

Data Availability

The data supporting the findings of this study are available
within the article and from the corresponding author by
reasonable request.
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Figure 2 Group Comparisons of pRNFL Thickness
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lateral optic neuritis; NMOSD-ON = eyes of patients with neuromyelitis optica with a history of optic neuritis; NMOSD-1-ON = eyes of patients with
neuromyelitis optica with a history of 1 optic neuritis episode; NMOSD-2-ON = eyes of patients with neuromyelitis optica with a history of 2 optic neuritis
episodes; ON = optic neuritis; pRNFL = peripapillary retinal nerve fiber layer.

(NMOSD-NON) and HC (GCIP layer: 81.4 + 5.7 ym,
pRNFL: 101.1 + 9.0 um) (Figures 1A and 2A; Tables 2 and
3). The absolute (GCIP layer: —22.7 ym; pRNFL: —38.5 ym)
and relative (GCIP layer: —38.8%; pRNFL: ~61.6%) loss in
eyes with 1 ON episode (NMOSD-1-ON) compared with
NMOSD-NON was higher than in eyes with 2 ON episodes

Results

Five hundred one eyes of 283 AQP4-IgG-seropositive pa-
tients and 136 eyes of 72 HCs were included in the analysis
(Table 1).

Neuroaxonal Damage After ON
GCIP layer and pRNFL were reduced in NMOSD-ON
compared with NMOSD eyes without a history of ON

Neurology.org/NN

(NMOSD-2-ON) compared with NMOSD-1-ON (GCIP
layer absolute loss: —3.5 um, relative loss: —6.0%; pRNFL
absolute loss: =9.1 um, relative loss: —14.5%, n.s.). The loss in
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Table 2 Group Comparisons of GCIP Layer Thickness for Heidelberg SD-OCT

difference (%,

No.of Thickness (um, Comparison difference (um, Combined

eyes mean + SD) to mean) mean) B SE  pValue R’marg Rcond p value
NMOSD 268 67.3+13.6 HCs -14.0 -20.8 156 20 <0.0001 0.143 0.6% —
NMOSD- 124 57.4+122 ~24.0 -418 250 20 <0.0001 0482 0839 —
ON
NMOSD- 144 75977 -54 -7.2 58 1.4 <0.0001 0.088 0.947 —
NON
NMOSD- 99 773+59 ~-4.0 -5.0 269 142 0.061 018 0924 —
NON,.0n
NMOSD- 45 729+£10.2 -85 -104 844 177 <0.0001 0.260 0985 —
NONo,
NMOSD- 124 57.4+122 NMOSD- -18.5 -244 -15.8 1.1 <0.0001 0430 0.795 5.9 *
ON NON
NMOSD-1- 76 58.6+12.9 -17.3 -228 -145 12 <0.0001 0417 0803 1.4e ®
ON
NMOSD-2- 28 55.1£94 NMOSD-1- =35 -6.0 =57 26 0.028 0.143 0.729 0.038
ON ON
NMOSD- 20 5594128 NMOSD-2- 0.8 1.4 49 26 0.070 0311 0781 0.222
23-ON ON
NMOSD- 45 729102 NMOSD- -4.4 -6.1 -38 17 0.025 0111 0701 0.004
NONcon NONnon
NMOSD- 37 736+94 -37 =5.1 =35 16 0.037 0.149 0.906 0.154
NON1.con

Abbreviations: AQP4-IgG = aquaporin-4gG; B = estimate; GCIP = ganglion cell and inner plexiform; NMOSD = AQP4-lgG-seropositive NMOSD; NMOSD-NON =
AQP4-1gG-seropositive NMOSD eyes without a history of ON; NMOSD-NON o, = AQPA-IgG-serOﬁositive NMOSD eyes without a history of ON or contralateral
ON; NMOSD-NON_.., = AQP4-lgG-seropositive NMOSD eyes without a history of ON but with a history of contralateral ON; NMOSD-NON;.co, = AQP4-
IgG-seropositive NMOSD eyes without a history of ON but with a history of 1 contralateral ON; NMOSD-ON = AQP4-1gG-seropositive NMOSD eyes with a
history of ON; NMOSD-1-ON = AQP4-IgG-seropositive NMOSD eyes with a history of 1 ON; NMO-2-ON = AQP4-IgG-seropositive NMOSD eyes with a history of
2 ONs; NMOSD-23-ON = AQP4-IgG-seropositive NMOSD eyes with a history of 3 or more ONs; NMOSD = neuromyelitis optica spectrum disorder; NMOSD-
NON = NMOSD eyes without a history of ON; OCT = optical coherence tomography; ON = optic neuritis episode; Rcon = conditional R-squared; Rmarg =

marginal R-squared; SE = standard error.

eyes with >3-ON episodes (NMOSD-3-ON) was lower
compared with NMOSD-2-ON (ns.) (Figures 1B and 2B).
Five NMOSD-NON eyes had pRNFL values < 60 um; these
patients had no relevant comorbidities but a history of con-
tralateral ON.'”'® In sensitivity analyses to account for device
differences, all significant analyses within the NMOSD cohort
were confirmed for data acquired by Cirrus and Topcon OCT
devices (eFigures 2 and 3; eTables 3 and 4, links.lww.com/
NXI/A556; links lww.com/NXI/AS57).

Neuroaxonal Damage Without ON

NMOSD-NON eyes had a reduced GCIP layer (75.9 + 7.7 um,
p <0.001), but not pRNFL (95.3 + 14.4 um) compared with HC
(GCIP layer: 81.4 £ 5.7 um, pRNFL: 101.1 + 9.0 um; Figures 1A
and 2A; Tables 2 and 3). By comparison, only 28 NMOSD-
NON eyes (5.1%) had a GCIP layer < the Sth percentile of HC.
GCIP layer was also reduced in NMOSD-NON with a history of
contralateral ON (72.9 + 10.2 um) compared with NMOSD-
NON without a history of contralateral ON (77.3 + 5.9 ym, p =
0.025, NMOSD-NON,,,,). This effect vanished when only
considering NMOSD-NON,,, with a history of 1 contralateral
ON (73.6 + 9.4 um). However, only NMOSD-NON., (p <
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0.001) but not NMOSD-NON,, (p = 0.061) had thinned
GCIP layer compared with HC (Figures 1C and 2C).

INL Changes

INL was thicker in NMOSD-ON compared with HC (39.4 +
2.6 ym) and NMOSD-NON (eTable 4, links ww.com/NXI/
AS57). Specifically, INL was thicker in eyes with 1 ON episode
compared with NMOSD-NON but did not differ between eyes
with different numbers of ON episodes. Also, INL did not differ
between NMOSD-NON,,,, (389 + 32 ym) and NMOSD-
NON,,, (385 + 32 pm, p = 0931). In all patients, INL
thickness (as the dependent variable in the linear mixed model
described above) was correlated with thinner GCIP layer (B =
~0.11, standard error [SE] = 0.0, p < 0.001) and pRNFL (B =
-0.06, SE = 001, p < 0.001). This correlation existed in
NMOSD-ON (GCIP layer: B = - 0,08, SE = 0.03, p = 0.005;
pRNFL: B = - 0.06, SE = 0.01, p < 0.001) and not present in
NMOSD-NON (eFigure 4, links.Iww.com/NXI/ASS6).

Scans of 363 NMOSD eyes were clearly suitable for MME
investigations (high quality, eFigure 4C, links.Iww.com/NXI/
AS56). MMEs were visible in 24 (6.6%) eyes of 21 patients.
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Table 3 Group Comparisons of pRNFL Thickness With (A) Spectralis SD-OCT Data for Comparisons vs HC (B) Data From All
Devices for Intrapatient Cohort Comparisons

Relative

No.of Thickness (um, Comparison Absolute difference difference (%, Combined

eyes mean + SD) to (um, mean) mean) B SE pValue Rz,...,, R%ona p value
NMOSD 344 7634274 HCs -14.0 -32.6 242 43 <0.0001 0.143 0.690 —
NMOSD- 170 56.9+23.7 443 ~77.9 431 4.1 <0.0001 0482 0839 —
ON
NMOSD- 174 953+ 144 -5.9 -6.2 46 30 0.129 0088 0947 —
NON
NMOSD- 116 97.4+10.9 -3.7 -37 -29 22 0204 0107 0893 —
NONnon
NMOSD- 58 91.0£19.1 -4.7 -4.6 71 42 0.097 0100 0975 —
NONcon
NMOSD- 170 56.9+23.7 NMOSD- -38.4 -40.3 -33.8 2.1 <0.0001 0436 0741 4.4e7%°
ON NON
NMOSD-1- 97 62,6 +24.9 -32.7 ~34.3 -29.6 2.2 <0.0001 0379 0712 4.6e
ON
NMOSD-2- 35 5352213 NMOSD-1- -9.1 -14.5 -10.7 47 0.024 0.087 0528 0.010
ON ON
NMOSD- 38 452+178 NMOSD-2- -8.3 -15.5 -04 43 0924 0087 0719 0838
23-ON ON
NMOSD- 58 91.0+19.1 NMOSD- -6.5 =71 -40 29 0173 0061 0939 0.157
NONcon NONon
NMOSD- 47 93.2+18.1 -4.2 -4.6 -32 29 0276 0056 0925 0616
No"i-con

Abbreviations: AQP4-IgG = aquaporin-4 IgG; NMOSD = AQP4-IgG-seropositive NMOSD; NMOSD-NON = AQP4-1gG-seropositive NMOSD eyes without a
history of ON; NMOSD-NONnon = AQP4-IgG-seropositive NMOSD eyes without a history of ON or contralateral ON; NMOSD-NON.,, = AQP4-1gG-
seropositive NMOSD eyes without a history of ON but with a history of contralateral ON; NMOSD-NON_,, = AQP4-IgG-seropositive NMOSD eyes without a
history of ON but with a history of 1 contralateral ON; NMOSD-ON = AQP4-IgG-seropositive NMOSD eyes with a history of ON; NMOSD-1-ON = AQP4-
IgG-seropositive NMOSD eyes with a history of 1 ON; NMOSD-2-ON = AQP4-IgG-seropositive NMOSD eyes with a history of 2 ONs; NMOSD-23-ON = AQP4-
IgG-seropositive NMOSD eyes with a history of 3 or more ONs; NMOSD = neuromyelitis optica spectrum disorder; NMOSD-NON = NMOSD eyes without a
history of ON; OCT = optical coherence tomography; ON = optic neuritis episode; pRNFL = peripapillary retinal nerve fiber layer; VEP = visually evoked

potential.

Twenty-three eyes (13.1%) of NMOSD-ON and 1 eye (0.5%)
of NMOSD-NON (with a history of contralateral ON) were
affected. The number of ON episodes did not influence the
incidence of MMEs (NMOSD-1-ON N = 16 (14%), NMOSD-
20N N = 4 (114%), NMOSD->3-ON N = 3 (11.1%)).

Including only the most frequent ethnicities in our data set
(Asian and non-Hispanic White), results did not differ, and no
ethnicity was singled out regarding its pattern of injury (data
not shown).

OCT and Vision Loss

HC-VA was numerically reduced in NMOSD (025 + 048)
compared with HC (-0.01 + 0.08) and known healthy reference
values. NMOSD-ON also had reduced HC-VA (0.44 + 0.58)
compared with NMOSD-NON (0.04 + 020, p < 0.001, p =
0401) and HC/healthy reference populations. HC-VA was
correlated with GCIP layer (B = -0.016, SE = 0.002, p < 0.001)
and pRNFL thicknesses (B = -0.010, SE = 0.001, p < 0.001) in
AQP4-IgG-seropositive.  NMOSD. AQP4-IgG-seropositive
NMOSD eyes with prolonged VEP latency had a thinned GCIP

Neurology.org/NN

layer (B = -11.647, SE = 3.628, p = 0.002) and pRNFL (B =
~21.965, SE = 3.724, p < 0.001). EDSS score as a metric of global
disability was inversely correlated with GCIP layer (B = —1.370,
SE =0.566, p = 0.017) and pRNFL thicknesses (B = ~3.148, SE=
1.080, p = 0.004).

Discussion

Our study specifies a severe and functionally relevant decrease
of GCIP layer and pRNFL in NMOSD-ON compared with
NMOSD-NON and HCs in AQP4-IgG-seropositive pa-
tients. Neuroaxonal damage is particularly large from the first
episode of ON, where contribution to retinal damage in
subsequent episodes of ON is still considerable but smaller. In
contrast to previous smaller studies, the current study ascer-
tains GCIP layer but not pRNFL thinning in NMOSD-NON
compared with HC.%"® This effect was driven by eyes with
contralateral ON and not statistically significant in eyes
without a history of ON. INL was thicker in NMOSD-ON
and was inversely correlated with GCIP layer. Of note, 13.1%
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of NMOSD-ON eyes showed MME indicative of secondary
inflammatory changes.**" This investigation overcame limits
of small samples and OCT data heterogeneity of earlier
studies through use of an international consortium of
NMOSD specialists. This framework substantiated the
CROCTINO study—a large, multicenter, retrospective
evaluation of retinal pathology in NMOSD using OCT.

The neuroaxonal degeneration in NMOSD-ON demon-
strated here is substantially greater than reported changes in
multiple sclerosis (MS), a common differential diagnosis.>**
In a meta-analysis, an average pRNFL loss of 20 um was
estimated in MS after ON, which is nearly 2-fold higher in our
NMOSD-ON cohort (~38.4 ym).>* For GCIP layer, our data
suggested approximately 1.5-fold higher loss in NMOSD
(~24.0 ym) compared with MS.** These differences not only
result from a higher ON frequency, but may also be caused by
more severe retinal damage in NMOSD after a singular ON.*?
It is intriguing that the damage is particularly large after the
first ON episode with smaller losses after subsequent epi-
sodes, which might be due to less neuroaxonal content in
subsequent episodes.”** Alternatively, although the analysis
of treatment effects exceeds the scope of this study, it is
possible that the longer time to effective anti-inflammatory
therapy and the typical choice of less effective therapies (e.g,,
steroids instead of plasma exchange) at the first attack com-
pared with following attacks may significantly contribute to
this difference. Independent of the number of ONs, the per-
cent loss is smaller in GCIP layer compared with pRNFL—
pointing toward either (1) stronger loss of retinal nerve fibers
than retinal ganglion cells, (2) impairment of ganglion cells
not leading to extinction but axonal loss; (3) a larger amount
of non-neuronal tissue in GCIP layer, or (4) RNFL loss in the
periphery beyond the macular area measured by GCIP layer.
These hypotheses are not mutually exclusive, and each might
contribute to the effect. Consistent with these concepts, ex-
cessive vision loss relative to neuroaxonal content and VEP
latency in AQP4-IgG-seropositive patients compared with
MOG-IgG-seropositive and MS patients implies damage of
the peripheral retina and optic nerve tissues, which are not
reflected in the macula and pattern VEP measurements.*

Whether attack-independent neurodegeneration in
AQP4-IgG-seropositive  NMOSD occurs has been
controversial.»®7>%>® The current study identifies de-
creased GCIP layer in NMOSD-NON compared with
HC, but not pRNFL. Such subclinical changes could be
caused by contralateral involvement after unilateral
ON.'7'® Indeed, our cohort suggests pronounced neu-
rodegeneration in eyes with contralateral ON. However,
eyes of patients without ON also exhibit a trend for thinner
GCIP layer compared with HCs. Underscored by longitu-
dinal studies showing ON-independent neurodegeneration
and VEP latency prolongation,”?’ such patterns suggest at
least 2 mechanisms of injury: (1) a primary retinopathy or
optic neuropathy in context of an astrocytopathy or caused
by direct damage to AQP4-expressing cells such as astrocytes
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and Miiller cells by either AQP4-IgG or AQP4-specific
T cells or (2) a global or afferent visual system specific
chronic or episodic neurodegenerative process. Because le-
sions often spare the brain, and most studies outside of
predisposed areas such as optic nerve and spinal cord failed
to detect effects,”® a constant global involvement seems
unlikely. Several studies described changes affecting AQP4
expression and astrocytic end feet,”’ parafoveal changes in
agreement with an involvement of AQP4-expressing Miiller
cell, %2973 and attack-independent spinal cord atrophy.*®
These findings are consistent with tissue infiltration by
AQP4-IgG-specific T cells®* and the attack-independent
loss of retinal ganglion cells’—further supporting the exis-
tence of an ON-independent pathology, which might be
restricted to the main disease foci. The latter hypotheses
could be addressed by region-specific pathology or advanced
imaging studies.

INL changes have been suggested as a marker of neuro-
inflammation and potential treatment response in MS.>*?*3¢
MME may develop as a consequence of neurodegeneration
or other—non-disease-specific—processes.>* Patients with
NMOSD were described to have INL thickening and
MME.**¥ In our cohort, 13.1% of NMOSD-ON eyes were
affected by MME, which is higher than the 2%-5% described in
MS but comparable to incidences in NMOSD described before
by Gelfand and colleagues.***” However, INL thickening itself
remained comparable to changes reported in MS.>* This dis-
parity could reflect a disrupted fluid homeostasis due to Miiller
cell involvement or loss of content of the INL with a parallel
inflammatory reaction and development of MME. The limited
accessibility of MMESs, especially in severely affected eyes due to
limited image quality, has hindered their detailed assessments
and most likely leads to underestimation of their incidence.*®
We demonstrate that the INL thickness is inversely correlated
with neuroaxonal content and could be a valuable marker of
disease severity also in NMOSD.

Our study cohort was representative of patients with AQP4-
IgG-seropositive: NMOSD with respect to a female pre-
dominance and ON history.'** This OCT study included
multiple ethnicity backgrounds, although the distribution was
shifted toward Caucasian/White patients and other ethnic-
ities were underrepresented (e.g., Hispanic White and Black),
limiting the generalizability of results.** Patients from differ-
ent heritages presented similar findings.

The current study was based on source data instead of a meta-
analysis. Using the Guthy-Jackson Charitable Foundation net-
work, this multicentric study was conducted without investigator
reimbursement and illustrated how collaboration integrating
international perspectives can produce meaningful results. To
overcome technical challenges of heterogeneous source data, we
developed novel OCT postprocessing techniques allowing us to
perform standardized analyses and enabling the uniform analysis
of the largest OCT image data set in NMOSD to date.'® Thus,
the strengths of CROCTINO include its established
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infrastructure, large international network of experts represent-
ing multiple ethnicities and geographic regions, and the use of
state-of-the-art OCT postprocessing techniques.*!

We recognize limitations of the current investigation: The
retrospective and heterogeneous data acquisition might have
led to biases and impreciseness beyond the ability of our
quality control. We addressed this by excluding uncertain
cases. HCs were only included from a limited number of
centers. The unbalanced data set limited some analyses, such
as the influence of ethnicities or acute and disease-modifying
treatments. Case-control matching was impossible, particu-
larly with respect to subclinical progression dependent or
independent of ON and to ethnicity. Similarly, comparisons
with other NMOSD subtypes or MS were beyond the scope
of this study. Longitudinal data, acute ON data, and AQP4-
IgG-seronegative and MOG-IgG-seropositive patient data
are part of the CROCTINO data set and will be analyzed in
the future. Also, OCT data processing was performed by
multiple raters potentially introducing interrater variability.
MRI data and posterior visual pathway involvement were not
investigated in this study. However, the current study ach-
ieved an unprecedented worldwide assessment of retinal
damage in AQP4-IgG-seropositive NMOSD.

To conclude, AQP4-IgG-seropositive NMOSD is characterized
by a severe, functionally relevant retinal neurodegeneration as a
consequence of ON. Although the majority of damage occurs
during the first episode, there is cumulative loss with each suc-
ceeding relapse. The ON-associated damage is not limited to the
neuroaxonal content but can also induce—likely inflammation-
mediated—INL increase and occurrence of MME. Our data also
suggest attack-independent retinal damage in AQP4-
IgG-seropositive NMOSD. Our study supports that at-
tack prevention is key in avoiding neuroaxonal damage and
vision loss in patients with NMOSD. It further suggests that
the first ON episode causes the most damage, where only
some patients with then established diagnosis will be on im-
munosuppressive therapy. This highlights the need for ef-
fective therapies that can ameliorate an ongoing attack or
regenerate attack-generated damage, which is an unmet clin-
ical need. Last, the study emphasizes the utility of OCT as a
sensitive structural metric and its potential for monitoring
progression and even treatment response in AQP4-
IgG-seropositive NMOSD. The international CROCTINO
program provides an unprecedented opportunity to apply
OCT in a standardized manner to assess pathophysiology,
clinical course, and therapeutic efficacy in NMOSD.
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ABSTRACT

Background Patients with anti-aquaporin-4 antibody
seropositive (AQP4-gG+) neuromyelitis optica spectrum
disorders (NMOSDs) frequently suffer from optic neuritis
(ON) leading to severe retinal neuroaxonal damage.
Further, the relationship of this retinal damage to a
primary astrocytopathy in NMOSD is uncertain. Primary
astrocytopathy has been suggested to cause ON-
independent retinal damage and contribute to changes
particularly in the outer plexiform layer (OPL) and outer
nuclear layer (ONL), as reported in some earlier studies.
However, these were limited in their sample size and
contradictory as to the localisation. This study assesses
outer retinal layer changes using optical coherence
tomography (OCT) in a multicentre cross-sectional
cohort.

Method 197 patients who were AQP4-lgG+ and

32 myelin-oligodendrocyte-glycoprotein antibody
seropositive (MOG-lgG+) patients were enrolled in

this study along with 75 healthy controls. Participants
underwent neurological examination and OCT with
central postprocessing conducted at a single site.
Results No significant thinning of OPL (25.02+2.03
pm) or ONL (61.63+7.04 um) were observed in patients
who were AQP4-1gG+ compared with patients who
were MOG-IgG + with comparable neuroaxonal damage
(OPL: 25.10£2.00 pm; ONL: 64.71+7.87 um) or healthy
controls (OPL: 24.58+1.64 pm; ONL: 63.59+5.78 um).
Eyes of patients who were AQP4-1gG+ (19.845.09 um,

1236 GJCF International Clinical Consortium for NMOSD

p=0.027) and MOG-1gG + (19.82+4.78 um, p=0.004)
with a history of ON showed parafoveal OPL thinning
compared with healthy controls (20.99+5.14 pm); this
was not observed elsewhere.

Conclusion The results suggest that outer retinal layer
loss is not a consistent component of retinal astrocytic
damage in AQP4-lgG+ NMOSD. Longitudinal studies are
necessary to determine if OPL and ONL are damaged

in late disease due to retrograde trans-synaptic axonal
degeneration and whether outer retinal dysfunction
occurs despite any measurable structural correlates.

INTRODUCTION

Neuromyelitis ~ optica  spectrum  disorders
(NMOSDs) are relapsing autoimmune disor-
ders affecting the central nervous system (CNS).'
Common clinical attacks in NMOSD include optic
neuritis (ON), acute myelitis and area postrema
syndrome.> Serum autoantibodies to aquaporin-4
(AQP4-1gG) are detectable in 60%—80% of patients
with NMOSD .* *

AQP4 is an astrocytic water channel in the CNS.*
In the retina, astrocytes are mainly located in the
inner neuroaxonal layers of the retina, but AQP4
is additionally highly expressed in retinal Miiller
cells.® These glial cells have diverse functions, such
as regulation of water homeostasis and neurotrans-
mitter recycling, and are located around the fovea
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AQP4-1gG Included
N=197

HCIncluded

N=

Figure 1  Cohort design and exclusion criteria: from the original 539
patients recruited in the CROCTINO cohort, 108 patients were excluded
due to missing macular data. Of the remaining 431 patients in the
segmentation cohort, a further 40 patients were excluded due to anomalies
in their OCT scans (OSCAR-IB criteria; primarily due to low image

quality (26 patients) or the presence of microcysts (3 patients) or other
pathologies) or due to data corruption (11 patients). We also excluded
patients with unknown antibody status (90 patients). Of the remaining
301 patients, the cohort was split based on AQP4-1gG or MOG-IgG
seropositivity and a further set of exclusion criteria were applied based on
age (being =65 years), ophthalmological comorbidities (eg, glaucoma) and
in instances where follow-ups occurred within 6 months of an ON attack.
AQP4-1gG, anti-aquaporin-4 antibody; HC, healthy control; MOG-IgG,
anti-myelin-oligodendrocyte-glycoprotein antibody; OCT, optical coherence
tomography; ON, optic neuritis.

spanning the entire thickness of the retina.” Of particular interest
is also the Henle Fibre outer nuclear layer (ONL) boundary of
the parafovea where AQP4 channels are highly expressed.®

A primary and attack-independent astrocytopathy in NMOSD
has been suggested to contribute to retinal neurodegeneration
and to Miiller cell-associated parafoveal changes.”® Recent
studies suggested potential astrocytopathy-related outer retinal
layer (ORL) thinning in AQP4-IgG seropositive NMOSD but
were limited in their sample size and in parts contradictory

Neuro-inflammation

on the exact layers in which these changes occur.® ' It thereby
remains unclear if ORLs, especially the ONL are also potentially
affected by primary retinal astrocytopathy in AQP4-IgG sero-
positive NMOSD.

Representing the largest international NMOSD dataset
collected so far, the CROCTINO study (Collaborative Retro-
spective Study on retinal optical coherence tomography (OCT)
in Neuromyelitis Optica) overcomes one of the common weak-
nesses of NMOSD studies—being limited to small and homog-
enous sample populations.”® *¥ Using OCT data from over 20
centres worldwide, reliable quantitative and qualitative retinal
assessment becomes possible, and controversial questions such
as ORL changes in AQP4-IgG seropositive NMOSD can be clar-
ified. Apart from patients who were AQP4-1IgG seropositive, the
CROCTINO cohort also includes patients with antibodies to
myelin-oligodendrocyte-glycoprotein (MOG-IgG); a group that
is now believed to be a distinct disease entity.'* *™'* While clini-
cally similar and undergoing comparable retinal neurodegenera-
tion after ON, MOG-IgG-associated disease (MOGAD) lacks an
identifiable astrocytopathy component and is thereby an appro-
priate diseased control group for patients who were AQP4-IgG
seropositive when investigating astrocytic changes.'” "’

In this study, we investigated if ORL thinning, specifically
in the foveal and macular ONL, occurs in patients who were
AQP4-IgG seropositive compared with healthy controls (HCs)
and with patients with MOGAD as a diseased control group.

METHODS

Cohort design

A total of 539 patients with NMOSD were recruited between
2000 and 2018 as part of CROCTINO (stratified data of centres
by device type and number of patients are summarised in the
online supplemental file 1)."* Patients with (1) diseases poten-
tially confounding OCT analyses (including glaucoma, diabetic
retinopathy, retinal surgery and ametropia greater than *6
diopters), (2) a history of ON within the last 6 months before
baseline, (3) no evidence of seropositivity for AQP4-IgG or
MOG-IgG* *! and (4) no macular OCT data were excluded.
Cell-based assays were used for the detection of AQP4-IgG and
MOG-IgG antibodies in serum samples from all patients. Clin-
ical data (antibody serology, disease duration, frequency of ON,
location of ON, date of ON, Expanded Disability Standard Scale
and treatment received) were collected from all patients. We also
included 75 HCs (recruited from Barcelona, Isfahan, Mangalore
and Berlin), who were neither age nor sex matched to either
cohort.

Optical coherence Tomography
Retinal examinations were conducted at each centre using the
following OCT devices: Spectralis SD-OCT, Heidelberg Engi-
neering, Heidelberg, Germany (Spectralis), Cirrus HD-OCT,
Carl Zeiss Meditec Inc, Dublin, California, USA (Cirrus) and
Topcon 3D-OCT, Topcon Corp, Tokyo, Japan (Topcon). With
respect to each device and each centre, two scans were collected:
(1) a 3.4 mm diameter peripapillary ring scan around the optic
nerve head for Spectralis SD-OCT (for Cirrus and Topcon
devices: extracted from optic disc volume scans), and (2) a
macular volume scans, centred on the fovea.'* Scans were cate-
gorised and uploaded onto a central server to be accessed for
further processing.

All OCT images fulfilled the OSCAR-IB criteria® ** (see
figure 1—images from 29 patients not fulfilling these criteria
were excluded) and results were presented in line with the
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Table 1  Demographic overview

HC AQP4-1gG MOG-1gG
Subjects 75 197 n
(N)
Number of eyes 148 37 55
(N)
Age 323296 41.8+12.1 36.5+13.7
(years, mean=SD}
Sex 25(33.8) 24(12.2) 10(31.2)
(male, N (%))
EDSS - 35(2.0-5.0) 2.0(1.5-2.5)
(median (IQR))
Average age atonset - 329(249-424) 30.0(17.6-42.5)
(years, median (IQR))
Patients with a history ~ 142 (712.1) 24(75.0)
of ON
(N (%))
Median number of ON  ~ 1.00 {0.00-3.00) 2,00 (1.00-4.00)
episodes (median, IQR)
Disease duration - 71167 4.8+7.8
(years, mean=SD}
Ethnidty White (57 (761))  White (105 (53.3) White {19 (59.4))
(N (%)) Asian (16 (21.3))  Asian (56 (28.4)) Asian (13 (40.6))
Hispanic (1 (1.3))  African American (11 (5.6))
Other {1 (1.3)) Other (25 (12.7))
Current treatment Rituximab (51 (25.9)) Rituximab (6 (18.8))
(N (%)) Azathioprine (42 (21.3))  Azathioprine (6 (18.8))
Aycophenolate Mofetil Prednisone (6 (18.8))
31015.7) Mycophenolate
Methotrexate (4 (2.0)) mofetil (5 (15.6))
Other or missing (69 (35.0)) Other or missing (3
(28.1))
OCT device (N (%)) Spectralis (75 Spectralis (139 (70.6)) Spectralis (25 (78.1))
(100)) Cirrus (38 (19.3)) Cirrus (3 (9.4)
Topeon (20 (10.2)) Topcon (4 (12.5))

Cirrus: Cirrus HD-OCT, Carl Zeiss Meditec Inc, Dublin, California, USA; Spectrafis: SD-OCT, Heidelberg
Engineering, Heidelberg, Germany; Topcon: Topcon 3D-0CT, Topcon Corp, Tokyo Japan.

AQP4-1gG, anti-aquaporin-4 antibody; EDSS, Expanded Disability Standard Scale; HCs, healthy controls;
MOG-IgG, anti-myelin-oligodendrocyte-gly in antibody; N, number of subjects; ON, optic neuritss.

APOSTEL V.2.0 recommendations.”* Peripapillary retinal nerve
fibre layer (pRNFL) thickness was derived using a device-specific
protocol and centred around the optic nerve head. Segmentation
of all layers in macular volume scans were performed semiauto-
matically and processed with an in-house proprietary software
(SAMIRIX).” For the purposes of this study, the macular retinal

layers were segmented in the following layers: macular retinal
nerve fibre layer (nRNFL), ganglion cell and inner plexiform
layer (GCIP), inner nuclear layer (INL), outer plexiform layer
(OPL), ONL, the outer plexiform and nuclear layer (OPNL),
photoreceptor layer (PR, inner photoreceptor segments to
Bruch’s membrane) and the total retinal thickness (RT, calcu-
lated as the thickness consisting of the RNFL (defined as layer
no. 3 per Staurenghi et al*) to the Bruch’s membrane (layer
no. 14). All scans were checked and, where necessary, manual
correction of the automatic segmentation was conducted using
SAMIRIX by experienced raters (FCO, CB and SS for ring
scans, HZ, FCO and AL for macular scans) at a single site at the
Charité—Universititsmedizin Berlin. To assure comparability
with previously published data on ORL changes in NMOSD,
the macular volume data were further segregated into one of
three export protocols: (1) a § mm diameter cylinder omitting
a 1 mm diameter around the fovea (5 mm study), (2) a 3 mm
diameter cylinder omitting a 1 mm diameter around the fovea (3
mm study) and (3) a 1 mm mean thickness around the fovea (1
mm study). Results are reported for the 5 mm study on Spectralis
devices; confirmatory results based on the 3 mm and 1 mm study
as well as for Cirrus and Topcon devices are set out in the online
supplemental file 1.

Statistical methods

Data were stratified in cohorts by (1) antibody status and (2) ON
history (contralateral eyes of patients with a history of unilateral
ON are classified not fulfilling the ON history criteria). The data
were further bifurcated by OCT device (Spectralis, Cirrus or
Topcon) to mitigate any device-specific aberrations. For contin-
uous cohort data (age, average age at onset and disease dura-
tion) on each of the AQP4-IgG, MOG-IgG and HC cohorts, the
Student’s t-test was employed. Cross-sectional group compar-
isons of the OCT values were conducted using linear mixed-
effect models with age and sex as fixed and centre and patient-ID
as random effects; where necessary, models were corrected for
age and sex. Marginal and conditional coefficients of determi-
nation for the models were estimated by pseudo-R* for mixed-
effect models. Significance was established at p<0.05. Statistical

Table 2 Group comparison between HC and patients who were AQP4-1gG and MOG-IgG seropositive at baseline (Spectralis devices only)

AQP4-1gG vs HC AQP4-1gG vs MOG-1gG MOG-1gG vs HC
HC AQP4-1gG MOG-IgG B SE P B SE P B SE P

Number of eyes 148 N7 55
pRNFLIn 99.17£9.76 78.46+24.13 74.33£23.44 -2022 286 <0.001 034 433 0.937 -29.40 275 <0.001
pm (meanSD)
mRNFL in 3525313 28.09+6.60 27.6225.43 -6.12 069 <0.001 -0.15 138 0913 -6.98 0.66 <0.001
pm (mean+SD)
GCIP in 80.626.14 65.81+13.03 66.16+11.85 -14.74 1.45 <0.001 -218 295 0.461 -15.16 133 <0.001
pm (meanSD)
INLin 39642251 39.85+3.57 41552414 034 039 0.384 -1.93 087 0.028 1.79 053 0.001
pm (mean+SD)
OPLin 24.58+1.64 25.0242.03 25.10£2.00 0.28 024 0.241 -021 0.44 0.634 -0.01 029 0.986
pm (mean+SD)
ONLin 63.59+5.78 61.63+£7.04 64.7127.87 -0.01 0.83 0.993 =177 1.80 0327 0.69 093 0.457
pm (mean+SD)
OPNLin 89.2326.95 86.65+7.21 89.81£8.61 -0.41 0.85 0.634 -1.54 1.85 0.406 -0.14 093 0.878
pm (mean+SD)
PRin 80.80+2.38 80.35+2.94 81.49+3.59 -0.30 033 0363 -0.07 068 0.923 020 0339 0610
pm (mean+5D)
RTin 3244721324 300.76=20.11 306.6+17.99 -20.16 237 <0.001 -6.61 4.7 0.169 -18.91 249 <0.001
pm (meanSD)
/AQP4-1gG, anti-aquaporin-4 antibody; B, estimate; GCIP, ganglion cell and inner plexiform layer; HC, healthy control; INL, inner nudear layer; MOG-lgG, anti-myeli in antibody; mRNFL,

macular retinal nerve fibre layer; ONL, outer nudear layer; OPL, outer plexiform layer; OPNL, outer plexiform and nudlear layer; PR, p ptor layer; pRNFL retinal nerve fibre layer; RT, total retinal
thickness.
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Figure 2 Group comparison of HC and patients who were AQP4-1gG and MOG-IgG seropositive at baseline: boxplots of mean OCT values with
individual eyes (jitter) in HC (left, green), patients with AQP4-19G (middle, yellow) and patients with MOG-IgG (right, blue). (A) pRNFL; (B) GCIP; (C) INL;
(D) OPL; (E) ONL; and (F) PR. AQP4, aquaporin-4; HC, healthy control; GCIP, ganglion cell and inner plexiform layer; INL, inner nuclear layer; MOG, myelin-
oligodendrocyte-glycoprotein; OCT, optical coherence tomography; ONL, outer nuclear layer; OPL, outer plexiform layer; PR, photoreceptive layer; pRNFL,

peripapillary retinal nerve fibre layer

analyses were conducted using R (V.4.0.0) (RStudio Inc, Boston,
Massachusetts, USA).?’

RESULTS

Cohort description

In total, 197 patients who were AQP4-IgG seropositive fulfilled
the inclusion criteria (figure 1, table 1). We also included 75
unmatched HCs and 32 patients who were MOG-IgG seroposi-
tiveas control groups.

Neuroaxonal damage measured by pRNFL, mRFNL and
GCIP was comparable in patients who were AQP4-IgG sero-
positive (pRNFL: 78.46+24.13 um, mRNFL: 28.09%6.60
pm, GCIP: 65.81+13.03 um) and MOG-IgG seropositive
(pRNFL: 74.33%23.44 pm, mRNFL: 27.62+5.43 pm, GCIP:
66.16+11.85 um) making MOGAD a highly relevant compara-
tive disease control group for our investigation of ORLs (table 2).

Limited outer retinal changes in AQP4-1gG seropositive
NMOSD
No significant thinning of macular OPL and ONL in patients
who were AQP4-IgG seropositive (irrespective of ON status)
were observed compared with HC or patients who were MOG-
IgG seropositive using the 5 mm diameter macular data (table 2,
figure 2). No significant changes were observed when the OPL
and ONL values were analysed as the combined OPNL. Previous
studies described ORL thinning only in the foveal and parafoveal
area as a sign of AQP4-IgG-induced Miiller cell damage.® '* We
therefore repeated our analyses in both 3 mm and the 1 mm
diameter volumes around the fovea, but these narrower volumes
showed again no relevant OPL or ONL thinning in patients who
were AQP4-IgG seropositive compared with HC or patients who
were MOG-IgG seropositive (see online supplemental data).
Additionally, while these previous studies reported changes in
the inner segment layer of the photoreceptors, this was not seen
in our study.* '

After a previous description'' of ORL changes in patients who
were AQP4-IgG seropositive with a history of ON, we also exam-
ined ORL differences separately in eyes with a history of ON.

AQP4-1gG seropositive eyes with a history of ON (AQP4-ON)
did not display any thinning of ONL and OPL compared with
patients without a history of ON (AQP4-NON) or HC, despite
severe neuroaxonal loss measured by pRNFL and GCIP layer
(table 3, figure 3). Comparing patients who were AQP4-1gG and
MOG-IgG seropositive, both groups had a comparable neuro-
axonal loss (pPRNFL, GCIP)—in the whole group as well as in
respect of ON and non-ON eyes (table 2, figure 2). AQP4-ON
(B=—1.54, SE=0.69 um, p=0.027) as well as MOG-ON
(B=-2.51, SE=0.87 um, p=0.004) showed an OPL thinning in
the fovea (1 mm diameter) compared with HC, but no difference
was observed between AQP4-ON and MOG-ON (p=0.100).
Also, no significant correlation between ethnicity and current
therapies on outer retinal thickness was found (data not shown).

DISCUSSION
Our study suggests that neither macular OPL nor ONL loss
occurs in AQP4-IgG seropositive NMOSD, regardless of ON
phenotype, as compared with HC and patients who were MOG-
IgG seropositive. The MOG-IgG cohort presented a unique
opportunity to contrast our AQP4-IgG seropositive cohort with
a highly relevant comparator group, which most likely has no
astrocytopathy-component.”®

Our results differ from those published by You et al in2019% and
Filippatou et al in 2020."" In both studies, thinning was observed
in the ONL and the inner segment of the photoreceptor layers. In
the case of You et al, who utilised Spectralis SD-OCT devices for
the image acquisition, foveal thinning was observed along with a
reduction in b-wave amplitudes in full-field electroretinography
(ERG) suggestive of Miiller cell dysfunction.® Filippatou et al,
who employed Cirrus-SD-OCT for the image acquisition, also
described thinning of the fovea in the 5 mm diameter macular
area around the fovea.'' Both studies suggested the ORL changes
to be caused by a primary retinal astrocytopathy with AQP4-IgG
associated glial dysfunction in Miiller cells.>” These pathological
responses could account for the associated thinning observed
in the ONL in these studies. However, other exogenous factors
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layer: pRNFL, peripapillary retinal nerve fibre layer.

cannot be ruled out as contributory, such as cohort composition
and study methodologies.

On a cohort level, our population is larger (197 patients who
were AQP4-IgG seropositive vs 22 and 51 by You et al and Filip-
patou et al, respectively)® ' and more diverse than prior studies,
which minimises potential type I errors. While You et al did
not specify the ethnic composition of their cohort, the cohort
in Filippatou et al had a relatively even distribution between
Caucasian Americans (43%) and African Americans (53%)
with a minor subset of Asian Americans (4%)—describing a
pronounced ONL thinning in African Americans. African Amer-
ican patients with multiple sclerosis (MS) are also known to suffer
from faster and often more aggressive disease course in general,
which could also be true for other neuroinflammatory diseases
like NMOSD.?"*! Our AQP4-IgG seropositive cohort included
an ethnically diverse dataset acquired worldwide with a lower
African American patient composition (5.6%), which might have
contributed to the less profound foveal ONL changes.!! *

Recently, it has been hypothesised that the neuroplastic char-
acteristics of the INL may act as a barrier to retrograde (but not
anterograde) trans-synaptic axonal degeneration—rectified to
the ORLs—in patients with MS following ON.* This limited
neuroplastic ability is hypothesised to rest with the bipolar,
amacrine and horizontal cells, which feed into the synaptic tree
at the level of the INL, and raises questions as to whether such
protective mechanisms may also play a limited part in NMOSD
and whether it remains so as we age.” The average age of partic-
ipants in the two other studies were relatively older (mean age
for both being 47 years), whereas for our AQP4-IgG cohort it
was 42 years. Previously reported studies concerning cohorts of
similar demographic distribution to ours reported no significant
correlation between age and retinal thickness.”*** However, age-
related changes in the retina cannot be ruled out and ORLs may
be more susceptible to change with increasing age and/or disease
duration. It is well-known that the plasticity of the CNS mark-
edly reduces over time, and as a corollary, the regenerative prop-
erties of the INL may also be affected thereby diminishing its
protective effects in reducing retrograde (trans-synaptic) axonal
degeneration.*® The retina is also a vascularised organ, particu-
larly at the interface between inner and outer retina, where the
deep vascular plexus intercepts the boundary between the INL
and OPL.”” Should the blood-retina barrier be compromised
in the boundary between the INL and OPL, it is conceivable
that the protective abilities of the INL may be circumvented
and thereby mediating glial dysfunction in the Miller cells.
This may have been what was observed in the OPL from the 1
mm AQP4-ON and MOG-ON cohort given the relative loca-
tion of the OPL to the INL. To that end, while disease duration
did not reveal to any correlates with OPL (p=0.805) or ONL
(p=0.835) values, we cannot exclude time-dependent effects in a
cross-sectional analysis. We believe that this area warrants more
research to quantify if (1) age is a factor, (2) ON damages the
barrier function and (3) the INL does indeed play a role as a dam
to retrograde axonal degeneration in NMOSD.

A strength of our study rests on its cohort size and compo-
sition, which mirrors that of a global population. This result
derives from a consortium of expert NMOSD researchers
enabling the enrolment of participants through a multicentre
strategy. This approach was designed to overcome many of the
earlier NMOSD study limitations, for example small and homo-
geneous sample populations. Additionally, the use of differing
OCT devices compounds complexities in OCT comparisons and
a high degree of caution is needed in order to rely on differing
platforms interchangeably.*® Thus, our study focuses on use of
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Figure 3 OCT results stratified by ON status (tested with Spectralis devices): boxplots of mean OCT values with individual eyes (jitter) in HC (left, green),
AQP4-1gG cohort (middle) and MOG-IgG cohort (right). Seropositive patients with a history of ON are highlighted with light yellow and seropositive patients
without a history of ON are highlighted in orange. (A} pRNFL; (B) GCIP; (C) INL; (D) OPL; (E) ONL; and (F) PR. AQP4, aquaporin-4; GCIP, ganglion cell and
inner plexiform layer; INL, inner nuclear layer; MOG, myelin-oligodendrocyte-glycoprotein; OCT, optical coherence tomography; ONL, outer nuclear layer; OPL,
outer plexiform layer; PR, photoreceptive layer; pRNFL, peripapillary retinal nerve fibre layer.

three widely available OCT devices, and obtained confirmatory
results with each of them; of these, two were also employed
respectively in the studies by You et al* and Filippatou et al.!!

Limitations of the current study should also be considered.
First, the HCs and patients with MOGAD were not matched,
which makes it difficult to rule out age-related and gender-
related affects. Notably, retinal thickness decreases with age and
males generally exhibit higher GCIP and RT.* Also, no ERG or
functional visual pathway assessments were conducted, which
could have potentially shown more subtle functional impairment
of ORLs without associated tissue loss. Outer retinal studies are
additionally complicated by Henle Fibre morphologies as OCT
beam placement plays a major role in how this layer is depicted;
the high level of irregularity and variability in these morphol-
ogies add a level of subjectiveness in the quantification and
correction of outer layer segmentation and analyses.** Finally,
Cirrus and Topcon measurements could not be utilised as confir-
matory cohorts as there lacked sufficient HCs examined with
these devices. Nonetheless, the current findings provide insights
into relationships between retinal layer changes and axonal
damage that have not previously been recognised; as no ORL
changes can be observed on account of a primary astrocytopathy
in NMOSD, it potentially alleviates the burden of monitoring
the ORLs when tracking disease progression and reinforces
the need to focus primarily on the inner layers, particularly the
RNFL and the GCIP layer.

CONCLUSION

Our results show no evidence of macular ORL changes as a major
component of retinal damage in patients who were seropositive
AQP4-IgG NMOSD and patients with MOGAD. Further studies
will be necessary to clarify (1) if OPL and ONL are damaged in
late disease stages due to retrograde trans-synaptic axonal degen-
eration across the damaged INL barrier and (2) if outer retinal
dysfunction without a measurable structural correlate occurs.
Longitudinal studies could help quantify changes in the ORLs
alongside disease progression.
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