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Part 1: Introduction
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1. Anatomy and functional characteristics
of the visual pathway

The afferent visual pathway receives, relays and processes visual information. Therefore, the
visual system is one of the most organized and efficient neural system. A comprehensive
understanding of visual anatomy and visual functions is essential for the accurate diagnosis of

neuropathological conditions.

The aim of this chapter is to review the primary structures involved in visual physiology.

1.1. Retina

The retina plays a crucial role in transforming light energy into neural signals. Three key types
of cells are important in transmitting visual information: photoreceptors, bipolar cells and
ganglion cells. Other neurons, such as amacrine cells, horizontal cells and interplexiform
neurons, act modulators of the signal. Miiller cells, a type of glial cell, have both metabolic and
structural roles, supporting retinal cells !. Ganglion cells are the first neurons of the optic nerve
and are directly or indirectly involved in optic neuropathies. Their axons form the retinal nerve

fibre layer, which exit the eye as the optic nerve.
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1.1.1. Histologic classification

Under electronic microscopy, the retina consists of ten distinct layers (Figure 1). These layers
include three neuronal layers (photoreceptors, bipolar cells and ganglion cells) and a layer of

pigmented epithelium, with synaptic connections in between? .

a. The inner limiting membrane separates the retina from the vitreous body. It contains

the terminations of Miller cells.

b. The nerve fibres layer consists of the axons of the ganglion cells, which converge to

form the optic nerve.

c. The ganglion cell layer (GCL) axons tracts extend towards the back of the eye. In the

macula, this layer is composed of 8 to 10 layers of ganglion cells, separated by the glial

processes of Miiller cells.

d. The inner plexiform layer contains synapses between bipolar and ganglion cells, as

well as synapses between amacrine cells and ganglion cells.

e. The inner nuclear layer consists of the cell bodies of amacrine cells, Miiller cells,

bipolar cells and interplexiform neurons. Occasionally, ganglion cells can also be found

in this layer.

f. The outer plexiform layer is where synaptic connections occur between photoreceptors

and the cells of the inner nuclear layer.

g. The outer nuclear layer contains the cell bodies of the photoreceptors.
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h. The outer limiting membrane is a band of zonula adherens between the photoreceptors

and Miiller cells, acting as a metabolic barrier.

i. The photoreceptors layer consists of the outer and inner segments of the two

photoreceptors (rods and cones). Human have three types of cones that respond to
specific wavelengths of light : short wavelengths cones (blue), medium wavelengths
cones (green) and long wavelengths cones (red) 3. Rods are more sensitive to light and
are particularly useful in dim light. The photoreceptors convert light photons into
electrical impulses in a process known as phototransduction *. The concentration of
cones is 15 times higher compared to the peripheral retina whereas rods are

predominantly located in the periphery?.

J.  The retinal pigment epithelium (RPE) is a single layer of cuboidal pigmented cells that

provides structural and metabolic support for the photoreceptors.
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Figure 1: Macular SD-OCT (Heidelberg Engineering, Heidelberg, Germany) imaging. Section
through the retina in the en-face image showing the different layers of the retina. Illustration from Liu
at al (2016) °.

1.1.2. Function of retinal cells

The retina is typically divided into the inner (containing ganglion cell) and the outer retina
(which includes photoreceptors, the RPE, and the bipolar cells). Pathologies affecting the optic
nerve primarily involve the inner retina, particularly the ganglion cells, whereas the majority of
retinal diseases are associated with the outer retina (Figure 2). The functions of the different

retinal layers are reviewed below.

The retinal pigmented epithelium (RPE)

The RPE is derived from the ectoderm and is composed of pigmented hexagonal cells. It is

tightly attached to the choroid through the Bruch’s membrane. The RPE plays a crucial role in
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vitamin A metabolism’. Moreover, it forms the blood-retinal barrier, which prevents the passage
of molecules from the choroid into the retina and facilitates the active transport of molecules
into and out the RPE ®. Furthermore, the RPE is responsible for phagocytosing the outer

segments of the photoreceptors *.
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Synaptic Terminal

Inner Segment

Outer Segment

RPE

BM
Choroid

Figure 2: A. Macular SD-OCT imaging illustrating the location of the inner (retinal nerve fibres layer,
ganglion cells, inner plexiform layer, inner nuclear layer) and the outer retina (outer plexiform layer,
outer nuclear layer, external limiting membrane, photoreceptors, retinal pigment epithelium and Bruch's
membrane). B. A schematic demonstrating the correspondence between the outer retinal layers seen on
OCT (red square) and the photoreceptor segment and retinal pigment epithelium. The outer nuclear
layer contains the synaptic terminal of the cone and rod photoreceptors. The inner segment and outer
segment (IN/OS) line is the junction between the photoreceptors outer and inner segments. The outer
limited membrane is the junction between the photoreceptors inner segment and the nuclei of the
photoreceptors. BM= Bruch's membrane RPE= retinal pigment epithelium. IS/OS= inner and outer
segments ELM= external limiting membrane/ outer limiting membrane ONL= outer nuclear layer.
Hllustration from Kaye et al (2021)°.
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The photoreceptors

Photoreceptors are divided into rods and cones. Human have three types of cones, each
responding to specific wavelengths of light : short wavelengths cones (blue), medium
wavelengths cones (green) and long wavelengths cones (red) >. Cones are mainly located in the
macular region and are activated under bright light conditions (photopic vision) while rods are
concentrated in the peripheral retina and function mainly in dim light (scotopic vision). The

concentration of cones in the macula is 15 times higher than in the peripheral retina®.

Both photoreceptors contain photopigments that absorb photons of light. These photopigments
enable the conversion of light photons into electrical impulses, a phenomenon known as

phototransduction *. The photopigment of rods is called rhodopsin.

Each photoreceptor consists of an outer segment, which contains the photopigments, and are
connected to the inner segment by the cilium. The inner segment contains metabolite apparatus
including mitochondria, the endoplasmic reticulum, and the Golgi apparatus, which are
essential for producing the energy required for phototransduction. The light-induced change in
membrane potential in the outer segment is transmitted through the inner segment, which
ultimately alters neurotransmitter release at the synaptic terminal'®. The cell body, containing
the nucleus, lies between the outer and the inner fibres, which lead to the terminal synapse

(Figure 3).
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Figure 3: Schematic diagram of human rod (vight) and cone (left) photoreceptors. Illustration from
Remington LA (2012) *

Bipolar cells

Bipolar cells are second-order neurons in the visual pathway. They transmit visual information
from photoreceptors to ganglion cells, horizontal cells and amacrine cells. Bipolar cells also
receive feedback from amacrine cells !!. They have two types of synapses: dendritic synapses,
which connect with photoreceptors and horizontal cells, and axonal synapses, which connect

with ganglion and amacrine cells.

Kolb et al have described eleven different types of bipolar cells including rod bipolar cells, flat
bipolar cells, midget bipolar cells, diffuse cone bipolar cells, blue cone bipolar cells and giant

cone bipolar cells 2. Each bipolar cell is further subdivided into ON bipolar cells — the most
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abundant- and OFF bipolar cells, depending on whether they depolarize or hyperpolarize in

response to light, respectively ®.

In the fovea, each bipolar cells receives the input from one cone whereas in periphery they
receive inputs from multiples photoreceptors'®. This anatomical distinction supports the

perception of detail, motion and colour vision, which is strongly supported by the macula.

Retinal ganglion cells

Retinal ganglion cells (RGC), the third-order neurons, are much more concentrated in the
central retina with 6 to 7 layers and tend to be much sparser in the periphery 4. RGC lie between
the inner plexiform layer and the nuclear fibres layer. Their morphology is highly variable; they
can have either small or large cell bodies '>!°. Larger ganglion cells are typically found in the

periphery, while smaller ganglion cells are located in the perifoveolar macula '°.

RGC are the final receivers and transmitters of the initial visual stimulus. Their axons follow
the inner surface of the retina, converge in the optic disc, and form the optic nerve. Then, the
vast majority of the axons terminate in the lateral geniculate nucleus, while about 10% project
to the subthalamic area. These subthalamix axons — called the melanopsin retinal ganglion cells

- are useful for the pupillary reflex and regulation of the circadian rhythm.

RGC are classified based on the layers of the lateral geniculate nucleus where they terminate:
P cells in the parvocellular layers (layers 3-6) and M-type ganglion cells in the magnocellular
layers (layers 1-2) !7. P cells, accounting for 90% of the GCL, are subdivided intoas P1 cells,
which receive input from two bipolar axons and in P2 cells which have a denser dendritic tree
12 The number of P cells is higher than the M cells in the macula whereas P cells are equal to
M cells in the periphery'®. While M cells subserve general information about depth perception,

motion and low spatial contrast sensitivity, P cells give information about colour vision, texture,
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and high visual contrast sensitivity. The papillomacular bundle is made of small axons

especially P cells'.

The axons of the ganglion cells anterior to the lamina cribrosa are unmyelinated, resulting in
slower conduction speeds and higher energy demands. This likely explains the abundance of
mitochondria in this region?’. As the axons become myelinated, the number of mitochondria

decreases.

A study in mice examined the impact of aging on the number of ganglion cells and found a
decrease in the ganglion cell complex (inner plexiform layer (IPL) + ganglion cell layer (GCL),
GCC) by 1.3 um in 9 months 2!. It showed that a diminution of. Similar findings have been

reported in histologic studies of humans 2%%3.

Horizontal cells

Horizontal cells are so named because they have a horizontal orientation in the retina. They
synapse with photoreceptors, bipolar cells and other horizontal cells and play a modulatory role
in the transmission of information between photoreceptors and bipolar cells ®. Three types of
horizontal cells have been described based on the number of dendrites connected to cones or

rods and are designated as HI, HII and HIII 2%,

Amacrine cells

Amacrine cells are interneurons that modulate the signals reaching the ganglion cells.
Approximatively, 40 subtypes of amacrine cells have been described, categorized by their

dendritic field diameters: narrow-field, small-field, medium-field and wide-field®.
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Miiller cells

Miiller cells (MC) are the most common glial cells found in the human retina '. Located in the
outer limiting membrane® they have a metabolic role, synthesizing retinoic acid and recycling
the photopigments. They also play a structural role, providing stability of the retinal cells and

protecting them from a trauma !.

1.2. Optic nerve

1.2.1. Retinal ganglion cell axons

Approximately 1.2 million retinal ganglion cell axons converge at the optic disc (OD) to form
the optic nerve. Axons from the foveal RGC form the papillomacular bundle and enter directly
into the temporal part of the OD (Figure 3). Axons from nasal RGC enter the nasal part of the
disc, while axons from temporal RGCs, which correspond to the nasal visual field, form arcuate
bundles on either side of the horizontal raphe and enter the superior and inferior sectors of the

OD (Figure 4).
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layer

Figure 4: Drawing illustrating the course of the retinal ganglion cells axons in nerve fibre layer in the
left eye. Temporal fibres reach the optic nerve head via a superior (green) and inferior arch (blue),
which stand above and below the papillomacular bundle (pink) and the macula, separated by the
horizontal raphe. The fibres from the central macula have a much more direct path, via the
papillomacular bundle (pink), and finally, the nasal fibres radiate directly without a horizontal raphe.
Hllustration from Danesh-Mayer et al, 2019 .

1.2.2. Clinical correlations

This specific distribution results in stereotyped patterns of visual field defects when RGC axons
are injured. For instance, a nasal step (a localized visual field defect adjacent to the nasal
horizontal meridian) occurs when temporal fibres are affected (Figure 5); whereas a temporal
wedge ( a small visual field loss located temporally to the blind spot) is seen when nasal RGC
fibres are involved (Figure 6). In a nasal step defect, there is a clear respect of the horizontal
meridian, unlike in temporal defects. Additionally, arcuate scotomas are observed in patients
with damage to the temporal RGC axons (Figure 7). However, this topographic correspondence
between the RGC and the optic nerve fibres becomes gradually lost once the axons enter the

nerve.
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This topographical arrangement of RGC axons contributes to our understanding of the retinal
nerve fibres layer (RNFL) and GCC thickness across different locations. Each quadrant should

be analysed independently when assessing RNFL and GCC thickness.

Popillomacular bundle

Figure 5: Drawing illustrating the damage to inferior nerve fibres serving the inferotemporal retina (4)
and the consecutive nasal step (B).

=1 Nasal

Popillomacular bundle

Figure 6: Drawing illustrating the damage to nasal nerve fibres serving the nasal retina (A) and the
consecutive temporal wedge (B).
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Temporal »

Popillomacular bundle

Figure 7: Drawing illustrating an injured nerve fibre bundle containing axons from the inferonasal et
inferotemporal retina (A) and the consecutive arcuate scotoma (B).

1.2.3. The optic nerve topography

The optic nerve begins at the optic nerve head and extends to the optic chiasm. The optic nerve
measures approximately 30 millimetres from the optic nerve head to the optic canal and about
55 mm from the OD to the chiasm?’. The optic nerve is composed of RGC axons and glial
cells. Main glial cells include astrocytes (which provide support and nutrition to neurons),
microglial cells ( which have phagocyting functions) and oligodendrocytes (which produce the
)27

myelin sheath of the optic nerve) ’. Oligodendrocytes account for 70% of glial cells in the post

laminar portion of the optic nerve.

The optic nerve is surrounded by meninges: the dura mater (outer layer), the arachnoid mater

(middle layer) and the pia mater (inner layer).

The optic nerve is divided into 4 portions: intraocular (0.7 -1mm), intraorbital (25-30mm),

intracanalicular (4-10mm) and intracranial (10 mm) %7 .
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1.2.4. The fourth part of the optic nerve

a. The intraocular part

The OD is characterized by a central depression called the cup, through which the central
ophthalmic artery and vein pass (Figure 8). A cup-disc ratio of 0.3 is typically described as the
“normal” OD ¢, Due to the absence of photoreceptors in the OD region, a blind spot is observed
in the visual field (Figure 9). The OD head is a complex anatomic area that provides both
structural and functional support for the retinal ganglion cell axons passing through.
Embryologically, the OD head represents the junction between the optic stalk and the optic

vesicle. It also marks the transition between the neuroretina and the RPE (Figure 10).

Figure 8: Fundus photography illustrating the cup-disc ratio defined as the diameter of the cup divided
by the diameter of the whole nerve disc.
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Figure 9: Automated Visual field showing the blind spot (see red arrows) corresponding to the absence
of photoreceptors in the optic disc region.
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Figure 10: Drawing illustrating the cross section of the optic nerve head of the human eye. lllustration
from Gray et al (1918)%.
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b. The intraorbital part

In its orbital portion, the optic nerve is surrounded by the rectus muscles, the oblique muscles,
adipose tissue and connective tissue. The optic nerve is curved and slackened, allowing free

movement of the globe during ocular motility.

c. The intracanalicular part

The optic nerve passes into the brain via the optic canal, where it is surrounded by the

ophthalmic artery and sympathetic nerve fibres designated for the orbit.

d. The intracranial part

The intracranial portion of the optic nerve lies within the skull and extends toward the optic

chiasm This portion is located above the planum sphenoidale and the sella turcica.

1.2.5. The lamina cribrosa

The optic nerve fibres exit the eye through the lamina cribrosa. In the prelaminar region, the
optic nerve fibres are unmyelinated to avoid interference with incoming light *° whereas they
are myelinated in the retrolaminar region. The prelaminar portion of the optic nerve is located

above the Bruch’s membrane (Figure 11).
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Intraocular pressure

Central retinal vessels

Figure 11: Optic nerve OCT imaging. Cross section through the optic nerve showing the anatomy of
the prelaminar region of the optic nerve. This area is located above the Bruch's membrane (red line).
Prelaminar region comprises unmyelinated optic nerve fibres and the central retinal vessels. ONSAS:
Optic nerve subarachnoid space. Illustration from Kedar et al (2022) 3!

A translaminar pressure gradient, which refers to the difference between the intracranial
pressure (ICP) and the intraocular pressure (IOP) in the optic nerve sheath, may influence optic
nerve conformation and contribute to axonal damage (Figure 12). This gradient seems to play

a key role in the progression of glaucoma and the severity of papilledema *.

IOP

Retina

Sclera

Optic
Neve

Figure 12: The translaminar pressure gradient. Graph illustrating the effects of the intraocular pressure
(IOP) and the cerebrospinal fluid pressure (CSFP) on lamina cribrosa, influencing the optic nerve
conformation and axonal damage. Illustration from Down JC et al, 2020 *.
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1.2.6. The vascularization of the optic nerve

The vascularization of the optic nerve is divided into two parts: the anterior portion, which
supplies the optic nerve head and the posterior portion, which supplies the retrolaminar region

(Figure 13).
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Figure 13: Vascularization of the optic nerve. The most anterior part of the optic nerve head (labelled
“anterior”) is supplied by the posterior ciliary artery and the retinal arterioles whereas the retrolaminar
part of the optic nerve (labelled “posterior”) is supplied by the central retinal artery, the ophthalmic
artery and the pial arteries. lllustration from Mendel et al, 2017,

The vascular supply of the OD remains controversial. Histopathologic studies of human eyes
suggest that OD is supplied by choroidal branches and short posterior ciliary arteries (SPCA)
without contributions from the central retinal artery (CRA)*®. Others studies have observed
some vascularization from the CRA and the peripapillary choroid branches®® or exclusively

from the posterior ciliary arteries *’. More recently, Yu and al have cannulated both the CRA
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and SPCA to label the microvasculature of the optic nerve and the retina, confirming that both

the CRA and SPCA contribute to optic nerve vascularization’®.

Olver et al confirmed the significance of the “circle” of Haller and Zinn formed by the medial
and lateral SPCA, in supplying blood to the laminar and retrolaminar regions of the optic
nerve®®. The “circle” of Haller and Zinn is identifiable in all subjects and is described as a
microscopic arteriolar intrascleral anastomosis forming a horizontal ellipse which is divided
into superior and inferior parts (Figure 14) 3°. However, interindividual variation is common.
In some subjects, this anastomosis between the lateral and the medial SPCA may be complete
or incomplete with overlapping regions®*’. Pial arterioles, arterial-arterial anastomoses and
recurrent choroidal branches also arise from the “circle of Haller and Zinn**. Moreover, an
extrascleral arterial anastomosis, distinct from the intrascleral ‘circle’ of Haller and Zinn, is

formed by more distal branches of the SPCA *°.
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SCHEMATIC REPRESENTATION OF RETROLAMINAL BLOOD SUPPLY

Figure 14: Schematic representation of the “circle” of Haller and Zinn. It is an intrascleral arteriolar

anastomosis derived from medial and lateral paraoptic short ciliary arteries. lllustration from Olver et
al, 1990 %.

1.2.7. Optic nerve head blood flow studies

a. Fundus fluorescein angiography

Dynamic blood flow characteristics are assessed by fundus fluorescein angiography (FFA)*! .
FFA is an ophthalmic procedure in which fluorescein dye is injected into a vein (typically in the
arm or the hand). As the dye passes through the retinal blood vessels, photographs are taken to
analyse retinal and choroidal circulation with a fundus camera with blue and green filters. The

fluorescein dye, with its low molecular weight, binds to proteins in the blood*>*.
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FFA primarily assesses the retinal vasculature. The division of the central retinal artery into four
branches (nasal and temporal superior branches and nasal and temporal inferior branches) is
easily observed in the photographs (Figure 15). These branches supply the inner retinal layers.
The foveal avascular zone, a capillary free zone of 400 microns in the fovea, (the central part
of the retina), appears hypofluorescent (dark) on the FFA (Figure 16).**. The outer retinal layers
and the foveal avascular zone are supplied by the choroidal circulation. In approximately 20%

of individuals, a cilioretinal artery is present, which supplies the papillomacular bundle.

Figure 15: Illustration of the vascularization of the retina. Illustration from Chapelle et al, 2018 *°.
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Figure 16: Fundus fluorescein angiography showing the avascular foveal zone (arrow). This zone is
devoid of retinal blood vessels and is located at the centre of the retina. This is why the avascular
foveal zone has a dark appearance in angiography.

Five stages are observed in healthy patients after dye injection (Figure 17). The first is the
choroidal phase, occurring 10 to 15 seconds after the injection, when the choroidal filling via
the posterior ciliary arteries takes place. The arterial phase follows 1 to 2 seconds later, as the
dye passes through the arteries. The third phase- the arteriovenous phase- happens 1 to 2
seconds after the arterial phase et corresponds to the filling of precapillary arterioles, capillaries
and postcapillary venules. Afterwards, this is followed by the veinous phase, where the veinous
filling becomes complete. Finally, in the recirculation phase, which occurs approximately 10
minutes after injection, dye concentration gradually decreases and staining of the optic nerve,

choroid, Bruch’s membrane and sclera is visible.
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Figure 17: Fundus Fluorescein Angiography illustrating A. the choroidal phase (choroid filling via

the posterior ciliary arteries) B. the arterial phase (filling of the arteries) C. the arteriovenous phase
(filling of the arteries and the veins).

b. Dynamic analysis of the optic nerve vasculature with fluorescein angiography

Assessment of the optic nerve vasculature with FFA identifies two phases corresponding to the
filling of the superficial and the deep vascular networks 7. During the choroidal phase, the
deep plexus, which represents the microvasculature of the prelaminar/laminar region, fills while
the superficial vessels begin to fill during the arterial phase*’. The paraoptic branches of the
SPCA supply the deeper network while the radiate superficial network appears to be supplied

by branches of the CRA*,

A watershed zone is observed on FFA as a delayed filling between the territories supplied by
the medial and lateral posterior ciliary arteries. The optic disc is located in this area and this
finding is seen in 42% of normal patients* (Figure 18). The impact of this watershed zone on

the optic disc vasculature is still under debate.
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Figure 18: Fundus Fluoresceine angiography. Visualization of the watershed zone surrounded in red,
revealing the demarcation line between the medial and lateral posterior ciliary artery supply.

c¢. Non-invasive study of the microvasculature of the optic nerve

Capillaries in the peripapillary retina, the superficial part of the ON head and the retrolaminar
regions form a non-fenestrated confluent network. This network varies significantly: it is
irregular and complex in the prelaminar and retrolaminar region (with longitudinal and
transverse capillaries) whereas the capillaries in the laminar region are mainly transverse. A
polygonal network is observed through the lamina cribrosa. This microvasculature is easily
studied using optical coherence tomography angiography (Figure 19). The segment at the
choroidal level shows the highest capillary density **. These retinal peripapillary capillary

networks are critical for supplying the peripapillary RNFL (pRNFL).
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Figure 19: Optical Coherence Tomography Angiography. Vertical section through the optic nerve
microvasculature (right image) at the level of the retinal nerve fibre layer (1), the superficial layer 50
um from the internal limiting membrane (2), 70 um from the internal limiting membrane and the whole
depth (4) as indicated by the red line in the en-face image (left). This imaging study non-invasively and
rapidly the microvasculature of the optic nerve disc.
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2. Non-arteritic anterior ischemic optic
neuropathy: symptomatology and
pathogenesis

Non-arteritic anterior ischemic optic neuropathy (NA-AION) is a common optic neuropathy

affecting people over 50 years old second only to glaucoma®'. The condition was first clearly

defined as a clinical syndrome by Hayreh in 1974°2. Patients often presented with a painless

sudden loss of vision involving one eye associated with an altitudinal visual field defect >

(Figure 20). The diagnosis of NA-AION is supported by the anamnesis and fundus examination,

showing a swollen optic disc in the affected eye at presentation and a crowded disc in the fellow
51

eye’!. Sub-acute loss (progression over days or weeks) may occur®. The fellow eye may be

involved sequentially.

Figure 20: Visual field (Humphrey 30-2, Dublin, California) showing an inferior altitudinal defect in a
patient with non-arteritic anterior ischaemic optic neuropathy in the left eye.
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Optic disc microvasculature has high implications for the understanding of ischemic anterior
optic neuropathy. Indeed, in anterior ischemic optic neuropathy (AION), histopathologic
studies reported infarction located in the retrolaminar part of the optic nerve head, suggesting

that SPCA branches are involved in the pathogenesis (Figure 21).

AION is divided into arteritic AION (A-AION, 10% of cases) and non-arteritic AION (NA-
AION, 90% of cases) related to the aetiology. In fact, A-AION is due to a vasculitis of the
SPCAs engendering inflammation, thrombosis and occlusion leading to infarction of the optic
nerve head °’. A-IOAN is mainly induced by giant cell arteritis (GCA) and affects the intima,
causing a decreasing of the vessel lumen and then a reduction of the blood flow. It is an

important diagnosis to make because it is an ocular and a vital emergency.

However, in NA-AION, histopathologic studies did not show the exact location nor the cause
of the vascular compromise >°. The disc swelling results from ischemia secondary to sectoral
hypoperfusion of the pre-laminar optic nerve head due to failure of the posterior ciliary
arteriolar supply. Indeed, FFA identified a sectorial delayed filling in the oedematous
phase®>6%39  Collignon-Robe et al confirmed a decreased optic nerve head blood flow in
patients with NA-AION compared with fellow eyes . The ultimate cause of the failure of
arterial supply is unknown but a major risk factor is a “crowded” optic disc (OD), which is a

)61,62

common variant of OD morphology (absence of a cup Other likely risk factors are

obstructive sleep apnoea (OSA)%%* and systemic hypertension® (although the AION associated
6.67).

with malignant hypertension has distinct features and can be bilateral and simultaneous

Any risk associated with elevated intraocular pressure (IOP)% "°remains controversial®®’!2,
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Figure 21: Representation of the pathogenesis involved in NA-AION. Hypoperfusion of the optic nerve
due to failure of the posterior artery supply induced optic disc ischaemia. A consecutive axoplasmic
stasis led to intracellular axonal swelling which may further compress capillaries and produce a vicious
cycle of ischemia.
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3. Optical coherence tomography

3.1. Introduction

Optical coherence tomography (OCT) has revolutionized the analysis of the optic nerve and
retinal disorders. It is a non-invasive and reproductive technique generating cross-sectional
images. This imaging technique allows the visualization of the different layers of the retina in
vivo and have shown a good correlation with histology’>”*. Compared to ultrasounds or MRI,
OCT has substantial advantages as fast and easy acquisition without contact, high resolution
(20-5um) and rapid colocalization of retinal features. Therefore, it is not surprising that OCT
has become an essential tool in ophthalmology to assess and follow optic neuropathies,

maculopathies and anterior segment disorders.

3.2. Principle

OCT is based on the principle of backscattering and interferometry’®’”. A beam of light is
projected on the retina and the locations of boundaries between the layers of the retina are
obtained from the time to the sensor of the reflected light. Thickness measurements of the retinal

layers at the micron level are available.

OCT projects a near infrared light (820nm) which is split into two beams: one sending to the

target tissue, the sample beam, and the other to the reference mirror at a well-known distance,
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the reference beam (Figure 22). Then, the echo time delay of light reflected from various layers

of target tissue is compared with the echo time delay of light reflected from the reference mirror.

A positive interference is produced when light reflected from target tissue and from reference
mirror arrives simultaneously (only possible if the optical paths are matched to be equal in
length). Interferences are associated with light intensity and are measured as an electrical signal
by a photodetector, which finally produce a range time of delay for comparison (temporal
coherences). Indeed, in function of the reflection of the structure, different interferences can be
observed (coherent or destructively), leading to different contrast between structures (Figure

22).

Two different scans are described: the amplitude scan (A-scan) and the brightness scan (B-
scan). In the A-scan, the reference mirror is scanned in depth whereas in the B scan, the sample

beam is scanned laterally 7’.

Over the last decades, introduction of spectral domain OCT (SD-OCT) has increased speed and
image quality. In 2006, Heidelberg Engineering introduced SD-OCT combined with a scanning
laser ophthalmoscope (SLO), facilitating the visualization of the fundus. Moreover, an eye
tracking technology is added in this machine, which permit to follow eye movement and the

realisation of scan in the same place.
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Figure 22: Illustration of the principle of the Ocular Coherence Tomography (OCT). OCT projects a
near infrared light, which is split into two beams, one being projected onto a plane mirror and the other
on the eye. The two waves created are reflected. The wave sent on the mirror returning in the form of a
simple echo whereas the wave sent into the eye in the form of a multitude of echoes depending on the
structure crossed. These waves are compared by an interferometer which measures the coherence.
Hllustration from Research Centre for Non-Destructive Testing GmbH

3.3. OCT in neuro-ophthalmology

The management of optic neuropathy is fundamental to neuro-ophthalmic practice. Following
the invention of the ophthalmoscope, clinicians, for a century or more, relied upon fundus
examination in the evaluation of optic neuropathy. However, the advent of optical coherence

tomography has revolutionized the analysis of optic nerve and retinal disorders.
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Optical coherence tomography has proven of particular value in the measurement, at the micron
level, of the peripapillary retinal nerve fibre layer (Figure 23) and the ganglion cell layer (Figure
24). These measurements have proven critical in the differential diagnosis and monitoring of
optic neuropathy. Specifically, thinning of the peripapillary nerve fibre layer provides evidence
of axonal loss affecting any sector of the optic nerve. Thinning of the macular ganglion cell
layer, on the other hand, shows a more precise correlation with visual deficits due to retrograde
degeneration (axonal damage leading to a loss of the proximal axon and cell body) following
optic nerve damage, although limited to central retina. Optic nerve damage induces an
interruption of the axonal transport of neurotrophic support to the ganglion cells "*’ and lead

to an apoptotic cascade, starting with an accumulation of intracellular calcium 8082,

In daily practice, optical coherence tomography is of great value in assessing the diagnosis,
prognosis and response to treatment in optic neuropathy because of its reproducibility.
Particular advances have been made, for example, in the assessment of optic neuritis,

papilloedema and chiasmal compression which have translated to everyday practice.
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Figure 23: Optical coherence tomography (Spectralis Heidelberg, Germany) imaging.
Assessment of peripapillary RNFL for the left eye. The black arrow shows the RNFL quadrant
average thickness matched to normative database. RNFL TSNIT graph (green arrow) displays
patient’s RNFL measurement along the calculation circle (ved arrow), compared to a normative
database. The double peaks (surrounded by blue circles) represent the superior and inferior
thickness which are greater than nasal and temporal poles. It is due to the greater distribution
of ganglion cell axons in retinal fibre layer in the superotemporal and inférotemporal part.
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Figure 24: Optical coherence tomography (HD-OCT Cirrhus, Carl Zeiss Meditec, Dublin,
California) imaging A. Assessment of Ganglion cell complex (ganglion cell layer (GCL) + inner
plexiform layer (IPL) quadrant average thickness matched to normative database. B.
Visualisation of the GCL and the IPL, corresponding to the ganglion cell complex represented

by the red area.
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3.4. Limitations

The accuracy of our diagnosis and the analysis of the results rely on the estimation of the
Ganglion Cell Complex (inner plexiform layer (IPL) + ganglion cell layer (GCL), (GCC) or
RNFL thickness. A proper definition of the boundaries to avoid an overestimation or an
underestimation of the RNFL and GCL thickness is warranted '*7°. Segmentation artefact due
to motion (53.3%), retinal layer misidentifications (50%) and absence of the inner segmentation
line (7.8%) have a significant impact on the quality of the image 3 (Figure 25). The frequency
of artefacts is greater in patients with macular pathology (dry and wet macular degeneration,
pigmentary retinopathy, diabetic macular oedema and high myopia) >%, tilted disc,
peripapillary atrophy, small cup disc ratio and optic disc swelling 34*°. Moreover, the OCT
signal strength -which can be diminished due to opacification of the macular media as in the
case of corneal oedema or opacity of lens or vitreous- is an additional factor influencing the
image quality and the segmentation analysis ®. In order to avoid artefacts, developers focused
on reducing the processing time, improving the volume segmentation and visualising the

reconstruction of the macula in three-dimensions.
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Figure 25: Optical coherence tomography (HD-OCT Cirrhus, Carl Zeiss Meditec, Dublin, California)
imaging showing a retinal layer misidentification due to a vitreomacular traction (left) and a proper
segmentation obtained previously in the same patient (right). The ganglion cell thickness + inner
plexiform layer is measured between the purple inner boundary of the ganglion cell layer (see purple
arrow) and the yellow inner boundary of the inner plexiform layer (see yellow arrow).

Every analysis is compared to a normative reference range in function of the sex and the age.
Because of the individual variation, the small size sample, or the absence of normative range,
as in adolescent or children, results can be misinterpreted as outranged the reference data and
considered abnormal after comparison to the normative database®’. In fact, a good function
eyes might be considered abnormal after comparison to the normative database *’. In addition,
refractive errors superior to +5.0 dioptres and inferior to -5.0 dioptres are excluded of the
reference database. However, axial length influences measurements of pRNFL thickness and
optic nerve head analyses. Indeed, related to a magnification effect, hyperopic eyes have a small

optic nerve and an increased pRNFL whereas myopic eyes have larger disc and a decreased
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pRNFL®, In research studies an “in house” matched control group, matched for age, gender,

axial length and ethnicity, is recommended®’.

Finally, OCT cannot distinguish a functional cell from a dysfunctional cell. Indeed, in patients
with no perception of light, retinal nerve fibre layer thickness is still measured at 45um because

dysfunctional cells are taken in account °.
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4. Research objectives

Optic nerve disorders often affect acutely or chronically the pRNFL and thus the RGC by direct
retrograde degeneration, axonal damages leading to loss of the proximal axon. These changes
significantly impact patient’s visual function including visual acuity, colour vision and the
visual field. Advances in OCT now allow for non-invasive, h high resolution imaging of retinal

layers, facilitating the assessment of ganglion cells.

The primary objective of this work was to answer the following question: “What degree of
ganglion cell loss (in terms of thickness and percentage) is required to cause permanent visual
defects, leading to complete loss of function in non-arteritic anterior ischaemic optic neuropathy
(NA-AION)?”. To address this, longitudinal changes in GCC thickness was analysed in a cohort
of patients with NA-AION, the second most common cause of optic neuropathy worldwide.
The pathogenesis of NA-AION is of particular interest due to the sectorial infarction of the

optic disc, which leads to apoptosis of RGCs corresponding to a persistent visual field defect.

This study assessed the percentage of ganglion cell loss at the onset of NA-AION and during
follow-up. The GCC thinning was correlated with pRNFL thickness, visual acuity and visual
field deficits. This analysis aimed to identify a critical threshold of ganglion cell loss necessary
to preserve visual function within normal limits. Moreover, the location of GCC thinning was
also determined and the qualitative loss of GCC was analysed to reveal distinct patterns useful

for ¢ an accurate differential diagnosis of miscellaneous optic neuropathies.

The secondary objective of this study was to investigate and report in detail the pattern and
evolution of intra-retinal oedema and subretinal fluid accumulation in NA-AION, resulting

from ischemia at the optic disc. The presence of subretinal fluid and peripapillary inner nuclear
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layer oedema is likely an underestimated feature of acute NA-AION and this study aimed to

clarify the pathogenesis of these findings.

Moreover, epidemiologic data on NA-AION were collected, with a focus on evaluating
cardiovascular risk factors associated with the occurrence of NA-AION, as well as describing

the management of patients with NA-AION.
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S. Utility of ganglion cells for the evaluation
of anterior visual pathway pathology

Chapelle AC, JM Rakic, GT Plant

Published as Chapelle AC, Rakic JM, Plant GT. Utility of ganglion cells for the evaluation of

anterior visual pathway pathology: a review. Acta Neurol Belg. 2024.

5.1. Introduction

Optic neuropathies are a major portion of the work-load of neuro-ophthalmologists. Many are
one component of a more extensive neurological disorder. For decades, neuro-ophthalmologists
have utilised fundus examination (ophthalmoscopy) in the assessment of optic nerve structure.
Optical coherence tomography (OCT), however, has revolutionised the analysis of both optic
nerve and retinal disorders. OCT is based on the principle of backscattering and
interferometry’®. A beam of light is projected to the retina and the locations of boundaries
between the retinal layers are obtained from the time to the sensor of the reflected light.

Thickness measurements of the retinal layers at the micron level are available.

The RNFL is measured where it is thickest in the peripapillary region (pRNFL). The retinal
ganglion cells (RGC) layer (GCL) is thickest at the macula (up to 10 cells thickness), and
progressively thinner towards the periphery (down to a single cell) '*. In practice the GCL is
most commonly measured at the macula together with the inner plexiform layer (IPL)
designated the Ganglion Cell Complex (GCC). RGCs are the final receivers and transmitters of
the initial retinal signal. Their axons follow the inner surface of the retina and enter the optic

disc to form the optic nerve.
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The majority of RGCs project to the lateral geniculate nucleus (LGN) and are classified
according to the LGN layer in which they terminate: P-type ganglion cells in the parvocellular
layers (layers 3-6) and M-type in the magnocellular layers (layers 1-2) 7. The P cells,
accounting for 90% of the GCL, are subdivided into P1 cells, which receive input from two
bipolar cell axons and in P2 cells which have a denser dendritic tree '>. The population of P
cells is greater than that of the M cells in the macula whereas in the periphery P and M cells are
equal in density'®. While M cells subserve information concerning depth perception, motion
and are sensitive to lower contrasts, P cells process information related to colour vision, texture,
and higher contrast. Other RGCs (a more heterogeneous population than P and M cells) project
to the koniocellular (interlaminar) regions of the LGN. In many cases the function of this group

1s unknown. Some are involved in colour vision and others in ocular motor control.

All optic neuropathies may affect acutely or chronically the retinal nerve fibre layer (RNFL)
and thus the RGC, by direct retrograde degeneration, i.e. axonal damage leading to loss of the
proximal axon and cell body. Thinning of the GCC has been found to be strongly related to
visual loss in optic neuropathy related to glaucoma, optic neuritis, papilloedema, intrinsic and
extrinsic optic nerve tumours, ischaemic, hereditary and toxic optic neuropathy °!. However,
as with any other imaging technology, the clinician must have a clear understanding of
acquisition artefacts affecting the estimation of the GCC or RNFL thickness. The relatively
small normative database in sub-populations such as the young and individuals with a refractive

error >+5 or <-5 dioptres influence the interpretation of the analysis is also an issue.

We will review the literature of OCT findings in miscellaneous pathologies affecting the optic

nerve to illustrate the value of the findings in clinical practice.
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5.2. Non-arteritic anterior ischaemic optic neuropathy (NA-AION)

NA-AION is a common optic neuropathy affecting people over 50 years old; second only to
glaucoma. The diagnosis of NA-AION is supported by the anamnesis (painless sudden loss of
vision involving one eye) and fundus examination (a swollen disc is observed in the affected

eye at presentation).

This entity is related to a failure of arterial supply by the posterior ciliary arteries, supplying the
optic nerve head. A major anatomic risk factor involved in this pathology is a crowded optic
)62

disc (absence of a cup)®”. Emphasis in the past has been on the need to exclude an arteritic

cause, hence the commonly employed negative epithet and initialism “Non-Arteritic” AION.

Classical NA-AION leads to sectoral infarction of the optic disc (OD) resulting in loss of optic
nerve fibres and retinal ganglion cells (RGC) corresponding to the infarcted OD sector. A
corresponding dense and persisting defect of the visual field results (Figure 26). At presentation,
OCT shows an increase in pRNFL thickness followed by a progressive atrophy over a few
months *? (Figure 27). In the acute phase, a slight increase of GCL thickening may be seen due
to distortion caused by peripapillary swelling and in some cases by intra- and sub-retinal fluid
9394 Asymmetric thinning between the superior and inferior hemi-macula is observed, resulting
in an altitudinal pattern *°. In contrast to glaucomatous optic neuropathy, an involvement of the
superior, superotemporal, inferotemporal and inferonasal quadrants of the ganglion cells are

most commonly affected in NA-AION °°.
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Figure 26: A. Visual field (Humphrey 30-2, Dublin, California) showing the inferior altitudinal visual
defect. B. Optical coherence tomography (HD-OCT Cirrhus, Carl Zeiss Meditec, Dublin, California)
imaging showing the corresponding superior loss of ganglion cell complex thinning. A high correlation
is observed between the visual field defect and the ganglion cell thinning in a patient with a previous
episode of NA-AION.
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Figure 27: Line graph. Evolution of mean RNFL (um) after an episode of NA-AION. An increase of
the peripapillary RNFL thickness is observed at presentation due to optic disc swelling followed by a
progressive thinning highlighting the optic disc atrophy.
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5.3. Compressive lesions of the anterior visual pathway

Compressive optic neuropathies (CON) are characterised by painless progressive loss of vision
and late presentation is common. Furthermore, clinical diagnosis can be challenging, leading to
further delays in treatment. Fundus examination can be normal. The optic disc may be swollen
and retino-choroidal collateral vessels may be seen if the compressive lesion gives rise to
venous hypertension (e.g. optic nerve sheath meningioma immediately retrobulbar) mimicking
chronic papilloedema. Atrophy if present may mimic glaucoma. Compression of the visual
pathway leads to loss of vision by three different mechanisms: a reversible neuronal block due
to compression; and neuronal loss due to direct compression or an ischaemic mechanism. The
neuronal block is reversible immediately after surgery whereas axonal loss is not. Localisation
of the site of compression and identification of the causative lesion are essential to plan
optimum management. While neuro-imaging is the gold standard for diagnosis, in the eye clinic
OCT helps with the differential diagnosis by highlighting the location of RNFL and CGC
thinning related to retrograde degeneration. OCT is valuable in the differential diagnosis of
compressive lesions involving the optic nerve, chiasm and tract. Furthermore, in all cases of
anterior visual pathway compression comparison of the visual loss (as seen on perimetry) with
the degree of GCL loss is important in determining the prognosis for recovery following

decompression.

5.3.1. Compressive lesion involving the optic nerve and chiasm

CON can be due to extrinsic compression (most commonly meningioma) or intrinsic optic
nerve tumours such as glioma. However there are a variety of other causes, such as: infectious
(aspergilloma 2*), inflammatory (dysthyroid optic neuropathy 7, IgG4 disease °*) and vascular

(aneurysm %°).
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There is little information about the topography of RGCs loss in optic nerve tumours. In optic
nerve sheath meningioma, optic disc swelling or optic atrophy can be observed at
presentation!?’ depending on the course of the compressive process and the proximity of the
tumour to the globe (swelling) and degree of axonal loss (atrophy). OCT will generally show
diffuse pRNFL and GCC atrophy in the affected eye compared to the unaffected eye, reflecting
axonal loss from chronic compression '°!. In cases diagnosed early, GCC is affected first, while
RNFL thickness remains normal (Figure 28). In optic nerve glioma, the same observations are
also reported compared to controls '°2. Fard MA et al found that pRNFL and GCC
measurements are an important marker of the disease progression ', OCT is useful in the initial
diagnosis (highlighting a significant asymmetric atrophy) and differential diagnosis
(preservation of GCC where there is visual field loss being a hallmark of axonal conduction
block in compressive pathology which is seen in neither glaucoma nor ischaemic optic
neuropathy). Along with subjective visual parameters, OCT provides an objective metric for

follow up of patients.

In dysthyroid eye disease, extraocular muscles and orbital fat are affected by an autoimmune
inflammatory disorder. The optic nerve may be compressed at the apex of the cone of enlarged
extraocular muscles. Raised intra-ocular pressure may also be a feature. Studies have shown a

significant mean inferior RNFL thinning compared to controls'®.
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Figure 28: A. Optical coherence tomography (HD-OCT Cirrhus, Carl Zeiss Meditec, Dublin,
California) imaging showing a diffuse thinning of the ganglion cell complex on the lefi eye due to a
retrograde degeneration. B. Visual field (Humphrey 30-2, Dublin, California) showing an inferior
defect. C. Optical coherence tomography (HD-OCT Cirrhus, Carl Zeiss Meditec, Dublin, California)
imaging showing a normal retinal nerve fibres layer thickness on both side despite a left optic nerve
sheath meningioma. The visual field is more correlated to ganglion cell thickness complex than retinal
nerve fibres layer thickness.

5.3.2. Compressive lesion involving the chiasm

In chiasmal lesions, bilateral loss of vision is observed associated with bitemporal hemianopia
as a major feature, although more anterior compression may give rise to features of unilateral
optic neuropathy while a more posterior lesion may give rise to features of homonymous
hemianopia due to optic tract involvement. Supra-sellar masses represent 14-18% of all brain

tumours ',

Pituitary adenoma, parasellar meningioma, craniopharyngioma and vascular
abnormalities (e.g. internal carotid aneurysm for instance) are the most common causes of

chiasmal compression %, The heteronymous nature of the visual field loss may not be noticed
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by the patient, resulting in presentation with advanced disease or the deficit being detected on

a routine eye test.

In the optic chiasmal syndrome, thinning of the nasal and temporal sectors of the peripapillary
RNFL is seen. This has been known from ophthalmoscopic examination as band atrophy.
Danesh-Meyer HV et al confirmed involvement of the nasal and temporal quadrants of the
RNFL in pituitary lesions using OCT '%. This is a result of the fact that these sectors consist
entirely of nasal retinal fibres which decussate in the chiasm and are more vulnerable in
chiasmal compression. There is no region of the optic disc which consists of exclusively
uncrossed fibres, the arcuate bundles carrying both crossed and uncrossed fibres '°7. Studies
have shown in chiasmal compression caused by a suprasellar lesion that the pattern of the GCC
loss is the most sensitive parameter allowing the distinction from optic neuropathy due to
glaucoma %8, Involvement of the inferonasal and superonasal quadrant is highly suspicious of
a compressive chiasmal optic neuropathy '%. Nasal GCC is more affected because crossing
fibres originating in nasal retina are involved !%°. The decrease in thickness of GCC is also well
correlated to the density of the visual field defect % (Figure 29). GCC thickness assessment
helps ophthalmologist to make an earlier diagnosis even if the RNFL OCT is still within the
normal range ''°. A further refinement is to consider the naso-temporal macular GCC thickness

ratio which has been compared directly in chiasmal compression and glaucoma '!!.
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Figure 29: A. Optical coherence tomography (HD-OCT Cirrhus, Carl Zeiss Meditec, Dublin,
California) imaging showing the corresponding nasal ganglion cell complex on the right eye and the
temporal ganglion cell complex thinning on the left eye corresponding to the visual defect. B. Visual
field (Humphrey 30-2, Dublin, California) showing a right hemianopia due to a glioblastoma. This
case illustrates the retrograde degeneration observed on the ganglion cell complex analysis due to
compressive effect of glioblastoma on the visual pathway.

5.3.3. OCT a marker of recovery of vision before surgery

Another special interest in compressive optic neuropathies is the possibility for the
ophthalmologist, the neurologist and the neurosurgeon to predict the recovery after surgery
utilising the OCT parameters. Several studies have demonstrated that prognosis for recovery is
more favourable where the RNFL/GCC thicknesses are preserved, indicating conduction block

rather than permanent axonal loss the recovery'%

. Moreover, in anterior optic nerve sheath
meningioma, a pRNFL thickness lower than 70um is associated with a lower probability of

visual improvement after radiotherapy or decompression surgery'‘!.
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5.4. Optic tract and post-geniculate lesions

The principal causes of optic tract lesions are infarctions (40%), tumour compression (32%)

and trauma (17%) 2. Acute MS lesions involving the optic tract are uncommon'!?

. Damage to
the optic tract tends to cause an incongruous homonymous hemianopia, bilateral optic atrophy

and a contralateral RAPD. If retrograde degeneration of optic nerve fibres has occurred band

atrophy will be seen in the contralateral eye.

In patient with cerebral lesions, OCT may be a helpful supplement to conventional perimetry.
Retinal changes due to retrograde trans-synaptic neuronal degeneration are observed in animals
and humans with post-geniculate lesions leading to homonymous hemianopia, initially
demonstrated through studies of the peripapillary RNFL '4116_ In later studies, thinning of the
nasal hemimacula GCC in the contralateral eye and a thinning of the temporal hemimacula in
the ipsilateral eye, respecting the vertical meridian have been shown !'7. These observations
were noted at least 1 month after the onset ''®. If available, the OCT characteristics permits a
faster and possibly more reliable diagnosis than perimetry but the changes will not be seen in

the acute situation.

5.5. Idiopathic intracranial hypertension (IIH) and papilloedema

ITH is a disorder in which a pseudotumor cerebri syndrome (i.e. raised intracranial pressure
(ICP) without hydrocephalus or a mass lesion; PTC) occurs in association with weight gain. It
affects mainly women of childbearing age who have recently gained weight ''°. The major
ophthalmic manifestation is papilloedema often presenting as transient visual obscurations.

Patients may be unaware of ongoing deficit because papilloedema is another condition in which
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visual field loss tends to be heteronymous with sparing of central acuity. Diplopia, most
commonly due to lateral rectus paresis, may also occur. Non-ophthalmic features are headache
and tinnitus. The pathogenesis of IIH still remains unclear and various hypotheses have been
proposed but intracranial venous hypertension seems to be common to many causes of PTC

such as dural sinus thrombosis and fistula and this may play a role in ITH also.

The pathogenesis of papilloedema is also poorly understood in this and indeed in other
situations but an elevated translaminar pressure gradient (the difference between the ICP and
the intraocular pressure (IOP)*? seems to be fundamental (particularly as papilloedema is also
seen with low intra-ocular pressure). There may also be a contribution from venous
hypertension as the central retinal vein has a short course in the subarachnoid space and venous
hypertension at the optic nerve head will invariably follow a rise in CSF pressure. Similar optic
disc swelling is of course seen with central retinal vein occlusion. Whatever the underlying
cause the increase in volume of the optic disc itself is due to axoplasmic stasis leading to axonal
distension. There is a variable contribution from tissue oedema. These features have been more
clearly delineated with the advent of OCT. In the past I[IH was known as “benign” intracranial
hypertension but this pathology can lead to irreversible visual loss in 25% of cases if the

papilledema does not resolve '°.

In parallel with perimetry and other measures of visual function OCT is helpful in the
differential diagnosis, prognosis and monitoring of papilloedema whatever the cause. Early
papilloedema and anomalous, crowded optic discs can be confused leading to inappropriate
management of either condition. In both situations OCT may show evidence of peripapillary
axonal distension. This has been observed in pathological studies of papilloedema for some
120

time and OCT has confirmed similar findings in crowded optic discs including those

harbouring drusen. Indeed in early OCT studies these were originally designated “soft drusen”

121

but clearly shown not to be associated with visual loss, unlike true drusen <". More recently the
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term “peripapillary ovoid hyperreflective masses” (POHM) was coined to distinguish these
features from optic disc drusen which are hyporetlective, although a better description to match

the pathology would be “peripapillary axonal distension” (PAD).

Thus, OCT can be helpful in confirming features associated with anomalous optic discs, such
as lack of a cup and the presence of optic disc drusen. In papilloedema however the cup can fill
in when advanced and drusen-like bodies can be seen in chronic papilloedema. Anterior
displacement of the lamina cribrosa is more specific to papilloedema indicating as it does a

pressure gradient indicating either raised intracranial pressure or low IOP 122,

Unfortunately, pPRNFL analysis is not useful for the follow-up of these patients. A decrease of
the pRNFL can be the result of either resolution of the papilloedema or the onset of atrophy and
axonal loss. GCC analysis, given the ability to detect retrograde degeneration of optic nerve
fibres, is the appropriate biomarker for monitoring progression of papilloedema and the risk of

visual deterioration.

5.6. Inflammatory optic neuropathies

Intrinsic inflammation of the optic nerve (as opposed to contiguous inflammation such as of the
optic nerve sheath), is referred to as optic neuritis. In the past (and given the prevalence of the
disorder in populations of European descent) studies have been focussed principally on optic
neuritis as seen in Multiple Sclerosis (MSON). The principle clinical features are an acute or
subacute monocular loss of vision associated with pain on eye movement and a RAPD!?.
MSON is considered an autoimmune optic neuritis although no antibody has been described!?>.

In MS optic neuritis is the presenting symptom in 25% of patients '**. Less common in

74



European populations but more common in populations of Asian and African descent is
autoimmune optic neuritis related to neuromyelitis optica spectrum disorder (NMOSD) and
myelin oligodendrocyte glycoprotein antibody associated disease (MOGAD)!?3. Systemic
disorders associated with optic neuritis include infectious, post-infectious and post-vaccination
optic neuritis'?®. These latter disorders (and NMOSD) are more likely to present as bilateral
simultaneous optic neuritis which is a marker of a systemic antibody response and unusual in
MS. However asymptomatic involvement of the unaffected eye (as evidenced by pRNFL or
GCC thinning) is an important indication of likely MS ¥, Indeed interocular asymmetry in GCL

thinning is a signature of MS in a susceptible population 2126,

The finding of a delayed Visually Evoked Potential in an asymptomatic eye has similar
significance in that it is a common feature of MS (reflecting demyelination as well as axonal
loss) 27.OCT has resolved an important issue, whether in MS the residual visual deficit is
related primarily to demyelination or to axonal loss. It is clear that the important factor is
irreversible axonal loss®. Demyelination is responsible for intermittent symptoms such as
Uhthoff phenomenon and symptoms related to slowing of conduction in the optic nerve such
as the Pulfrich effect. These symptoms may resolve as a result of remyelination'?® whereas the
consequences of axonal loss are permanent, unless there is a possibility of central
reorganisation'?’. A recent study has assessed a loss of 5 to 27% of GCL after optic neuritis with

a full visual recovery as determined by clinical tests'°,

OCT is, therefore, a useful tool to evaluate pRNFL thinning and retrograde degeneration of the
GCC. A such OCT is of particular value in monitoring any effect of treatment in reducing the
permanent deficit. Moreover, the pattern of thinning shown on OCT may be helpful in
differential diagnosis as pRNFL thinning is greater in the inferior and nasal sectors in MOGON
than in MSON!3!| where temporal thinning is observed. pRNFL thinning is greater overall in

NMO than MSON, in accord with the worse visual prognosis!*2. In 2024, the optic nerve is
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considered the fifth most common location affected in multiple sclerosis (MS) according to the

revised McDonald criteria. Optic neuritis is a key indicator of MS.

5.7. Toxic and nutrition optic neuropathies

Optic neuropathies secondary to toxic exposure or nutritional deficiency are typically
characterized by subacute, painless and bilaterally symmetrical loss of vision associated with a
caeco-central visual field defect 133, Vitamin B12 deficiency, whether dietary or associated with
pernicious anaemia, is well established to cause optic neuropathy. Nutritional optic
neuropathies are often found in patients who have a high carbohydrate, low protein diet as was
seen in the epidemics in Tanzania and Cuba where specific micronutrient deficiencies have not
been identified'**!*. In developed economies this is more likely to be occur in patients
consuming voluntarily chosen highly restrictive diets, following bariatric surgery (without
adequate supplementation), or in patients who have a poor diet associated with a high alcohol
consumption. There is no evidence that alcohol has a direct toxic action unlike methanol which

is converted to formaldehyde by alcohol dehydrogenase.

Ethambutol, an antimycobacterial treatment, is one of the commonest causes of toxic optic
neuropathy throughout the world, the precise mechanism is not understood. A possible final
common path for toxic and micronutrient deficiency optic neuropathies is an effect on
mitochondrial function leading to mitochondrial cytopathy, as observed in inherited optic

neuropathies!®

. Mitochondrial dysfunction may explain the increased vulnerability of central
vision, although a simple explanation based on fibre size cannot account for the caeco-central

scotoma '¥’. Indeed, this cannot be considered a universal phenomenon, in the toxic neuropathy

related to vigabatrin the caeco-central projection is selectively preserved!3®.

76



Unlike other causes of optic neuropathy considered above, the loss of ganglion cells in toxic
and nutritional disorders is related to a direct cytotoxic mechanism rather than a retrograde
degeneration following damage to the optic nerve fibres. Fundus imaging may be normal at
presentation, and OCT may be helpful in the acute phase where thickening of the RNFL,
especially the temporal sector is observed due to RNFL swelling related to the accumulation of
mitochondria **!%°, However, in the subacute and chronic stages, RNFL thinning especially in
the inferotemporal part is found '*'. OCT showed GCC thinning in the inferior part of 2 mm
and in the nasal part of 3 mm compared to healthy controls, supporting the fact that the
papillomacular bundle (caeco-central projection) is particularly involved in this pathology '**.
One report has observed that the GCC thinning was present at the onset of symptoms and
increased after 6 months!**. GCC thinning has been shown to be significantly correlated with
deficits in visual field and visual acuity'** (Figure 30). Early treatment (restoring the deficiency

or eliminating the toxic exposure) are mandatory to prevent or reduce permanent visual loss.
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Figure 30: Findings of a patient with toxic optic neuropathy due to Ethambutol. A. Visual field
(Humphrey 30-2, Dublin, California) showing a central scotoma in a patient who was treated with
Ethambutol (blue arrows). B. Optical coherence tomography (HD-OCT Cirrhus, Carl Zeiss Meditec,
Dublin, California) imaging showing the corresponding thinning a the papillomacular bundle. ganglion
cell complex on the right eye and the temporal ganglion cell complex thinning on the left eye
corresponding to the visual defect and C. Optical coherence tomography (HD-OCT Cirrhus, Carl Zeiss
Meditec, Dublin, California) imaging showing the typical temporal thinning.
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5.8. Inherited mitochondrial neuropathies

The principal features of inherited mitochondrial optic neuropathies are similar to the toxic and
nutritional cases reviewed above: painless bilateral progressive loss of vision. Visual field is
also characterised by a caeco-central scotoma caused by a loss of the papillomacular bundle.
(caeco-central projection). The mutations concerned are in mitochondrial DNA (mDNA) or
nuclear DNA coding for proteins expressed in mitochondria '**. The two inherited
mitochondrial neuropathies most likely to be seen in daily practice are: dominant optic atrophy

(DOA) and Leber hereditary optic neuropathy (LHON).

DOA is a group of dominant inherited neuropathies which affect retinal ganglion cell functions.
Commonly first symptoms appear in the first decade and are slowly progressive with
preservation of peripheral vision. Many mutations are associated with DOA and the first

described (and most common) being designated OPA1 14146,

LHON is a rare maternally inherited mitochondrial disease caused by three most common
mDNA mutations (m.11778 G>A, m.3460G>A m.11484T>C) 'Y, It mainly affects men
between the second and third decades '*%. At onset, a subacute loss of vision is observed in both

eyes simultaneously or sequentially within weeks or months.

In acute LHON, authors have observed thickening of the RNFL in the acute stage followed by
atrophy in chronic LHON '#%!13% However, GCC thinning was found in the early acute phase
and worsened gradually (mean GCC thickness 24 weeks or more after the symptoms: 50.8um)
151 In DOA patients, OCT studies showed a decrease in mean RNFL thickness compared to
controls and the temporal sector was particularly affected with a thickness loss of 59% 32,
Moreover, RNFL was thinner in DOA than in chronic LHON '*°. Compared to controls, the

temporal and superior sectors of RNFL were more affected in DOA '33. GCC analysis showed

a diffuse thickness decrease in all quadrants in these two pathologies and could be an early
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marker of the disease '*°. In DAO associated with the OPA1 mutation a more significant

involvement of the inferior, inferonasal and superonasal sector of GCC was observed '>.

5.9. Conclusions

OCT is a useful tool providing quantitative measures of pRNFL and GCC thickness in optic
neuropathy, which are directly correlated with visual function. GCC analysis can identify early
change related to atrophy and assist in the diagnosis and differential diagnosis of optic
neuropathy. Because of its reproducibility, these measurements are crucial to monitor the
disease progression and have recently become a standard for the longitudinal assessment of
ocular diseases. Moreover, recognition of the OCT pattern is crucial to differentiate optic
neuropathies. Indeed, GCL atrophy involving superior or inferior hemi-macula is an argument
for NA-AION, whereas GCL atrophy respecting the vertical meridian indicate an optic tract
lesion. Therefore, the GCC analysis could be considered as a key marker to identify the type of
optic neuropathy, to facilitate the follow-up and to assess the odds of recovery after an episode

or after a surgery decompression for instance.

However, in order to diminish some segmentation artefact and improving the images quality,
developers should focus on reducing the processing time, improving the volume segmentation,
and visualising the reconstruction of the macula in three-dimensions. Moreover, the future
normative database should take into account the axial length and a more comprehensive age

range.
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6.1. Introduction

After glaucoma, non-arteritic anterior ischaemic optic neuropathy (NA-AION) is the most
common optic neuropathy affecting people over 50 years of age after glaucoma °>!. The
condition was first clearly defined as a clinical syndrome by Hayreh in 1974 32 and by Boghen
and Glaser in 1975 '>*, Patients present with painless unilateral acute loss of vision associated,
by definition, with a swollen optic disc °!. Sub-acute loss (progression over days or weeks)
may occur’>!>, The fellow eye may be involved sequentially. The disc swelling results from
ischaemia secondary to sectoral hypoperfusion of the pre-laminar optic nerve head due to
failure of the posterior ciliary arteriolar supply. The ultimate cause of the failure of arterial
supply is unknown but a major risk factor is a “crowded” optic disc (OD), a common variant of
OD morphology with absence of a cup®!6%!%6. Other likely risk factors are obstructive sleep

apnoea (OSA)%-%* and systemic hypertension® (although the AION associated with malignant
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hypertension has distinct features and can be bilateral and simultaneous ®*®7). Any risk
associated with elevated intraocular pressure (IOP)*®7°remains controversial®>’!’2. Classical
NA-AION leads to sectoral infarction of the OD resulting in loss of optic nerve fibres and retinal
ganglion cells (RGC) corresponding to the infarcted OD sector. A corresponding dense and

persisting defect of the visual field results.

Many important questions regarding the disorder remain unanswered. The relationship to
cerebrovascular disease in general is uncertain: for example, thromboembolism very rarely
results in this clinical picture; and the role of conventional preventive measures for vascular
disease is unknown. Emphasis in the past has been on the need to exclude an arteritic cause,
hence the commonly employed negative epithet “non-arteritic” anterior ischaemic optic
neuropathy. Cases of acute visual loss are increasingly referred to stroke management units and
a consensus needs to be reached regarding management. A degree of spontaneous recovery of
vision > and the variable nature of the visual deficit (depending as it does on the optic nerve

sectors affected) has bedevilled work on therapeutic intervention.

Another important pathological feature in the acute setting is the finding of sub-retinal fluid
92157 The use of corticosteroids in order to decrease the capillary leakage presumed to underly
the formation of fluid has been proposed to decrease optic disc swelling and potentially improve
visual outcome!*®. In the reported study a higher probability of visual improvement was found
in patients treated with oral prednisone 80 mg daily from presentation. However, Rebolleda et

159

al have found no change with this intervention >”. Others have proposed the use of intravenous

or oral prednisone specifically in patients with subretinal fluid!'®%16!,

Optical coherence tomography (OCT) has revolutionised the analysis of optic nerve and retinal
disorders. OCT is based on the principle of backscattering and interferometry’®’”. A beam of

light is projected on the retina and the locations of boundaries between the layers of the retina
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are obtained from the time to the sensor of the reflected light. Thickness measurements of the

retinal layers at the micron level are available.

OCT can therefore be employed to demonstrate pathological changes in thickness of the retinal
layers and also certain changes in their intrinsic architecture, in particular the presence of fluid.
In studies of NAION, OCT, confirming clinical observation of optic disc swelling, shows an
increased peripapillary retinal nerve fibre layer (pRNFL) thickness followed by progressive

thinning over a few months as atrophy ensues®2.

The aim of the study reported here has been to assess incidence and severity of subretinal fluid
at presentation utilising the precision of OCT measurement. We wished to investigate the
influence on visual outcome and to further elucidate the pathogenesis. We also wish to highlight
the frequency of this finding as its presence acutely or the subsequent “macular star” (pattern
of “hard” exudates around the macula) may lead to a misdiagnosis of neuroretinitis (personal

observations of the authors).

6.2. Material and Methods

This retrospective observational study aimed to assess the evolution of patients with NA-AION
following changes in both visual function and fundus imaging. The diagnosis of NA-AION was
made based on the clinical history and the findings in funduscopic examination. Patients
presented with unilateral painless loss of vision, there were no systemic signs or symptoms of
giant cell arteritis and inflammatory biomarkers (erythrocyte sedimentation rate or C reactive

protein) were within the respective reference range.
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We reviewed the records of 34 patients (45 affected eyes and 23 healthy fellow eyes) who
presented as NA-AION between 2014 and 2021 in the Ophthalmology Department of the
University Hospital of Liege, Belgium. Two patients (3 affected eyes and 1 healthy fellow eye)
with NA-AION associated with optic nerve drusen were excluded from the study. Seven
patients had a subsequent episode of NA-AION in the fellow eye (Supplementary figure 1A et
1B) and 4 patients had had a previous episode of NA-AION in the fellow eye at presentation
(Figure 31). Risk factors such as OSA, high blood pressure, diabetes, obesity and crowded disc
were recorded for each patient based on the history. Prior medication including antihypertensive
treatment before the episode was also noted. Following the diagnosis of NA-AION, blood
pressure measurement and a polysomnography study were carried out routinely for all patients.
Where blood pressure was found to be elevated at presentation, 24-hour ambulatory blood

pressure monitoring was performed, whether or not there was a history of treated hypertension.

The following ophthalmic examinations were carried out: visual field (VF, Humphrey 30-2,
Dublin, California); best corrected visual acuity (BCVA, Snellen scale); and optical coherence
tomography (HD-OCT Cirrhus, Carl Zeiss Meditec, Dublin, California). The latter was
performed at baseline and after 1, 3 and 6 months. Peripapillary retinal nerve fibre layer
(pRNFL) and the GCC (inner plexiform layer + ganglion cell layer) layer thickness were
evaluated at each visit whereas fundus fluorescein angiography (FFA) was done only at

baseline. Twenty-seven (64,3%) affected eyes underwent a FFA at presentation.

Thirty-one eyes had an examination within a median of 5 days of symptom onset (range: 1 to
30 days). For those in whom subretinal fluid associated with the swollen disc was identified on
standard OCT a macular OCT (Spectralis Heidelberg, Germany) was performed. The maximal
subfoveal fluid and parafoveal fluid height was measured manually by one of the authors and
also by 2 technicians and 1 ophthalmologist, who were blinded to the aim of the project. The

maximal height was defined as the maximal distance between the retinal pigment epithelium
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(RPE) and the photoreceptor layer on the OCT images within the foveal area (in the case of
subfoveal fluid) and the peripapillary region (peripapillary fluid). The maximal parafoveal fluid
was defined as the maximum vertical distance between the outer plexiform layer and ellipsoid
zone in the peripapillary region on the macula OCT images. Interobserver reproducibility was

evaluated by the intraclass correlation coefticient (ICC).
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Figure 31
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P values were calculated between the different groups using paired Student test and Wilcoxon
signed-rank test for the continuous variables and McNemar test was performed for qualitative
variables. Analysis of correlations between continuous data sets employed Pearson correlation
coefficient rank correlation coefficient and the relationship between a continuous variable and
a qualitative variable is performed with the ANOVA-1 test. A spaghetti plot test was performed
to evaluate evolution of vision with time. Regarding the comparative analyses, patients with
both eyes involved at presentation were excluded and we selected the better documented eye in

the patients with bilateral sequential episodes.

A post-hoc analysis was performed to analyse the impact of corticosteroids on visual recovery
in patients with subretinal fluid. When reviewing the charts, decision to treat was based on the
clinician assessment and the severity of the swollen disc. Patients were also routinely treated if
there had been a previous episode in the fellow eye. Within the sub-group found to have
subretinal fluid (n=21), the cases (n=10) treated and not treated (n=11) with corticosteroids
were compared with respect to age, sex, initial visual acuity, intraocular pressure, identified risk

factors, pPRNFL and GCC thickness, visual field and refractive error.

A favourable opinion of the ethics committee at the University of Liege for the study had been

received. The study adhered to the tenets of the declaration of Helsinki.
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6.3. Results

6.3.1. Summary of findings

A total of 32 patients were included in the analysis, with a mean age of 60 years (SD: +£12.5;
range: 22-88 years, median: 60.5). 65.6% were male (Figurel). At presentation, mean (£SD)
pRNFL thickness in patients with NA-AION was 227.1 (£70.1) and 92.3 um (£8.5) in the
fellow eyes (p<0.05). Four patients (12.5%) had a prior history of NA-AION in the fellow eye
and were included in the study. At 6 months, a significant decrease was observed in the affected
eyes (62.4 (x10.0) um). GCL thickness at presentation and at 6 months in the NA-AION eyes
were 67.2 + 18.7 and 61.1 £9.4 um, respectively, a non-significant difference. When compared
to the fellow eyes (80.9+6.5 um), we observed a significant reduction of the GCC thickness
corresponding to a mean loss of 24.8% (median: 27.6; range: 2.5-42.6%; p<0.0001) at 6 months.
A slight increase of the GCC thickness was observed between baseline and 1 month, likely
related to segmentation artefacts induced by the swollen disc and the presence of subretinal
fluid. In fact, after excluding segmentation artefacts relating to subretinal fluid, the mean GCC
at presentation was 72.8+£8.5 (n=11). Moreover, a correlation (r=0.727, p<0.005) was observed
between Afovea thickness and Amean GCC thickness. Finally, an inferior altitudinal defect,

either complete or sectoral, was observed in the majority of patients (24 eyes, 75%).

6.3.2. Retinal fluid associated with NA-AION

Macular OCT performed at presentation showed retinal fluid in 21 eyes (46.7%). In this study,
retinal fluid was divided into three categories regarding the localisation of the fluid:
peripapillary subretinal fluid (n=1), i.e. subretinal fluid localised in the peripapillary region;

sub-foveal fluid (n=9), i.e. subretinal fluid localised in the foveal region; and parafoveal fluid
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(n=19), 1.e. fluid localised between the ellipsoid zone and the outer plexiform layer in the
parafoveal region. In the majority of patients both sub-foveal fluid and parafoveal fluid were
found (9/21). One patient had only sub-foveal fluid in the context of NA-AION with severe
systemic hypertension. The maximal sub-foveal fluid and parafoveal fluid height ranged from
66 um to 204 pum (mean = SD: 136.8 + 71.8 um; median: 148um, ICC (95% confidence
interval) between the 4 observers 0.90 (0.85-0.98)) and from 59um to 310um (mean + SD:
162.8 + 68.9 um; median: 165pum; ICC (95% confidence interval) between the 4 observers 0.70
(0.60-0.84)), respectively. The maximal height of peripapillary subretinal fluid was 100 um.
OCT showed thickening of the GCL and pRNFL layers and microcystic oedema in the inner
nuclear layer (INL), similar to what has been termed microcystic macular oedema(MMO)!%2
although unlike that finding was associated with fluid infiltration of the outer nuclear layer

(ONL) (Figure 32) and was a transient phenomenon.
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Figure 32: Macular SD-OCT (Heidelberg Engineering, Heidelberg, Germany) imaging Vertical
section through the retina (right image) as indicated by the green arrow in the en face image (left).
Thickening of the GCL and RNFL layer, microcystic oedema (MMO) in the inner nuclear layer (INL)
and fluid infiltration of the outer nuclear layer (ONL) visible in the macular region in moderate disc
swelling (Cohort case in the subfoveal group). Arrows labelling subfoveal (blue) and parafoveal fluid
(orange) and outline (purple) labelling MMO. Measurements of fluid height are shown (see text).
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Macular thickness map analysis showed that extensive OD swelling involving the superior and
inferior temporal sectors of the optic nerve head is associated with subretinal fluid. A “V”
pattern (Figure 33) is seen in patients with sub- foveal fluid with diffuse OD swelling. Patients
with either superior or inferior swelling of the OD, but not both, were found to have subretinal
fluid. Moreover, parafoveal subretinal fluid was associated with an “O” pattern (Figure 42).
Patients showing the “V” pattern were found to have more marked traction on the retina, as can
be observed on the three-dimension representation (Figure 34). Although the traction may
contribute to the presence of subretinal fluid it seems that the quantity of fluid generated is also
an important factor. Indeed, parafoveal (intraretinal) fluid localised less than 1 mm from the
fovea is strongly associated with the presence of subfoveal fluid (p=0.0021) compared to fluid
localised within 1 and 2 mm or within 2 and 3 mm from the fovea. One explanation might be
that a greater fluid transudation led to traction on the retina and consequent overwhelming of
reabsorption of fluid. However, it is important to note that subfoveal fluid tended to resolve
before peripapillary fluid. Indeed, in some cases subfoveal fluid may have been missed because
it is already resolved. Fluorescein angiography (which was performed in 90% of patients with
subretinal fluid (19/21 eyes) did not show any leakage in the macular region, excluding the

presence of choroidal neovascularisation or other factors local to the fovea.

At long-term follow-up, four patients were found to have MMO (also known as retrograde
maculopathy because of its association with ganglion cell loss)'®. These cases are described in

detail elsewhere 164165
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Figure 33: Retinal thickness map in the HRA/Spectralis viewing module (Heidelberg Engineering,
Heidelberg, Germany). (A) An example of subfoveal fluid (blue triangle) observed in a patient with a”
V”(black line) pattern of swelling localised to the inferior (I) and superior (S) temporal (T) sectors of
the optic nerve. (B) An example of parafoveal subretinal fluid limited (filled blue oval, right image) to
the peripapillary region associated with an “O” pattern (black outline, left image) of optic disc swelling.
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Figure 34: Three-dimensional images in the HRA/Spectralis viewing module (Heidelberg
Engineering, Heidelberg, Germany). (A) Vitreoretinal traction associated with extensive swelling
pushes inward the retinal nerve fibre layer (labelled by the orange outline) (Cohort case). (B) Moderate
vitreoretinal traction in patient with optic disc swelling limited to the superior (S) sector (labelled by
the orange line) (Cohort case).
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6.3.3. Evolution of visual acuity in patient with NA-AION associated with
retinal fluid

Overall, visual acuity and foveal thresholds were stable after an NA-AION episode with time
(p=0.94 and p=0.36) (Figure 35). An upward trend was observed between presentation and one
month after the episode in patients with sub-foveal fluid, which may have been related to fluid
resorption. However, this trend was also seen in the subgroup without subretinal fluid,
suggesting that the upward trend could be due to a neuro-adaptive phenomenon (Figure 36).
Regarding visual acuity, no significant difference was seen between eyes with or without
subretinal fluid (p=0.91) nor between the different subtypes of retinal fluid (p=0.42) (Figure
45). There was a correlation neither between visual acuity nor between foveal threshold and the
thickness of subretinal fluid at presentation and at 6 months. Moreover, subjective refraction
remained the same at presentation and after resorption of fluid in the subfoveal group (0.53%1.3

and 0.48+1.2).
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Figure 35: Spaghetti plot graph. (A) Evolution of mean visual acuity (Snellen scale) over 6 months. (B)
Evolution of mean foveal threshold (dB) over 6 months. (C) Evolution of MD (dB) over 6 months. Overall
these measures remain stable from acute presentation to 6 month follow up.
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Figure 36: Spaghetti plot graph. (A) Comparison of mean visual acuity over 6 months in patients with
subretinal fluid and those who do not have retinal fluid (subgroup without subretinal fluid: blue line,
subgroup with subfoveal fluid: red line, subgroup with parafoveal or peripapillary fluid: green line).
Overall, visual acuity was roughly stable after an NA-AION episode with time. A slight non-significant
improvement between presentation and 3 months was observed in the subfoveal fluid group.

6.3.4. Effect of corticosteroid therapy on visual prognosis

Among eyes with a swollen disc associated with retinal fluid, 10 were treated with
Methylprednisolone 64 mg tapered down over one months and 11 eyes were not treated.
Although there was no randomisation, characteristics of both groups were similar for age (55.7
+13.1 in MP group and 61.5 + 7.8.; p=0.44) , gender ( 90% of male in MP group and 72.7% in
control group; p=0.31), degree of disc swelling at presentation (pRNFL: 242.6yum in the MP

group and 231.8um in the control group; p=0.7), initial mean deviation (MD) ( -12.37 in the
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MP group and -10.69 in the control group, p=0.61), refractive error ( 0.35£1.1 in the MP group
and 0.75%1.5 dioptres in the control group, p=0.51), IOP ( MP group: 17.9 +3. 3.8 mmHg,
control group: 16.1843.4; p=0.28) and risk factors (arterial hypertension: 60% in MP group and
72.7% in control group, p=0.54; OSA: 50% in MP group and 45.5% in control group, p=0.83;
hypercholesterolemia: 30% in MP group and 54.5% in control group, p=0.26; diabetes: 20% in
MP group and 18.2% in control group, p=0.92) (Supplementary figure 2). We did not observe
any difference in visual function at 6 months (visual acuity, p=0.13; fovea threshold p=0.59;
MD p=0.66) between these two subgroups (Supplementary figure 2). Hayreh postulated that
corticosteroids speed up the subretinal fluid resorption but in our study, all patients except one
did not show any subretinal fluid after the first month!*®. In order to answer more precisely this

question, measurements during the first 15 days should have been performed.

6.3.5. Risk factors associated with NA-AION

Finally, hypertension was noted in 62.5% (n=20) and OSA in 34.4% (n=11) of patients in the
entire cohort. Among patient with hypertension, 95% (n=19) were under antihypertensive
treatment before the attack. Only one patient in the entire cohort had uncontrolled hypertension
confirmed by 24-hour blood pressure monitoring, this patient did have subretinal fluid. The
hypertension rate in our study is not consistent with the previous studies which showed a lower
rate, ranged between 34 to 57%°%%166-16 A possible consideration is that it may be the
hypotensive treatment (resulting in nocturnal hypotension) that is a risk factor for NA-AION
rather than hypertension (as has been suggested by Hayreh!'®”-1¢-1"1) Five patients (15,6%) of
the entire cohort had diabetes but none of these patients presented subfoveal fluid associated

with the OD swelling.
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6.4. Discussion

6.4.1. The influence of retinal fluid on visual outcome

In NA-AION, it is hypothesised that hypoperfusion of the optic nerve induces axoplasmic flow
stasis and leading to axonal swelling and further vascular compromise!’?. This leads to a
viscious cycle inducing an ischaemic cascade including leakage of the peripapillary vessels 7.
The fluid extravasates through the retina and accumulates in the retina due to
hyperosmolarity'”®. In a study including 76 patients with NA-AION, subretinal fluid was
observed in 50% of patients but was sub-foveal in only 10% of cases'>’. Our study demonstrates
a higher rate of NA-AION with sub-foveal fluid. This discrepancy is likely to be due to the first
examination of the patients being undertaken with a median of 5 days after the onset of the
symptoms whereas patients in the cited study were examined up to 4 weeks after onset.
Moreover, in our case series, macular OCT was carried out when some subretinal fluid was
suspected on the standard OCT. Some cases with mild degree of fluid in NA-AION might be
missed and thus be underestimated in clinical practice. As a clinician, it is important to know
that NA-AION is often associated with retinal fluid (subretinal or parafoveal fluid) to avoid
misdiagnosis with neuroretinitis, which is common in ophthalmology. The question also arises

as to whether the presence of absence of subretinal fluid influences outcome and hence,

potentially, management.

Although a significant deterioration of visual acuity is often observed in ITH patients diagnosed
with sub-foveal and parafoveal fluid due to papilloedema'’*!”> and in patients with CRVO and

SRD!7® we did not observe any effect of the presence of retinal fluid on visual acuity, MD and
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foveal threshold at 6 months. In subretinal fluid observed in NA-AION, we postulated that a
complete recovery is mostly observed because of the absence of dysfunction of the
photoreceptors or RPE which is generating the fluid for example in acute CSR'”’. However,
authors have found that the subretinal fluid height was negatively correlated with foveal retinal
sensitivity and the foveal retinal defect even though visual acuity was roughly preserved in
CSR!". In our study, there was no correlation between the presence or absence of subretinal
fluid and the foveal retinal threshold. We assume that the fluid was insufficient to decrease
contrast sensitivity. Some authors have suggested treatment with corticosteroids to accelerate
recovery, perhaps by avoiding permanent macular damage '*°. In theory corticosteroids intake
given promptly after the onset would decrease the subretinal fluid and optic disc swelling was
proposed by Hayreh!”. In our cohort, we found no significant difference in visual outcome
between patients with retinal fluid (subfoveal or parafoveal fluid) who were treated with

steroids and those who were not at 1, 3 and 6 months (Figure 37).
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Figure 37: Spaghetti plot graph. (A) Comparison of mean foveal threshold (dB) over 6 months in
patients with subretinal fluid treated (a) and untreated with corticosteroids (b) (subgroup without
subfoveal fluid: blue line, subgroup with parafoveal fluid: red line, subgroup with peripapillary fluid:
green line). (B) Comparison of mean visual acuity (Snellen scale) over 6 months in patients with
subretinal fluid treated and not treated with corticosteroids (subgroup with subretinal fluid treated with
corticosteroids: blue line, subgroup with subretinal fluid not treated with steroids: red line). No
difference in visual function at 6 months (visual acuity and fovea threshold) was observed between
subretinal fluid patients treated and untreated with corticosteroids.
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To conclude, we have addressed the following: “Does sub-foveal fluid affect our management
in NA-AION?”. One issue is that erroneous measurements using ganglion cell OCT analysis
may occur in patients with subretinal fluid. Secondly, Hedges and Hoye postulated that a
correlation was found between visual acuity deficit and subretinal fluid*>%. However, no
statistical analysis was carried out and the groups studied were small in number. Our findings
confirm an upward trend in visual acuity recovery in the subgroup of patients with sub-foveal
fluid. The detection of subretinal fluid in the acute assessment of NA-AION may influence
prognosis. However, corticosteroid intake at presentation did not affect visual recovery in our
cohort. Presence of subretinal fluid should not be an argument to treat patient as the visual

prognosis remained unchanged.

6.4.2. Pathogenesis of intra- and subretinal fluid in NA-AION compared to
other disorders

Following the advent of OCT, subretinal fluid is detected more easily in clinical practice'®’.
Clinicians refer to “serous retinal detachment” (SRD) when the source of subretinal fluid is the
retinal vessels, choroidal vessels or both as in central serous retinopathy (CRS), central retinal
venous occlusion (CRVO) or in Vogt-Koyanagi-Harada (VKH) syndrome, for example '8! .
However, subretinal fluid can also be seen in other pathological processes associated with a
swollen disc (NA-AION, Myelin Oligodendrocyte glycoprotein (MOG) optic neuritis,
papilloedema due to raised intracranial pressure, neuroretinitis and papillitis). Subretinal fluid
is observed between the retinal pigment epithelium (RPE) and the neurosensory retina in the
subretinal space, the remnant of the embryonic optic vesicle!®?. The subretinal region concerned

is composed of the interphotoreceptor matrix which surrounds the photoreceptors and their
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outer segments!'®1%* this constitutes a potential space, where fluid can accumulate in certain

conditions.

In those optic disc disorders where subretinal and parafoveal fluid occur either a transudate, an
exudate or a combination of the two can occur, as already confirmed by histopathologic studies
in papilloedema '*°. A transudate results from the alteration of mechanical factors influencing
the formation or resorption of fluid'®%!37 whereas an exudate occurs in the presence of diseases
engendering inflammation (e.g. malignancy, tuberculosis, systemic lupus erythematosus)'®®.
For example, in pleural effusion pneumonologists have distinguished exudate from transudate
in pleural effusion by the former having a protein concentration above 3,0 g/100ml'®® and a

cholesterol greater than 40mg/DI1'*°,

In the case of subretinal fluid associated with NA-AION, a transudate is likely because there is
no evidence of inflammation and so-called “hard” exudates are not commonly seen. The
“macular star” results from the deposition of lipoproteins in the outer plexiform layer taking
up the radiating pattern of fibres in Henle’s layer!*’. Although such exudates located only in the
nasal hemifovea and hence a hemi star can occasionally occur in NA-AION because of the
presence of fluid (personal observation) none were observed in the present cohort. A macular
star or hemi-star (“fan”) has been described in neuroretinitis, papilloedema due to severe or
longstanding intracranial hypertension'”! and MOG optic neuropathies'®?. In these cases,
exudates form from a proteinaceous fluid, composed of serum proteins and lipids, resulting
from a breakdown of the blood retinal barrier'®®. The lipid component tracks in the outer
plexiform layer and the liquid component accumulates in the subretinal space because liquid
can percolate through the external limiting membrane!”>!'**. In our series, no exudate on OCT
or through indirect ophthalmoscopy were observed, which is in favour of transudation. In
addition, veinous hypertension caused by the swollen disc is likely to induce transudation.

Indeed, authors have hypothesised that optic disc swelling in general lead to compression of
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the superficial retinal veins or an increase in retrolaminar retinal veinous pressure induced by
an augmentation of the optic nerve tissue volume!*>!%. This hypothesis provides an explanation
for the absence of spontaneous veinous pulsation in patients with optic disc swelling, regardless
of the cause'*>!%%. In chronic papilloedema, such as in IIH, no exudates are observed except in

longstanding and severe intracranial hypertension °!.

It has been suggested that the propagation of fluid within the retina is caused by vitreoretinal

traction secondary to the optic nerve swelling in NA-

AION and in other aetiology *>!*°. Indeed, extensive swelling pushes forward the retinal nerve
fibre layer thus potentially allowing fluid to more easily progress along the potential space. Our
results showed that patients who had subretinal fluids tend to have more extensive oedema in
the temporal disc sector. In these cases, a “V” pattern was observed on the thickness map and
subfoveal fluid was always noticed, which is in favour of the presence of vitreoretinal traction
from the OD. However, we consider the volume of transudate to be the more likely determining

factor, which is also likely to be related to the magnitude of optic disc swelling.

Similarities with subretinal fluid in macular pathologies, as CSR, VKH and CRVO, suggest a
similar underlying mechanism. Many hypotheses have been proposed as an inability of draining
vascular system or an impairment of the RPE which cannot pump the excess fluid'72%. In NA-
AION, however, the volume of fluid emanating from the optic nerve head is likely to exceed

the pump capacities of the RPE, leading to the accumulation of retinal fluid'®.

Finally, over the past five years, there has been increasing recognition of a paravascular
transport system in the retina and around the optic nerve similar to the glymphatic system
existing in the brain?*'%, Moreover, this glymphatic system could communicate with the
vascular system and could be involved in the viscious cycle observed in ischaemia of the optic

nerve. Indeed, Miiller cells and the superficial and deep vascular plexus under normal condition
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can reabsorb fluid***2%* but after hypoperfusion and large extravasation of liquid from
capillaries and veins as observed in NA-AION, Miiller cells are saturated. Therefore, it explains
why we observe with the OCT a thickening of the inner nuclear layer, quite similar to what has
been observed in microcystic macula oedema'®?, although not involving the macula. The fact
that Miiller cells density decreased with eccentricity might explain why we do not observe this

205 Moreover, our study showed that parafoveal fluid localised less than

image within the fovea
I mm from the fovea is strongly associated with subretinal fluid. We propose that it is the

volume of fluid generated acutely by the ischaemic process at the optic nerve head that

overwhelms the glymphatic system.

6.4.3. Limitations

The main limitation of our study is that we do not have the OCT of patients at the onset of
symptoms, which may give further insight into the pathogenesis and prevalence of subretinal
fluid in patients with NA-AION. Furthermore, follow-up studies during the first fifteen days
may better permit evaluation of the time course of fluid resorption allow us to estimate the delay
for the resorption of fluid. A randomized and blinded prospective study would be required to

evaluate definitively the efficacy of steroids in NA-AION associated with subretinal fluid.
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7. Non-arteritic anterior ischemic optic
neuropathy: ganglion cell thinning
correlated with cystic change in the
inner nuclear layer due to microcystic
oedema and retrograde maculopathy

Chapelle AC, JM Rakic , GT Plant

Published as Chapelle AC, Rakic JM, Plant, Gordon. Non-arteritic anterior ischemic optic
neuropathy: cystic change in the inner nuclear layer due to edema and to retrograde

maculopathy. Ophthalmology Science. 2022.

7.1. Introduction

MMO was first described in the context of optical coherence tomography (OCT) findings in
Multiple Sclerosis by Gelfand et al. 192, The abnormality was more likely to be seen in patients
who had had a previous episode of optic neuritis and in cases with more marked thinning of the
retinal nerve fibre and ganglion cell layers. INL cell loss and thinning had previously been
reported in a histopathological study of the retina in MS, also correlated with the severity of
axonal loss, without mention of the presence of cystic change 2°°. The microcysts are located in
the INL and show a perifoveal distribution **2°7. MMO is associated with severe optic atrophy

162,208.

found in: optic neuritis ; neuromyelitis optica 2°**1°; hereditary optic neuropathies !!-*'2;

213,214.

toxic and nutritional deficiency neuropathy ; glaucomatous neuropathy?!>-216

, compressive

optic neuropathy!®®; and infiltrative optic neuropathy such as glioma 2’218, Abegg has
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suggested the term “retrograde maculopathy” (RM) for INL cystic change in this context 21721,
However, similar changes have also been described in retinal pathology for example in:
epiretinal membrane 2?°; age related macular degeneration; diabetic retinopathy; and central
serous retinopathy??!. Indeed, the earliest use of the term MMO known to the authors (albeit in
Romanian as “edemul macular microchistic”) was published in a description of an “isolated

case” of suspected microcystic macular dystrophy in 1988 222,

We consider the following case series concerning three patients with NA-AION to be of
particular interest in this context. These patients showed early acute transient microcystic
change in the INL associated with disc swelling in parallel with other evidence of retinal
oedema. Longstanding, perhaps permanent, MMO was developed subsequently. The
pathophysiological basis for these two manifestations of INL cystic change following NA-

AION will be discussed.

7.2. Material and Methods

A retrospective observational case series was carried out at the University Hospital of Liege,
Belgium. 23 patients were referred complaining of sudden painless monocular loss of vision to
our Neuro-ophthalmology department or to the Emergency Department (9 cases). Recruitment
took place between 2014 and 2021. The diagnosis of NA-AION was based on the anamnesis
(painless sudden loss of vision involving one eye) and fundus examination. The latter showed
a swollen disc in the affected eye and, in the fellow eye, either a crowded disc (typical of the
“disc at risk” associated with NA-AION, 6162136y or sectoral atrophy indicating a previous
episode of NA-AION. Spontaneous resolution of the optic disc swelling was noted within 8

weeks and the outcome was sectorial infarction. Giant cell arteritis was excluded by appropriate
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investigations including inflammatory biomarkers, temporal ultrasound, positron emission
tomography, and temporal artery biopsy in cases of uncertainty. The clinical features were not
compatible with a diagnosis of optic neuritis. Two patients were excluded because optic nerve
head drusen were identified on OCT (see Figure 31 in Chapter 6). Patients were white European,
representing the typical local population of the clinic, except one who was Turkish. The mean
age of the subjects was 60+12.5 years (range: 22-88 years, median: 60.5) and 65.6% were male.
A favourable opinion of the ethics committee at the University of Li¢ge for the study had been

received.

The patients were all followed at baseline and at 1-, 3- and 6-months post episode. Fundus
fluorescein angiography (FFA) and a macular spectral domain OCT (Heidelberg Engineering,
Heidelberg, Germany) were performed in 27 patients at baseline: 6-line radial scans and/or 25-
line raster scans centred on the fovea were obtained. Subsequently, patients were seen annually.
Clinical examination included best-corrected visual acuity (BCVA, Snellen scale), slit-lamp
examination and fundus biomicroscopy. At follow-up, patients underwent automated perimetry
(VF, Humphrey 24-2, Dublin, California), with appropriate refractive correction and OCT (HD-
OCT Cirrhus, Carl Zeiss Meditec, Dublin, California), for which manual correction of
segmentation was not possible. Thickness of the peripapillary retinal nerve fibre layer (pRNFL)
and of the Ganglion Cell Complex (Inner plexiform layer + ganglion cell layer, GCC) were
evaluated at each visit along with en face OCT B-scan. Studies demonstrating poor image
quality, not allowing adequate visualisation of all retinal layers, were excluded. Scans were
analysed for the presence of intraretinal fluid and subretinal fluid by 3 skilled observers who
were masked as to the aim of the study. For the 3 patients described in this series, INL thickness
was also evaluated initially and at the latest follow-up visit. For INL thickness assessment,
adequate segmentation was assessed and adjusted manually in one case with macular spectral

domain OCT.

111



Grading of the acute optic disc swelling was carried out as a function of the mean RNFL
thickness and the numbers of quadrant sectors involved (temporal, superior, inferior, nasal). For
example, optic disc swelling showing pRNFL thickening in at least one sector to be less than
120 um was considered moderate. In the three cases described below, the swelling of the disc
was considered severe because all sectors were involved (pRNFL thickness of all sectors greater
than 120pum) and the mean pRNFL thickness was high (mean (£SD): 257.7 = 81 um, range:

189-347um).

7.3. Results

7.3.1. Summary of findings

In the cohort of 34 patients (45 affected eyes and 23 healthy fellow eyes), we identified a
transient microcystic change in the INL associated with optic disc swelling in 19 eyes at
presentation. In these cases, the vacuoles were localised to the INL and were associated with
transudation of intra- and sub-retinal fluid originating from the optic disc (see Figure 38 for one
example). The microcystic change in these cases was transient and had resolved in all cases at
1 month (Figure 38). In cases with moderate optic disc swelling assessed in the global cohort,
cystic changes were visible only in the peripapillary region (e.g., Figure 38). Four patients, who
had shown this transient change subsequently developed MMO which remained fixed during
the period of observation (range: 12-34 months). The other cases (n=30) did not show MMO

during the follow-up period.
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Figure 38: SD-OCT (Heidelberg Engineering, Heidelberg, Germany) imaging. lllustration of retinal
fluid associated with non-arteritic anterior ischaemic optic neuropathy. A. Inner nuclear layer
microcystic change visible in the peripapillary region in moderate swelling of the disc (Cohort case;
blue arrows) B. Transudation of fluid through the retina at presentation due to optic disc swelling and
(C)23 days later in one case selected from the 19 out 34 cases showing disc change without subsequent
retrograde maculopathy (Cohort case)

At baseline, mean INL thickness in these three cases was 48.9 = 17.03 um in the affected eyes
compared to 45.3 £ 1.7um in the unaffected eyes (p=0.77). INL thickening was greatest in case

2 associated with the greatest microcystic change (mean INL thickness: 68.4 and maximal INL
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thickness 137um). At the final follow-up visit (range: 2 to 3 years post episode), no significant
INL thinning was observed between the affected and unaffected eyes (40.7 + 5.3 um and 39.4
+ 2.0 um, respectively). However, we observed an upward trend in affected eyes possibly
related to the continuing presence of microcystic change. Significant GCC thinning was
observed at 6 months in all patients compared to the unaffected eye in the superior hemi-
maculae (mean loss of GCC thickness: -28.2 + 5.2 um (-33.3%, range: -22.3 -30.3 um) and in
the inferior hemi-maculae (mean loss of GCC thickness: -30.7 £ 5.6 um (-31.0%, range: -24.3
-34.8 um) (Figure 39). We observe a significant GCC thinning in both hemi-maculae in patients
with MMO compared to the entire cohort, where greater involvement of the superior hemi-
macula is shown (mean superior hemi-macula thinning: -23.01 + 9.33, -27.9%, range: 1 to
40.7pm, mean inferior hemi-macula thinning: -19.14 + 12.1pum, -28.51%, range: 5 to -39um;
Figure 2). In two patients with similar lesion of GCC, only one had also MMO (Figure 33). She
had a better fovea threshold (25dB), suggesting a better residual function than the other (mean
+SD: 16+2.6). Finally, in these three patients we observed significant thinning of the RNFL at
6 months (mean pRNFL: 57.7 = 2.5um; temporal RNFL: 48.7+ 1.5; nasal pRNFL: 56 + 6.2;
inferior pPRNFL: 62 + 2.6um and superior pPRNFL: 63.7+3.5). Mean pRNFL was especially thin
compared to the overall cohort (mean pRNFL: 62.3 £9.7 um; median: 61pm; temporal pRNFL:
51.7+ 15.5 pm; median: 49.5um, nasal pRNFL: 60.1 + 11.8 pm; median: 49.5um; inferior

pRNFL: 74.9+24 .4um; median: 66um and superior pRNFL: 62.78 + 13 um; median: 62pum).
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Figure 39: Log ratio of GCC thickness in the superior (x axis) and inferior (y axis) hemi-maculae
between 6 months and baseline. Patients with MMO had significant thinning of both the superior and
inferior hemi-maculae (case 1: blue dot, case 2: green dot, case 3: red point). One additional patient of
the cohort who had significant thinning of both the superior and inferior hemi-maculae at 6 months had
also significant MMO observed (vellow dot). The red line represents the 45-degree line where A inferior
hemi-macula and A superior hemi-macula are equal. See Supplementary figures 34 and 3B for data
related to this figure.

7.3.2. Case Histories

CASE 1

A 42- year-old gentleman was referred because of sudden painless loss of vision in his right eye
which developed 4 days previously. At presentation, the best corrected visual acuity (BCVA)

was 1/20 in the right eye and 10/10 in the left eye. Fundoscopy showed an optic disc swelling
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and haemorrhages in the right eye. In the left eye, a crowded disc was noted. A diffuse visual
field defect with central involvement was observed in the affected eye (Figure 40). OCT showed
a significant thickening of mean pRNFL (363um) and a normal thickness of GCC (85um).
Peripapillary microcystic oedema in the INL was also observed on the macular OCT. FFA
showed a superior hypoperfusion of the optic disc and a late leakage around it. No choroidal

filling defect was observed.

Full blood count and inflammatory biomarkers (ESR or CRP) were within normal limits.
However, hypercholesterolemia (LDL 121 mg/dL, reference range <100mg/dL) was noted.
Severe obstructive sleep apnoea (OSA) was diagnosed following polysomnography and pre-
existing hypertension was shown to have been inadequately treated. Magnetic resonance
imaging (MRI) with and without gadolinium enhancement of the brain demonstrated evidence

of small vessel disease. A diagnosis of NA-AION was made.

At follow-up visits, OCT showed a diffuse thinning of the GCC (55 pm at 3 and 6 months) and
a significant thinning of mean pRNFL (64um at 3 months and 55 pm at 6 months). Microcysts
were observed in the INL in a perifoveal circular distribution. The cysts appeared similar to
those seen at presentation apart from the location (Figure 35). The microcysts were first seen
four months post episode in the superior hemi-macula, corresponding to the greater
involvement of the inferior visual field. At 6 months cystic change in the inferior and central
regions of the macula was observed and persisted unchanged at the most recent assessment (36

months; Figure 41).
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Figure 40: CASE 1. (A) Visual field showing central involvement (B) illustration of A GCL thickness
(C) Cirrhus HD-OCT fundoscopic images showing a hypointense circular distribution of the inner
nuclear layer cystic change (D) En face Cirrhus OCT showing microcystic macular change (Case 1).
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Figure 41: Evolution of the microcysts in the inner nuclear layer which persist over time (Case 1) with

SD-OCT B-scans (HD-OCT Cirrhus, Carl Zeiss Meditec, Dublin, California).
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CASE 2

A 67- year-old man was seen for the first time in 2019 complaining of sudden loss of vision
associated with a superior visual field defect in his left eye (Figure 42). He had a past history
of treated hypertension and had had a pacemaker implanted. He was borderline overweight

(body mass index: 24.3). Polysomnography was within normal limits.

At presentation, BCVA was 10/10 in the right eye and 1.5/10 in the left eye. Examination
showed left optic disc swelling. Perimetry revealed a superior visual field defect with a nasal
step and central involvement. Early phases of FFA showed a superior sectoral delayed filling of
the optic disc, confirming the diagnosis of NA-AION 2. Late leakage at the macula was not
observed excluding local vasculopathy. Macular OCT showed sub-foveal fluid and microcysts
in the INL which resolved within one month as did the pRNFL thickening. GCC analyses were
difficult to interpret because of segmentation failure (mean GCC: 70pm) and pRNFL was

thickened (mean pRNFL: 189um)

Ophthalmic and Neurologic examination were otherwise normal. Full blood count, blood
chemistry and inflammatory biomarkers were within the respective reference ranges. MRI with

and without gadolinium enhancement of the brain and orbits was normal.

Six months post episode, pRNFL was reduced at 58um and GCC was thinned (mean GCC:
68um). At one year follow-up, MMO was observed limited to the inferior hemi-macula (Figure

5) matching the area of greater GCC loss.
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Figure 42: CASE 2. (A) Visual field showing a superior altitudinal defect (B) illustration of
corresponding AGCL (um) thinning between the affected eye at 6 months and the unaffected eye (C) En
face HRA OCT (Heidelberg Engineering, Heidelberg, Germany) showing microcystic macular change
located in the inferior hemi-macula (D) HRA infrared imaging and Cirrhus HD-OCT funduscopic
imaging showing an inferior hypointense distribution of the vacuoles.
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CASE 3

A 52- year-old truck driver presented with blurred vision in his left eye. He suffered previously
from an episode of NA-AION in the fellow eye. BCVA was 1/20 in the right eye and 8/10 in
the left eye. A swollen optic disc in the affected eye and diffuse pallor in the fellow eye were
observed. Visual field showed an inferior altitudinal defect (Figure 6). Mean pRNFL and GCC
were 237um and 67pm, respectively. Macular OCT scans revealed traction of the retina induced
by the disc swelling associated with fluid between the retinal pigmentary epithelium and the
outer nuclear layer together with cystic change in the INL. FFA was not carried out at

presentation.

Hypercholesterolemia (total cholesterol: 220 mg/dL, reference range <190mg/dL; LDL
143mg/dL, reference range <100mg/dL) and a slightly elevated glycosylated haemoglobin
(43mmol/mol, reference range: 20-42 mmol/mol) were noted although his full blood count and
inflammatory biomarkers (erythrocyte sedimentation rate or C reactive protein) were within the
reference ranges. Polysomnography was performed because of a history of snoring and mild
OSA was diagnosed. Magnetic resonance imaging (MRI) with and without gadolinium

enhancement of the brain was within normal limits.

Thinning of the GCC was observed (55 pm and 52um at 3 and 6 months respectively) and the
pRNFL (79um at 3 months and 60 pm at 6 months). Microcysts were observed in the superior
hemi-maculae 6 months post episode and were persistent at the latest follow-up (24 months

post episode; Figure 43).
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CASE 3

Figure 43: CASE 3. (A) lllustration of corresponding AGCL (um) thinning between the eye before the
event and 6 months post episode (B) Visual field showing a superior altitudinal defect (C) HD-OCT
Jfundoscopy images showing hypointense lesion corresponding to location of microcyst (D) HRA en-face
OCT (Heidelberg Engineering, Heidelberg, Germany) showing inner nuclear layer microcysts in the
inferior hemi macula. This cystic change develops over time, is longstanding, possibly permanent and
corresponds with the GCC thinning and visual field loss. For each patient, the distribution of cystic
change was confirmed by inspection of the horizontal scans.
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7.4. Discussion

A degenerative change in the INL following ganglion cell loss was first reported in 1963 2% in
post-mortem studies of primates following chiasmal transection; and shown a few years later
in post-mortem studies of human cases of optic neuropathy 2. In the primate study, the cystic
degeneration was distributed in an annular perifoveal distribution from around 500um outwith
the foveal margin extending over a further 1 mm, where the ratio of Miiller cells to cone bipolar
cells is low (1:4 rising to 1:1 at 3 mm eccentricity) although Miiller cell to total bipolar cell
ratio remains more constant 2%, Histological examination in the primate study showed debris

and tissue in the larger cysts 2%

-confirming that is not oedema- and some authors have
suggested that degeneration of the Miiller cells plays a key role because the MMO is localized
in the poorly perivascularized rim 62204225 Miiller cells are glial cells which provide metabolic
and structural support to retinal neurons ?2°. The microcystic appearance observed in the INL

may correlate with the vertical orientation of Miiller cells 7.

Following the use of OCT, it has become possible to identify acute and chronic cystic change
in the INL in daily practice and the clinical spectrum of appearances designated MMO has
widened in recent years 22!, Indeed, it has been described not only in retinal pathology but also
in patient with severe optic neuropathy with no known associated retinal pathology and this
aetiological diversity has led to some confusion among clinicians. There is no consensus

regarding the pathogenesis of MMO, some authors have suggested that it may be related to

217,224 203204 p

transsynaptic degeneration of bipolar cells others to Miiller cell dysfunction
some cases it may be a genuine manifestation of interstitial oedema perhaps secondary to Miiller

cell dysfunction.
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Initially the three patients described above had transient reversible microcystic change affecting
the INL. We propose that this is related to transudation of fluid from the ischaemic optic nerve
head sectors extending within and under the retina. This finding recovered spontaneously after
one month. These microcystic changes were observed in the peripapillary region and were
associated with fluid localised between the ellipsoid zone and the outer plexiform layer in the
parafoveal region (Figure 44). Because we are describing this microcystic change in the
peripapillary region, and as it is likely to be genuine interstitial oedema a better term could be
“microcystic peripapillary oedema” within the INL although it can extend into the macula
(Figure 44). Subsequently, these three patients developed the now “classical” MMO in the

perifoveal region, which we have shown may be very long-standing perhaps, permanent.
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Figure 44: SD-OCT (Heidelberg Engineering, Heidelberg, Germany) imaging illustrating microcystic
change in the inner nuclear layer in patients with acute non-arteritic anterior ischaemic optic
neuropathy. Extension of microcystic change in the INL close to the fovea in one case from the cohort
(Cohort case) (A) and in Case 3 (B). These changes correspond to the degree of optic disc swelling and
are reversible with resolution of the retinal oedema.

Acute microcytic change associated with disc swelling is probably caused by a disruption of
the blood-retinal barrier as proposed by Gelfand %, leading to the overwhelming of Miiller cell
function. Over the past five years, various authors have described the presence of a paravascular
transport system in the retina and around the optic nerve similar to the glymphatic system
existing in the brain 2°!2%, In a human post-mortem study assessing cross-section of the optic
nerve, Wostyn et al found an accumulation of India Ink in paravascular spaces around the central
retina vein and artery, which could correspond to an optic nerve glymphatic system 2%, It has

also been suggested that a hyporeflective area around the vessel walls observed on OCT provide
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evidence for such a system °!. In NA-AION, the glymphatic system could be compromised
along with the venous drainage by some common mechanisms observed in ischaemia of the
optic nerve. Miiller cells and the superficial and deep vascular plexuses under normal conditions
have a role in the reabsorption of fluid 2°*** but following arterial hypoperfusion and extensive
extravasation of fluid from capillaries and veins Miiller cells and other mechanisms of tissue
homeostasis are saturated. This explains why we observe the OCT microcysts in the INL,
similar to what has been observed in MMO '®2, although the retinal distribution differed.
Another factor may be that the transudate forming subretinal fluid might induce traction on the
Miiller footplates explaining the cystic appearance observed 2!!!8, Once the disc swelling had

resolved, we observe a complete resolution of the cystic change.

In contrast MMO appeared a few months post episode — after 4 months in the first case - and
persisted over time (at least 36 months). Burgraff et al have described that MMO was transient
in 84% of their series but most of the cases were AMD and ERM traction, where the
pathogenesis may be quite different. In our cases, we observed the persistence of MMO,
indicating a likely permanent change as also observed by Abegg et al *!7. Therefore, retinal
ganglion cell (RGC) loss inducing vitreoretinal traction on the Miiller cells is a less likely

pathogenesis than a metabolic change related to retrograde transsynaptic degeneration 212219,

either dysfunction of the Miiller cells 2%’

or empty space induced by Miiller cell degeneration
now fluid filled '®. Indeed, the stationary nature of the cysts over a long follow-up period (3

years), suggesting a fixed change very unlikely to be interstitial oedema (Figure 4).

In NA-AION, patients present with an altitudinal defect corresponding to the loss of ganglion
cells induced by hypoperfusion (infarction) of one or more optic disc sectors. We observed a
strong relation between the location of MMO and the thinning of ganglion cells, corresponding
to the visual field defect. Indeed, MMO seems to respect the horizontal meridian in case 2 and

3, suggesting a causative effect of retrograde degeneration. Moreover, greater RNFL and GCC

126



thinning are observed in these patients compared to the entire cohort (Figure 33). Contrary to
the conclusions of Lee DH et al 2*°, in NA-AION, a poorer overall visual outcome is not
necessary to observe MMO but rather it is a significant localised loss of RGCs is key. MMO
was indeed observed by us in two patients who had poor vision (Case 1 and Case 2) but also in
a patient with good overall vision because central vision was spared (Case 3). The question
arises as to the impact of the INL change on visual function. Clearly, it signifies greater RGC
loss but whether any additional impairment of function occurs is unknown. To investigate this
question in NA-AION would require detailed visual function analysis and possibly
electroretinography concentrating on the macula, comparing cases with comparable visual field

loss with and without MMO.

7.5. Conclusions

In conclusion, our study indicates two causes of MMO in the same patients suffering from NA-
AION, one reversible and the other likely permanent. Miiller cell dysfunction seems to play a
key role in this finding and offer a potential explanation for both conditions. This finding
highlights the distinction between genuine oedema related to transudation of fluid (here
associated with optic disc swelling) and the phenomenon observed in RM related to the degree
of RNFL loss. We consider that MMO might be considered a misnomer if there is no tissue
oedema and, until the exact pathology is identified, would recommend the use of the term
“retrograde maculopathy” 16321°_ The distribution of the change corresponded in our cases to
both the more significant visual field loss and the greater GCC thinning. It appeared after a time
interval of some weeks and may persist for many months or years. These are not the

characteristics that would be expected if tissue oedema were the underlying mechanism giving
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rise to the INL cystic change. NA-AION is also a useful model because of the localised retinal
change corresponding to localised axonal loss, as has also been found in the nasal hemi-macula

in chiasmal compression 2%,
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8. Conclusions and perspectives

With the advance of OCT in Neuro-Ophthalmology, we are able to investigate easily and
accurately the thickness of the GCL, layer connected directly with the brain. The structure and
the organization of the retina are unique and the use of OCT is a great opportunity to detect the

short-term and long-term change after an episode of optic neuropathy.

Throughout this work, we have chosen to focus on NA-AION because it is a common cause of
presentation in the ophthalmologic department. Indeed, the incidence of NA-AION in patients

aged over 50 years old is 10.2 per 100 000 individuals®?’.

Moreover, pathogenesis (the
hypoperfusion involving one or more ON head sectors) in NA-AION is particularly interesting
because it induces a permanent loss of visual function (permanent visual field defect)
corresponding to the loss of ganglion cells. This aspect was crucial to permit the assessment of

an inferior GCC thickness threshold and the use of ganglion cells OCT as a potential marker of

recovery.

Moreover, we have identified a specific sub-population of patients with NA-AION: NA-AION
patients associated with fluid. Therefore, we investigated the visual impact in patients with and

without fluid and the pathogenesis of fluid in these patients during the study.

8.1. Assessment of ganglion cell complex thickness

In neuro-ophthalmology, pPRNFL and GCC thickness obtained by OCT are objective measures
whereas visual field testing is subjective. Moreover, visual field may not reflect early or mild

axonal damage. Compared to RNFL analyses, the GCC assessment provide an earlier window
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to monitor NA-AION sequelae because it is less impacted by the optic disc swelling. Indeed,
the GCC measurement is more reliable in our cohort and is approximately stable after 3 months
although the RNFL loss is more progressive and becomes stable about 6 months after the
episode. Moreover, the visual field was more strongly correlated to GCC thickness than to

RNFL thickness.

NA-AION is also a useful model because of the localised retinal change corresponding to
localised axonal loss, as has also been found in the nasal hemi-macula in chiasmal
compression'?”. Indeed, GCC thinning in NA-AION often respects the horizontal meridian
whereas a chiasmal compression respects the vertical meridian. Identification of GCC thinning
pattern on OCT is a useful method for early detection of visual pathway injury but also to

diagnose adequately the aetiology of an optic neuropathy.

The principal aim of this work was to determine an inferior ganglion cell thickness threshold at
which point a permanent visual field defect become detectable on examination. This critical
threshold is reached when the remaining axons and ganglion cells are not able to compensate
for the loss. In other words, GCC parameters could be a predictor of the degree of long-term
visual field or visual acuity recovery. In order to achieve this purpose, we reviewed 45 eyes
with NA-AION and 23 healthy follow eyes (34 patients). We considered NA-AION as a unique
model because the axonal loss corresponds to the visual defect. This loss is usually found in the
superior or the inferior hemi-macula corresponding to the inferior or superior altitudinal visual
field defect (Figure 45). In our study, the main objective was to examine the GCC thickness in
the superior and inferior hemi-macula. This variable was assessed at baseline and at 6 months

after the episode.

132



OD Sectors

OS Sectors

=— Superior quadrant

=— Inferior quadrant

Figure 45: Ganglion cell complex thickness analysis obtained by optical coherence tomography (HD-
OCT Cirrhus, Carl Zeiss Meditec, Dublin, California). Ganglion cell complex sectors analysis
illustrating the superior hemi-macula ganglion cell complex quadrant average thinning after a NA-
AION episode in the left eye (right image) compared to the unaffected right eye (left image). In this case,
a loss of 25.30% and 34.00% is observed in the superior and the superotemporal sectors 6 months after
an episode of NA-AION, respectively. OD: right eye OS: left eye

In our cohort, we observed a significant GCC thinning of 33.3% (-28.2 £ 5.2 um) in the superior
hemi-macula and 31.0% (-30.7 = 5.6 um) in the inferior hemi-macula at 6 months after the
episode compared to the unaffected eye. We also calculate the relative GCC thickness change
between baseline and 6 months using log GCC thickness at baseline/GCC thickness at 6
months(A) (Figure 46). On the logarithmic scale, we mostly observe a thinning of the superior
and inferior hemi-macula as confirmed by the negative A (A=log ratio inferior/ superior hemi-

macula GCC 6months/GCC baseline).
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Figure 46: Log ratio of GCC thickness in the superior (x axis) and inferior (y axis) hemi-maculae
between 6 months and baseline. Overall, superior and inferior hemi-macula thickness decrease in all
patients as shown by the negative A. Patients with MMO had significant thinning of both the superior
and inferior hemi-maculae (case 1: blue dot, case 2: green dot, case 3: red point). One additional patient
of the cohort who had significant thinning of both the superior and inferior hemi-maculae at 6 months
had also significant MMO observed (yellow dot). In these patients, a reduction of at least 33% (4 <-0,4,
labelling by the blue square) is observed in the superior and inferior hemi-macula compared to baseline.
The red line represents the 45-degree line where A inferior hemi-macula and A superior hemi-macula
are equal.

However, in order to confirm this figures, we add another marker that can reveal a definite loss
of function: the retrograde maculopathy (RM). Overall, we observed a RM only in 4 patients at
the long-term follow-up. As mentioned, this process is related to a retrograde transsynaptic
degeneration of the Miiller cells. This finding has been found in patients who presented
simultaneously a significant GCC thinning in the superior (thickness reduction 0f 27.9%, -23.01
+ 9.33um) and the inferior hemi-macula (thickness reduction of 28.51%, -19.14 + 12.1 um),

indicating a greater RNFL loss. Figure 46 shows that the 4 patients with MMO (yellow, green,
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red and blue dots) are well separated from the other patients. They are distinguished by a major
superior and inferior hemi-macula GCC thinning with a A<-0,40 (corresponding to a reduction
equal or greater than 33,33% between baseline and presentation, as illustrated on the figure by

the blue lines).

The location of the microcysts in patients with RM was correlated with the visual field defect
(respecting the horizontal meridian) and the greater loss of GCC. Surprisingly, RM was not
reported in the literature in patients with NA-AION because it was probably overlooked by
clinicians. A recent and detailed review written by Gaudric et al discussed about non-vasogenic
cystoid maculopathies and optic nerve diseases but did not mentioned non-arteritic anterior
ischaemic optic neuropathy as a potential cause?*°. However, this change has a particularly

clinical significance and should be systematically looked for.

In summary, a loss of 33% of GCC thickness in the superior and inferior hemi-macula is
necessary to observe a RM, indicating a complete loss of function by retrograde negative
feedback. This finding will add another reliable information that could be used to follow-up and
investigate possible complications in patients with chronic optic neuropathies (IIH or
compressive optic neuropathies, for example) but also to estimate the visual prognosis in

preoperative patients with compressive optic neuropathy (pituitary adenoma or meningioma).

However, we should keep in mind that OCT provides only a thickness measurement of the GCC
layer and does not precise the functional status of the RGC. It would be interesting to compare
the OCT analyses with the electrophysiology — pattern and multifocal ERG- to assess the
correlation between structure and function in patients with the same visual field loss with and
without MMO. Furthermore, it is not impossible that some adaptive phenomenon can

compensate the loss of RGC by an increase in the ganglion cell receptive field.
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Moreover, the presence of MMO may be associated with greater ischemic involvement. Further
studies are needed to correlate the location and significance of the watershed zone in these cases

with FFA.

8.2. An epidemiologic study in NA-AION patients

8.2.1. Retinal fluid and NA-AION

Although NA-AION is common in neuro-ophthalmology, this retrospective study has
demonstrated new and significant findings concerning the OCT analyses in patients with NA-
AION. We had the chance to examine the patients at the onset of symptoms and we highlighted
the effects of optic disc swelling induced by ischemia on the retina, leading to a microcystic
change in the INL and retinal fluid. This phenomenon recovers spontaneously after 1 month
and is often missed by ophthalmologist in patients examined 4 weeks or more after the onset of

symptoms.

We firstly try to elucidate the pathogenesis of retinal fluid in these cases by comparing with
other retinal disorders. Initially, various macular anomalies were considered as “macular
oedema” in the nineteenth century. Then, Gass and Norton described in patients with vasogenic
macular oedema a leakage of dye during fundus fluorescein angiography (FFA)*!. Nowadays,
this feature has been a key finding for the diagnosis of macular oedema due to vascular and
inflammatory disease. We had the chance to have in our cohort 27 patients (63.4%) who had a
FFA at presentation. Among patients with subretinal fluid, 90% had this angiographic study.

This exam showed a leakage around the disc but no leakage in the macular region, excluding
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the presence of choroidal neovascularization and others factors local to the fovea. FFA

confirmed that the fluid due to ischemia was generated by the peripapillary vessels.

We hypothesized that this fluid was a transudate. Indeed, the sudden high volume of fluid due
to the ischemic cascade extravasated through the retina and overwhelmed the compensating
factors of retinal fluid resorption as the draining vascular system, the pump capacities of the
RPE or the glymphatic system. The development of a macular star is also evidence of
intraretinal fluid which has been reported in MOG-ON. It may be evidence for an inflammatory
exudate rather than an ischaemic transudate as in NA-AION, since no hard exudates were found
in our cohort. In the future, it would also be useful to confirm if the presence of subretinal fluid

and peripapillary inner nuclear layer oedema are distinguishing features of acute NA-AION.

Moreover, at acute phase, microcystic change in the INL - hyporeflective cavities- were
observed in the peripapillary region. Interestingly, this microcystic change are strictly limited
to the INL. INL comprises the cell bodies of amacrine, bipolar and horizontal cells as well as
Miiller cells bodies. Miiller cells are intrinsically involved in the reabsorption of fluid that
percolates through the retina. Because of the high quantity of fluid, these cells are overwhelmed
-secondary Miiller cells dysfunction- leading to a swollen of these cells. Moreover, Miiller cells
processes stabilized mechanically the retina. In case of vitreomacular traction due to optic disc
swelling, the dissociation between different Miiller cells can create cystoid space. The role of

Miiller cells is probably essential in the pathogenesis of this finding.

Finally, it is the first time that the pathological change in the retina due to optic disc swelling
were described. In our clinical practice, it is not so rare to observe retinal fluid associated with
optic disc swelling and the primum movens should be identified to diagnose and treat
adequately the patient. We should systematically address this question: “Is the retinal fluid
related to the optic nerve or the retina itself? “. In case of fluid associated with optic disc

swelling, structural changes mainly in the peripapillary retina will be observed: microcystic
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change in the INL and fluid infiltration in the outer nuclear layer. Traction caused by the optic
disc swelling may contribute to the presence of subretinal fluid but it seems also that the fluid
amount generated is also an important factor. Indeed, parafoveal fluid is often observed in
association with subretinal fluid in patients with optic disc swelling (p=0.0021). OCT scanning
of the peripapillary region especially in patients with severe loss of vision out of the proportion
to the retinal finding should be done systematically. In addition, FFA should be realised in
patients with retinal fluid of unknown origin to identify a dye leakage. Understanding the
pathogenesis of retinal fluid associated with optic disc swelling will help us to better interpret
OCT findings and will help us in the differential diagnosis between a retinal disorder or retinal
fluid associated with an optic nerve disorder. Indeed, this finding illustrates what is often
observed in “neuroretinitis” or other causes of neuropathies associated with optic disc swelling
and permit to understand easily the high risk of misdiagnosis because of the similar underlying
mechanism. Identifying the origin of fluid in the retina is crucial to treat adequately these
patients. In fact, in case of blood retinal barrier breakdown, anti-angiogenic agents will be
efficient whereas these drugs will have no effects on patients with retinal fluid associated with

optic nerve disorders.

8.2.2. Qutcome and management of NA-AION

This thesis was also the opportunity to investigate retrospectively the visual outcome in patients
with NA-AION associated or not with retinal fluid. First of all, our results confirmed that
inferior altitudinal defect was observed in the majority of the patients (75%). Even if this finding
is commonly reported in the literature, no explanation was found. One hypothesis could be that
an anatomic factor makes the superior ciliary posterior artery more vulnerable to ischemia

because of their location in the optic disc. Indeed, Hayreh et al identified more superior branch
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retinal artery occlusion (BRAO) (42%, 11% of superior BRAO and 31% of superior temporal
BRAO)?**2. Another thought could be that the superior part of the OD might be more susceptible
to ischemia in patient with crowded disc (a small cup-disc ratio). Indeed, we can easily imagine
that less blood arrives in the superior artery -in case of hypoperfusion- due to the gravity effect.
Causes of superior artery involvement should be investigated in the future and maybe could

help us to avoid episodes of NA-AION in patients at risk.

Moreover, it is mentioned in the literature that some cases of NA-AION recover slightly few
weeks after the attack!®’. Therefore, we hypothesized that this vision recovery was due to the
resorption of fluid. However, our results showed that subretinal fluid associated with NA-AION
do not influence the visual outcome. Indeed, there was no significant difference concerning the
visual acuity in patients with and without retinal fluids (p=0.91). An upward trend is observed
concerning the visual acuity between the onset and 1 month in patients with NA-AION and
could be due to cerebral compensatory mechanisms permitting a better utilization of the
remained visual field. Although OD swelling can induce a hyperopic shift, the upward trend

was not related to a change of the subjective refraction.

In neuro-ophthalmology, questions concerning the utility of corticosteroids in NA-AION raises
each time we face a patient with this condition. In our study, although there was no
randomization, we did not observe any differences concerning the visual prognosis in patients
treated and non-treated with corticosteroids. However, a question remains unanswered: “Do the
corticosteroid fasten the subretinal fluid resorption?”. In order to address this question,
measurements of fluids should be evaluated within the first few days after the onset of

symptoms.

Finally, an important point is the possibility to avoid bilateralisation of NA-AION by treating
cardiovascular risk factors. OSA should be systematically screened in these patients. Indeed,

OSA was found in 34.4% (n=11) of patients with NA-AION. When analysing our results,
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treated systematic hypertension is highly associated with NA-AION (62.5%, n=20). At first, we
tried to identify if this association was caused by a potential side effect of the medication.
However, multiple drugs were taken by the patients: angiotensin blockers (n=4), beta-blockers
(n=3), angiotensin-converting enzyme inhibitors (n=4), calcium channel blockers (n=2), and
diverse associations (n=7). A majority of patients was treated with at least 2 antihypertensive
drugs which can induce a greater drop of blood pressure. Thus, clinicians should be aware that
hypotension can be as involved as hypertension in these patients. Indeed, ocular blood flow to
the ON head is directly affected by the ocular perfusion pressure®**2*. The ocular pressure
perfusion is defined as the difference between blood pressure and IOP. Hypertension and
hypotensive drugs impair the autoregulation mechanism leading to a reduction of the ocular
blood flow due to a decrease of perfusion pressure. Thus, we can easily imagine that
autoregulatory mechanisms can maintain the blood supply to the ON head to a certain extent
before observing an abnormal perfusion and the subsequent ischemia of the ON head, playing
a major role in the pathogenesis of NA-AION. Moreover, it is important to remember that
hypertension is a major cardiovascular risk factor that can contribute to the pathogenesis of

atherosclerosis, ultimately leading to optic nerve hypoperfusion.

8.3. Microcystic macular oedema: a misnomer?

Following the use of OCT, we have been able to detect tinny change in the different layer of
human retina in few seconds. MMO was described initially by Gelfand et al in patients with
MS who had had a severe episode of optic neuritis with a marked RNFL thinning 62, This

microcysts are located in the INL and show a perifoveal distribution!'6>2%,
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However, in clinical practice, it is sometimes very challenging to interpretate adequately these
findings and the literature review regarding MMO illustrates quite well the confusion found
among clinicians. In fact, an apparent same finding- microcystic macular oedema- may be
related to distinct pathogenesis. A recent review focused on the “non-vasogenic cystoid
maculopathies” seems to confirm this thought but did not mention acute NA-AION as a possible

cause of INL cystic change?°.

We described three patients with NA-AION who had #ransient microcystic macular oedema
and persistent microcystic macular oedema. We suggested that these findings were related to

transudation of fluid due to optic disc swelling in the acute phase of NA-AION and retrograde

217,224 203,204 :

transsynaptic degeneration of bipolar cells or Miiller cells dysfunction in the chronic

phase of NA-AION.

Although in both entities the microcysts are located in the INL, some characteristics drastically
differ. The microcysts are transient in fluid transudation and are related to a genuine oedema
whereas they are permanent in retrograde degeneration due to Miiller cell apoptosis secondary

to retrograde degeneration.

In summary, it illustrates how a same finding on OCT, consequence of the anatomical structure
of the INL, can have two distinct pathogenesis and the impact on conclusion in some trial
mixing the two entities. In order to avoiding misunderstanding in the future, we should use two
different terms: retrograde maculopathy in retrograde transsynaptic degeneration due to optic
neuropathies and microcystic macular oedema in genuine oedema related to transudation of

fluid. Therefore, the term MMO is misleading in cases of retrograde maculopathy which is

unrelated to tissue edema.
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8.4. Clinical relevance and perspectives

As demonstrated by the outcomes of the thesis, OCT have become a useful biomarker in optic
neuropathies and neurological diseases. OCT is a non-invasive device providing reproductive
measurements of the retinal layers and is considered as harmless and comfortable by the
patients. Physicians obtain in few seconds real-time images, helping in the understanding of the
patients complains. The GCC thickness assessment provide an additional reliable information

that should be used in the ophthalmology, neurology and neurosurgical department.

The retina is considered as an extension of the central nervous system 2*®. Indeed, RGC share
some similarities with central nervous system neurons and optic nerve fibres. Moreover,
embryonically, the eye developed from diencephalon of central nervous system 23¢. Recently,
OCT have given insights into the prognosis of neurological diseases. In Parkinson’s disease
(PD), a diffuse thinning of the GCC was observed in PD patients compared to controls and was
correlated with reduced volume of some brain structures as the thalamus and the putamen,
explaining the cognitive impairment >*’. GCC thickness was inversely correlated with disease
duration and severity. Similar findings have been found in mild cognitive impairment and
Alzheimer’s disease 23%. A decreased macular and RNFL (superior and inferior quadrants)
thickness was observed in patients with Alzheimer's disease even in patients with normal visual
acuity, visual field and colour vision, highlighting the degenerative process 2. Therefore, the
OCT has the advantage of permitting an early recognition of some conditions in pauci

symptomatic patients and in atypical manifestations of a neurological disease.

Moreover, GCC thickness analysis adds an important clinical value for the assessment of the

clinical activity of a disease as in multiple sclerosis. OCT can confirm and reveal a previous
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episode of optic neuritis. In fact, a loss of 5 to 27% of GCL after optic neuritis with a full visual
recovery as determined by clinical tests is observed in a recent study'*’. Long-term evaluation
of patients with MS can also identify some specific pattern as progressive visual failure. This
subtype of optic neuropathy dominantly affects males and is a bilateral disease associated with
primary progressive multiple sclerosis**®. Thus, OCT is a high-value tool for the longitudinal
follow-up in chronic conditions as in inflammatory diseases (MOGAD, NMOSD and MS, for
example) or IIH. Thinning of the RNFL and GCC is observed in MS patients, even in those

without a history of optic neuritis.

OCT can also be considered as a marker of recovery of vision before surgery with the OCT
parameters. Indeed, we could demonstrate if a permanent axonal loss is present related to the
retrograde degeneration. A thinning of the GCC superior to 33,33% will indicate a permanent
visual defect in patient with optic nerve sheath meningioma for example by extrapolation of the

results of the thesis (see section 8.1. Assessment of ganglion cell thickness).

In addition, OCT is a potential screening tool which represent a protective effect due to
subsequent treatment started. In ophthalmology, it is also well known that we can detect
glaucoma optic neuropathy in a preclinic stage because of a GCC thinning even if the visual
field and the visual acuity are still normal. They give us the possibility to treat the patients

earlier and a 50% reduction of glaucoma-related blindness is observed in screened patients 241,

Finally, it seems obvious that continuing advances will appear in the future concerning OCT
technology. Next-generation OCT will achieve a sub-micrometre level of precision and we will
be able to detect new pathologies. Vascularization study of the optic nerve will probably help
us to better understand the pathogenesis of the NA-AION by identifying some embolism or
reduced flow in posterior ciliary arteries. However, manufacturers should work on the
diminution of acquisition and analysis artefacts by reducing the processing time and increasing

the volume segmentation. Moreover, in order to have a better comparison with the normative
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database, they should increase the population with patients with very high and short axial

length. Extreme age population and all ethnicities should also be more represented.

Artificial intelligence (AI) combined with OCT is likely to play a major role in Ophthalmology
in a few years 2*>?**. This new technology will help to detect some change undetectable to the

244

ophthalmologist eye in identifying optic nerve abnormalities “*, aid in the diagnosis of

245 and make the difference between arteritic and non-arteritic

neurodegenerative diseases
AION. Moreover, artificial intelligence will help us to predict the risk of a disease. For example,
we will be able to predict the cardiovascular risk factors based on the retinal fundus

246

photographs®*® or estimate accurately the biological age using retinal images 2.

Currently, ophthalmologists and neurologists do not have any drugs to treat NA-AION.
However, we could prevent the occurrence of NA-AION through preventive measures (control
of the cardiovascular risk factors, for example). Al would play a major role in the future to
establish the prediction of occurrence of NA-AION in global population or in a subpopulation
treated with antihypertensive drugs, for instance. First of all, we could identify some unknown
factors involving in the pathogenesis of NA-AION as some anatomical features using some big
data set. We could integrate the anatomical factors — presence of a crowded disc and the OCT
parameters - and their medical history (severity of nocturnal apnoea, level of high blood
pressure, diabetes, drugs taken). Therefore, we could assess the risk for each patient and
categorize them in low, medium or high risk of NA-AION. This comprehensive integration of
diverse risks factors could lead to preventive management, and we could identify personalized
treatment options (instauration of systemic antihypertensive drugs or decrease the intraocular
pressure) in order to avoid an NA-AION episode. We could also be capable to observe the
influence of a treatment by pretesting the patient without putting the actual patient through
damaging drugs. Al could bring in the future a customised and a systemic approach to prevent

the occurrence of NA-AION.
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Although this technology has already been used to detect diabetic retinopathy by
endocrinologists for years, we are at the very beginning of the millions of possibilities that this
technology can offer. We should keep in mind that it is essential to obtain a strong training
dataset to have accurate outcomes. A huge challenge is waiting for us because we will need to

learn how to use it and how to keep our holistic mind to treat the best as we can our patients.

Finally, collaboration with neuroradiologists is essential. We have already highlighted the
importance of evaluating brain MRI for microvascular disease. Another important area for
future development involves assessing focal brain MRI atrophy in the primary and secondary

visual cortex in cases of retinal atrophy, with or without visual acuity impairment.
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9. Supplementary figures

Variable N Mean SD SE Min Q1 Median Q3 Max
Mean RNFL (um) 6 9650 536 219 91.0 91.0 9650 99.0 105.0
Superior RNFL (um) 6 12233 1155 4.72 111.0 1120 119.00 136.0 137.0
Temporal RNFL (um) 6 6183 11.16 4.56 52.0 55.0 56.00 74.0 78.0
Nasal RNFL (um) 6 76.67 10.23 4.18 66.0 68.0 74.00 87.0 91.0
Inferior RNFL (um) 6 12467 21.39 8.73 102.0 103.0 124.00 142.0 153.0
Mean GCC (um) 5 8120 295 132 760 820 8200 830 830
Minimal GCC (um) 5 80.00 469 210 720 800 8200 820 84.0
Superior GCC (um) 5 7780 449 201 720 740 80.00 810 820
Supero-temporal GCC (um) 5 8020 415 185 750 780 80.00 820 86.0
Superonasal GCC (um) 5 8320 303 136 80.0 820 8200 84.0 88.0
Inferior GCC (um) 5 79.00 458 205 71.0 800 8000 820 820
Inferotemporal GCC (um) 5 8320 217 0.97 800 820 84.00 850 850
Inferonasal GCC (um) 5 83.00 354 158 770 830 84.00 850 86.0
Visual acuity 6 1.00 0.00 0.00 1.0 1.0 1.00 1.0 1.0

Supplementary figure 1 A: Descriptive analysis of the characteristics of eyes prior to an episode of NA-

AION in patients with bilateral NA-AION. N= number, RNFL= Retinal Nerve Fibre Layer, GCC=

Ganglion Cell Complex

N° Patient RNFL baseline RNFL 6 months | GCC baseline GCC 6 months
(um) after NA-AION (um) after NA-AION
(pm) (um)
101 99 60 82 52
102 91 64 83 68
105 105 62 82 55
106 95 66 72 34
107 107 60 90 69

Supplementary figure 1B: Retinal nerve fibre layer (RNFL) and ganglion cell complex (GCC) thickness

before and 6 months after the episode of NA-AION in 5 patients with bilateral involvement.
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No CCS CCSs

Variable Categories N Number (%) N Number (%) p-value
Sexe 1 10 0.31
8 (72.7) 9 (90.0)
F 3(27.3) 1(10.0)
Arterial Hypertension 11 10 0.54
Non 3(27.3) 4 (40.0)
Oui 8 (72.7) 6 (60.0)
Sleep apnea 11 10 0.83
Non 6 (54.5) 5 (50.0)
Oui 5 (45.5) 5 (50.0)
Hypercholesterolemia 11 10 0.26
Non 5 (45.5) 7 (70.0)
Oui 6 (54.5) 3(30.0)
Diabetes 1 10 0.92
No 9 (81.8) 8 (80.0)
Yes 2(18.2) 2 (20.0)
Heart attack 11 10 NA
Non 11 (100.0 10 (100.0
Anti-hypertensive drug 11 10 0.86
intake
Non 4(36.4) 4 (40.0)
Oui 7 (63.6) 6 (60.0)
High blood pressure newly 7 6 0.34
diagnosed
Non 6 (85.7) 6 (100.0
Oui 1(14.3) 0(0.0)
Variable N Nmiss Mean SD Min Q1 Median Q3 Max
Age 1er Onset (years)
No CCS 1 0 57.75 13.167 4164 5168 5546 63.22 88.13
CCS 10 O 6150 7.775 51.19 5587 61.13 69.25 70.50

Supplementary figure 2: Comparative table illustrating the characteristics of the patient group with
retinal fluid treated (CCS) and not treated (No CCS) with steroids. The following parameters were
compared.: sex, age, and cardiovascular risk factors.
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GCC GCC
N° Hemi-Sup Hemi-Sup Difference

Paire  Baseline 6 months (%)
1 90.0000 60.3333 -32.9630
2 59.6667
3 78.6667 52.6667 -33.0508
4 87.6667 55.6667 -36.5019
5 51.0000
6 78.3333 71.3333 -8.9362
7
8 70.6667 55.6667 -21.2264
9 . 77.6667
10 . 60.6667
11 83.3333 60.6667 -27.2000
12 81.6667 51.6667 -36.7347
13 . 53.0000
14 82.3333 64.3333 -21.8623
16 74.3333
17 85.3333 63.0000 -26.1719
18 78.3333 68.6667 -12.3404
19 73.3333 46.3333 -36.8182
20 813333 506667  -37.7049
21 . 59.0000
22 77.6667 55.0000 -29.1845
23 73.3333 51.3333 -30.0000
24 77.3333 48.6667 -37.0690
25 85.6667 52.3333 -38.9105
26 74.0000
101 81.3333 51.0000 -37.2951
102 . 66.0000
103 76.3333 55.0000 -27.9476
104 82.3333
105 78.6667 55.6667 -29.2373
106 . 60.0000

Supplementary figure 34: Ganglion cell complex (GCC) thickness in the superior hemi-maculae
(Hemi-Sup) between 6 months and baseline. The highlighted coloured lines correspond to the coloured
dots on the graph.
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GCC GCC
N° Hemi-Inf Hemi-Inf  Difference
Paire Baseline 6 months (%)
1 88.3333 60.6667 -31.3208
2 . 69.3333
3 83.3333 53.6667 -35.6000
4 88.6667 55.6667 -37.2180
5 49.6667
6 79.3333 79.0000 -0.4202
7
8 66.6667 54.3333 -18.5000
9 79.0000
10 . 65.3333
1 83.0000 56.3333 -32.1285
12 83.0000 52.3333 -36.9478
13 56.0000
14 84.0000 83.0000 -1.1905
16 71.3333
17 89.0000 64.6667 -27.3408
18 76.3333 54.0000 -29.2576
19 77.0000 49.0000 -36.3636
| 82.3333 52.0000  -36.8421
21 69.6667
22 78.6667 54.3333 -30.9322
23 74.0000 67.6667 -8.5586
24 78.0000 49.6667 -36.3248
25 85.0000 75.6667 -10.9804
26 73.6667
101 82.3333 53.6667 -34.8178
102 69.0000
103 76.0000 54.3333 -28.5088
104 84.0000
105 83.3333 54.3333 -34.8000
106 74.0000

Supplementary figure 3B: Ganglion cell complex (GCC) thickness in the inferior hemi-maculae (Hemi-

Inf) between 6 months and baseline. The highlighted coloured lines correspond to the coloured dots on

the graph.
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Abstract

The management of optic newropathy is fundamental o newro-ophthalmic practice. Following the invention of the oph-
thalmoscope, clinicians, for a century or more, relied upon fundus examination in the evaluation of optic nearopathy.
Hewever, the advent of optical coherence tomography, based on the principle of backscanering of lizht and intee ferometry.
has revolutionized the analysis of optic nerve and retinal disoeders. Optical coherence tomography bas proven of particular
vialue i the measurement, at the micron level, of the peripapillary setinal nerve Abee layer and the ganglion cell layer. These
measurements have proven critieal in the differential diagnosis and monitoring of eptic nearoepathy. Specifically, thinning of
the peripapillary nerve fibre layer provides evidence of axonal loss affecting any sector of the opiic nerve. Thinning of the
mzcular ganglion cell layer, on the other hand, shows a more precise cormelation with viseal deficits due to retrograde degen-
cration following optic nerve damage, although limited 1o central retina, In daily practise, optical coberence tomography is
of great value in assessing the diagnosis, prognosis and response o treatment in optic neuropathy. Particular sdvances have
been made, for example, inthe assessment of optic nearits, papillosdema and chiasmal compression which have translaed
1o everyday practice. As with any other imaging wechnology the clinician must have a clear understanding of acquisition
artefacts, A further issee is the relatively limited normative database in sub-populations such as the young and individuals
with a refractive error = + 5 or < =5 dioptres,

Keywords Optical coherence tomography - Neuro-ophthalmology - Ganglion cells laver - Retinal nerve fibres layer -
Optical newropathy

Abbreviations MM Microcystic macular oedema
ANON Auterion ischemic optic newrogathy NAANDN  MNomp-Arteritic anterior ischaemic optic
CON Compressive optic newropath neurapathy
GOC Ganglion cell complex {inmer plexiform layer OCT Oiptical coherence tomography
{IPL) + ganglion cell Layer (GCL) oD Oiptic disc
TP Intracranial pressure pRMNFL Peripapillary retinal nerve fiboe layer
[HH Idiopathic intracranial hypenension RGC Retinal ganglion cell
IML Inner nuclear layer ¥F Automated perimetry
[P Intraoeular pressure
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and interferometey [ 1], A& beam of light is projecied o the
reting and the locations of boundaries berween the reti-
nal layers are obtained from the time to the sensor of the
reflected light. Thickness measurements of the retinal lay-
ek at the micron level are available.

The ENFL is measured where it is thickest in the peri-
papillary region (pRMFL). The retinal ganglion cells
(RGO layer {GCL) is thickest at the macula (up o 10 cells
thicknesa), and progressively thinner wowards the periph-
ery (down 10 a single celly [2]. In practice the GCL is most
commonly measured at the macula wogether with the inner
plexiform layer {IPL) designated the ganglion cell com-
plex (GCC). RCGs are the final receivers and transminers
of the initial retinal signal. Their axons follew the inner
surface of the reting and enter the optic disc 1o form the
aplic nervie.

The majority of RGCs project o the lateral geniculate
nucleus (LGN and are classified according to the LGN
layer in which they terminate: P-type ganglion cells in the
parvoce | lular lavers (layers 3—6) and M-1ype in the mag-
nocellular layers (layers 1-2) [3]. The P cells, accounting
for ®0% of the GCL, are subdivided inte P1 cells, which
receive input from two bipolar cell axons and in P2 cells
which have a denser dendritic tree [4]. The population of
P cells is greater than that of the M cells in the macula
whereas in the periphery P and M cells are equal in density
[5]. While M cells subserve information concerning depth
percepiion, motion and are sensitive o lower contrasis, P
cells process information relaved 1w colowr vision, texiure,
and higher contrast. Other RGCs (a more heterogensous
population than P and M cells) project to the koniocellulay
{interlaminar) regions of the LGN, In many cases the func-
tion of this group is unknown. Some are involved in colour
vision and others in ocular motor conteol.

All optic neurepathies may affect acutely or chronically
the retimal nerve fibre laver {RNFL ) and thus the RGC, by
direct retrograde degeneration, ie. axonal damage leading
1 loss of the prosimal axon and cell body. Thinning of the
GIOC has been found to be strongly related o viswal loss
in optic neurspathy related to glavcoma, opiic neuritis,
papillocdema, intrinsic and extrinsic optic nerve umours,
ischasmic, hereditary and toxic optic neurepathy [6]. How-
ever, as with any other imaging technology. the clinician
miust have a clear understanding of acquisition artefacts
affecting the estimation of the GCOC or RNFL thickness,
The relatively small normative database in sub-popula-
tioms such as the young and individuals with a refractive
error =+ 5 or < =5 diopires influence the interpretation of
the analysis is also an issue.

We will review the literamse of OCT findings in miscel-
laneous pathologies affecting the optic nerve o illustrate
the value of the findings in clinical practice.

£ Springer

MNon-arteritic anterior ischaemic optic neuropathy
(MAAION)

MNAALON is a common optic newropathy affecting people
over 50 years old; second only 1o glancoma, The diagnosis
of NAATON i3 suppoerted by the anambesis (painless sud-
den loss of vision involving one eve) and fundus exami-
nation (a swollen disc is observed in the affected eye at
presentation).

This entity is related to a failure of anerial supply by
the posterior ciliary aneries, supplying the optic nerve
head, A major anatomic risk factor involved in this pathol-
oy 15 a croswded optic disc (absence of a cup) [7]. Empha-
ais in the past has been on the need o exclude an arteritic
cause, henee the commonly employed negative epithet and
initializm “Mon-Anteritic” AION.

Classical NAATON leads to sectoral infarction of the
optic disc {0D) resulting in loss of optic nerve Ahres and
retinal ganglion cells {RGC) corresponding to the infarcied
0D sector. A corresponding dense and persisting defect
of the viswal field results (Fig, 12 Ar presentation, OCT
shows an increase in pRNFL thickness followed by a pro-
gressive atrophy over a few months [8] (Fig. 20 In the
acute phase, a slight inerease of GCL thickening may be
seen due 1o distortion caused by peripapillary swelling
and in some cases by intra- and sub-retinal Auaid 9, 10).
Agymmetric thinning between the superior and inferior
hemi-macula is observed, pesulting in an altitudinal pat-
teen [ 11]. In contrast 1o glavcomatous optic neuropathy, an
involvement of the superior, superotemporal, inferotempo-
ral and inferonasal quadrants of the ganglion cells are maost
commonly affected in NAATOM [12].

Compressive lesions of the anterior visual pathway

Compressive oplic newropathies (CON) are characterised
by painless progressive loss of vision and late presenta-
tion i3 common. Furthermore, clinical diagnosis can be
challenging. leading w further delays in treatment. Fundus
cxamination can be normal. The opoic disc may be swol-
len and retine-choroidal collateral vessels may be seen
if there compressive lesion gives rise o venous hyper-
tenaion (e.g. optic nerve sheath meningioma immedianely
retrobulbar) mimicking chronic papilloedema. Atrophy if
present may mimic glavcoma. Compression of the visual
pathway leads 1o loss of vision by three different mecha-
nisms: a reversible newronal block due o compression; and
newronal loss due to direct compression or an ischaemic
mechanism. The newronal block is eversible immediately
after surgery whereas axonal loss is not. Localisation of
the site of compression and identification of the causative
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Fig.1 A Visual field (Humphrey 302, Dublin. California) showing
an mfenor altitudinal defect. B Optical coberence tomography (HD-
OCT Cirthus, Carl Zeiss Meditec, Dublin, California) imaging show-

Fig.2 Line graph Evolution of mean RNFL (um) after an episode of
AION

lesion are essential to plan optimum management. While
neuro-imaging is the gold standard for diagnosis, in the
eye clinic OCT helps with the differential diagnosis by
highlighting the location of RNFL and CGC thinning
related to retrograde degeneration. OCT is valuable in the
differential diagnosis of compressive lesions involving the
optic nerve, chiasm and tract. Furthermore, in all cases of
anterior visual pathway compression comparison of the
visual loss (as seen on perimetry) with the degree of GCL
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loss is important in determining the prognosis for recovery
following decompression.

Compressive lesion involving the optic nerve and chiasm

CON can be due to extrinsic compeession (most commonly
meningioma) or intrinsic optic nerve tumours such as gli-
oma. However there are a variety of other causes, such as!
infectious (aspergilloma [13]), inflammatory (dysthyroid
optic neuropathy [14). IgG4 disease [15]) and vascular
{aneurysm [16]).

There is little information about the topography of
RGCs loss in optic nerve tumours. In optic nerve sheath
meningioma, optic disc swelling or optic awrophy can be
observed at presentation [17] depending on the course of
the compressive process and the proximity of the tumour
10 the globe {swelling) and degree of axonal loss (atrophy).
OCT will generally show diffuse pRNFL and GCC atrophy
in the affected eye compared to the unaffected eye, reflect-
ing axonal loss from chronic compression [18) (Fig. 3). In
optic nerve glioma, the same observations are also reported
compared to controls [19). Fard MA et al. found that pRNFL
and GCC measurements are an important marker of the dis-
ease progression [20]. OCT is useful in the initial diagnosis
(highlighting a significant asymmetric atrophy) and differ-
ential diagnosis (preservation of GCC where there 1s visual
field loss being a hallmark of axonal conduction block in
compressive pathology which is seen in neither glaucoma
nor ischaemic optic neuropathy). Along with subjective vis-
ual parameters, OCT provides an objective metric for follow
up of patients.
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Fig.3 A Opaical coberence tomography (HDAOCT Cirthus, Card
Zeass Meditee, Dublin, California) imaging showing a diffuse thin.
ning of the ganglion cell complex oa the left eye due to 4 retrograde
degeneration. B Visual field (Humphrey 30-2, Dublin. California)

In dysthyroid eye disease, extraocular muscles and orbital
fat are affected by an autoimmune inflammatory disorder.
The optic nerve may be compressed at the apex of the cone
of enlarged extraocular muscles. Raised intra-ocular pres-
sure may also be a feature. Studies have shown a significant
mean inferior RNFL thinning compared to controls [21].

Compressive lesion involving the chiasm

In chiasmal lesions, bilateral loss of vision is observed
associated with bitemporal hemianopia as a major feature.
although more anterior compression may give rise to fea-
tures of unilateral optic neuropathy while a more posterior
lesion may give rise to features of homonymous hemianopia
due to optic tract involvement. Supra-sellar masses repre-
sent [4-18% of all brain twmours [22). Pituitary adenoma.
parasellar meningioma. craniopharyngioma and vascular
abnormalities (e.g. internal carotid ancurysm for instance)
are the most common causes of chiasmal compeession [22].
The heteronymous nature of the visual field loss may not
be noticed by the patient, resulting in presentation with
advanced disease or the deficit being detected on a routine
eye test.

In the optic chiasmal syndrome. thinning of the nasal
and temporal sectors of the peripapillary RNFL is seen.

@ springer

showing an mfenor defect. C Optical coherence tomography (HD.
OCT Currhus, Carl Zeiss Meditec, Dublin, Califormaa) imaging show-
g a normal RNFL thickness on both side despite a left optic nerve
sheath meningioma

This has been known from ophthalmoscopic examina-
tion as band atrophy. Danesh-Meyer HV et al. confirmed
involvement of the nasal and temporal quadrants of the
RNFL in pituitary lesions using OCT [23]. This is a result
of the fact that these sectors consist entirely of nasal reti-
nal fibres which decussate in the chiasm and are more vul-
nerable in chiasmal compression. There is no region of the
optic disc which consists of exclusively uncrossed fibres,
the arcuate bundles carrying both crossed and uncrossed
fibres [24]. Studies have shown in chiasmal compression
caused by a suprasellar lesion that the pattern of the GCC
loss is the most sensitive parameter allowing the distine-
tion from optic neuropathy due to glaucoma [25]. Involve-
ment of the inferonasal and superonasal quadrant is highly
suspicious of a compressive chiasmal optic neuropathy
[25]. Nasal GCC 1s more affected because crossing fibres
onginating in nasal retina are involved [26]. The decrease
in thickness of GCC is also well correlated to the density
of the visual field defect [26]. GCC thickness assessment
helps ophthalmologist to make an earlier diagnosis even
if the RNFL OCT is still within the normal range [27). A
further refinement is to consider the naso-temporal macu-
lar GCC thickness ratio which has been compared directly
in chiasmal compression and glavcoma [28].
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OCT a marker of recovery of vision before surgery

Another special interest in compressive optic neuropathies is
the possibility for the ophthalmologist, the neurologist and
the neurosurgeon to predict the recovery after surgery utilis-
ing the OCT parameters. Several studies have demonstrated
that prognosis for recovery is more favourable where the
RNFL/GCC thicknesses are preserved, indicating conduc-
tion block rather than permanent axonal loss the recovery
[23]. Moreaver. in anterior optic nerve sheath meningioma,
a pRNFL thickness lower than 70 pm is associated with a
lower probability of visual improvement after radiotherapy
or decompression surgery | 18).

Optic tract and post-geniculate lesions

The principal causes of optic tract lesions are infarctions
(40%). tumour compression (32%) and trauma (17%) [29].
Acute MS lesions involving the optic tract are uncommon
[30]. Damage to the optic tract tends to cause an incongru-
ous homonymous hemianopia, bilateral optic atrophy and
a contralateral RAPD, If retrograde degeneration of optic
nerve fibres has occurred band atrophy will be seen in the
contralateral eye.

In patient with cerebral lesions, OCT may be a helpful
supplement to conventional perimetry. Retinal changes
due to retrograde trans-synaptic neuronal degeneration are
observed in animals and humans with post-geniculate lesions
leading to homonymous hemianopia, mitially demonstrated
through studies of the peripapillary RNFL [31-33]. In later
studies, thinning of the nasal hemimacula GCC in the con-
tralateral eye and a thinning of the temporal hemimacula
in the ipsilateral eye, respecting the vertical meridian have
been shown [34] (Fig. 4). These observations were noted

Ganglion Cell OU Analysis Macwir Cube 8124128 0D @ | @ 08
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at least 1 month after the onset [35]. If available, the OCT
characteristics permits a faster and possibly more reliable
diagnosis than perimetry but the changes will not be seen in
the acute situation.

Idiopathic intracranial hypertension (IIH)
and papilloedema

I1H is a disorder in which a pseudotumor cerebn syndrome
{i.e. raised intracranial pressure(ICP) without hydrocephalus
or a mass lesion: PTC) occurs in association with weight
gain. [t affects mainly women of childbearing age who have
recently gained weight [36]. The major ophthalmic manifes-
tation is papilloedema often presenting as transient visual
obscurations. Patients may be unaware of ongoing deficit
because papilloedema is another condition in which visual
field loss tends to be heteronymous with sparing of central
acuity. Diplopia, most commonly due 10 lateral rectus pare-
sis. may also occur. Non-ophthalmic features are headache
and tinnitus. The pathogenesis of 1TH still remains unclear
and various hypotheses have been proposed but intracranial
venous hypertension seems to be common to many causes
of PTC such as dural sinus thrombosis and fistula and this
may play a role in ITH also.

The pathogenesis of papilloedema is also poorly under-
stood in this and indeed in other sitwations but an elevated
translaminar pressure gradient (the difference between the
ICP and the intraocular pressure (I0P) [37] seems to be
fundamental (particularly as papilloedema is also seen with
low intra-ocular pressure). There may also be a contribution
from venous hypertension as the central retinal vein has a
short course in the subarachnoid space and venows hyperten-
sion at the optic nerve head will invariably follow a rise in
CSF pressure. Similar optic disc swelling is of course seen

Fig.4 A Visual field {Humphrey 30-2, Dablin, Califoenia) showing 2
right hemianopia due to a glioblastoma. B Ogpeical coherence tomog-
ruphy (HD.OCT Cirrhas, Carl Zeiss Meditec, Dublin, California)

imaging showing the correspoading nasal ganglon cell complex on
the night eye and the i lioa cell ¢ thinnang on the

¥ Lot ¥

Jeft eye corresponding to the visual defect
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with central retinal vein ocelusion. Whatever the underlying
cause the increase in volome of the optic dise iself is due
1o aweplasmic stasis leading to axonal distension. There is
a variahle contribution from tissue eedema. These features
have been more clearly delineated with the advent of OCT.
I thee pacst TTH was known as “benign’” intracranial hyperien-
sion but this patholegy can bead to irmeversible visoal loss in
25% of cases if the papilledema does not resolve [36].

In parallel with perimerry and other measures of visual
function OCT is helpful in the differential diagmosis, prog-
nosis and monitoring of papilloedema whatever the cause.
Early papilloedema and anomalous, crowded opiic discs can
b confused leading to inappropriate management of either
condition. In both simations OCT may show evidence of
peripapillary axonal distension. This has been observed in
pathological studies of papilloederna for some thime [38] and
OCT has confirmed similar findings in crowded optic discs
including those harbouring drusen. Indeed in carly OCT
studies these were originally designated “soft drusen”™ bt
clearly shown not 10 be associated with visual loss, unlike
trwe drusen [39). Mose recently the werm  peripapillary ovoid
hyperreflective masses™ (POHM) was coined to distinguish
these features from optic dise drasen which are hyporefec-
tive, although & better description to match the pathology
wiould be “peripapillary axonal distension”™ (PADN.

Thus, OCT can be helpful in confirming featunes associ-
ated with anomalows optic discs, such as lack of a cup and
the presence of optic disc drusen. In papilloedema however
the cup can fill in when advanced and drosen-like bodies can
b seen in chronie papilloesdema. Anterior displacement of
the lamina cribrosa is more specific o papilloedema indi-
cating as it does a pressure gradient indicating either raised
intracranial pressure or low TOP [40].

Unforiunately, pRNFL analysis is not useful for the fol-
low-up of these patients. A decrease of the pRMFL can be
the result of either resolution of the papilloedema or the
onset of atrophy and axonal loss, GOC analysis, given the
ability 1o devect retrograde degeneration of optic nerve
fibees. is the appropriate biomarker for monitoring progres-
sion of papilloedema and the risk of visual deterioration.

Inflammatoery optic neuropathies

Intrinsic inflammation of the optic perve (as opposed o con-
tiguous inflammation swch as of the optic nerve sheath), is
referned o as optic seuritis. o the past (and given the preva-
lence of the disorder in populations of European descent)
studies have been focussed principally on optic neurits as
seen in Multiple Sclerosis (MSON). The principle clinical
features are an acute or subacute monocular loss of vision
associated with pain on eye moverment and a RAPD [41].
MEOM is considered an autoimmune optic neuritis although
no antibody has been described [41]. In M3 optic newritis is
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the presenting symptom in 25% of patients [42]. Less com-
maon in Buropean populations but moge common in popu-
lations of Asian and African descent is autoimmune optic
neuritis related o neuromyelitis optica spectrum disorder
{MMOSD) and myelin oligodendrocyte glycoprotein anti-
body associated disease (MOGAD) [41]. Systemic disor-
ders asaociated with optic neuritis include infectious, posr-
infectious and post-vaccination optic newritis [41]. These
latter disorders (and NMOSD) are more likely 1o present
as bilateral simultanecus optic newritis which is a marker
of a systemic antibody response and unusoal in M35, How-
ever asympiomatic involvement of the unaffected eve {as
evidenced by pRMFL or GCC thinning ) is an important inds-
cation of likely MS [43]. Indeed interocular asymmetry in
GCL thinning is a signature of M3 in a susceptible popula-
ticn [4d. 45].

The finding of a delayed Visually Evoked Potential in
an asymptomatic eye has similar significance in that it is
a common feature of M5 (reflecting demyelination as well
as axonal loss) [46].0CT has resolved an important issue,
whether in M8 the residual visual deficit is related primarily
1o demyelination or o axonal less. It is clear that the impoe-
tant factor is irreversible axonal loss [43]. Demyelination is
responsgible for intermitbent symptoms such as Uhthoff phe-
nomenon and sympioms related to slowing of conduction in
the apic nerve such as the Pulfrich effect. These symptoms
may resolve as a result of remyelination [47] whereas the
consequences of axonal loss are permanent, unbess thene is a
posaibility of central reorganisation [48]. A recent study has
assessed a boss of 310 27% of GCL after optic neuritis with
a full visual recovery as determined by clinical wests [49].

OCT s, therefore, a useful tool to evaluate pRNFL thin-
ning and retrograde degeneration of the GCC. A such OCT
is of panticular value in monitoring any effect of reatment
in reducing the permanent deficit. Moreover, the pattern of
thinning shown on OCT may be helpful in differential diag-
nosis as pRNFL thinning is greater in the inferior and nasal
sectors in MOGOMN than in M30M [30], where temporal
thinning is observed. pRMNFL thinning is greater overall in
NMO than MSOMN, in accord with the worse visual prog-
nosia [51].

Toxic and nutrition optic neuropathies

Optic newropathies secondary 1o toxic exposure or nutri-
tional deficiency are typically characterized by subacute,
painless and bilaterally symmetrical logs of vision associ-
ated with a caeco-central visual field defect [52]. Vitamin
B 12 deficiency. whether dietary or associated with perni-
chous anaemia, is well established 1o cause optic nearopathy.
Kutritional opiic newropathies are often found in patients
who have a high carbohydrate, low protein diet as was
seen in the epidemics in Tanzania and Cuba where specific
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micronutrient deficiencies have not been identified [53, 54].
In developed economies this is more likely to be occur in
patients consuming voluntarily chosen highly restrictive
diets, following bariatric surgery (without adequate supple-
mentation). or in patients who have a poor diet associated
with a high alcohol consumption. There is no evidence that
alcohol has a direct toxic action unlike methanol which is
converted to formaldehyde by alcohol dehydrogenase.

Ethambutol. an antimycobacterial treatment, is one of the
commeonest causes of toxic optic neuropathy throughout the
world, the precise mechanism is not understood. A possible
final common path for toxic and micronutrient deficiency
optic neuropathies is an effect on mitochondrial function
leading to mitochondrial cytopathy, as observed in inher-
ited optic neuropathies [55). Mitochondrial dysfunction
may explain the increased vulnerability of central vision,
although a simple explanation based on fibre size cannot
account for the caeco-central scotoma [36]. Indeed, this
cannot be considered a universal phenomenon, in the toxic
neuropathy related 1o vigabatrin the caeco-central projection
is selectively preserved [57].

Unlike other causes of optic neuropathy considered
above. the loss of ganglion cells in toxic and nutritional
disorders is related to a direct cytotoxic mechanism rather
than a retrograde degeneration following damage to the optic

nerve fibres. Fundus imaging may be normal at presentation,
and OCT may be helpful in the acute phase where thicken-
ing of the RNFL, especially the temporal sector is observed
due to RNFL swelling related to the accumulation of mito-
chondna [58. 539]. However, in the subacute and chronic
stages. RNFL thinning especially in the inferotemporal part
is found [60]. OCT showed GCC thinning in the inferior
part of 2 mm and in the nasal part of 3 mm compared to
healthy controls, supporting the fact that the papillomacular
bundle (caeco-central projection) is particularly involved in
this pathology [61]. One report has observed that the GCC
thinning was present at the onset of symptoms and increased
after 6 months [62). GCC thinning has been shown to be
significantly correlated with deficits in visual field and visual
acuity [61] (Fig. 5). Early treatment {restoring the deficiency
or eliminating the toxic exposure) are mandatory 1o prevent
or reduce permanent visual loss.

Inherited mitochondrial neuropathies

The principal features of inherited mitochondrial optic
neuropathies are similar to the toxic and nutritional cases
reviewed above: painless bilateral progressive loss of vision.
Visual field is also characterised by a caeco-central scotoma
caused by a loss of the papillomacular bundle. (caeco-central

Fig.5 A Visual field (Humphrey 302, Dublin. California) showing
a central scotoma n a patient who was treated with Ethambusol. B
Optical coherence tomography (HD-OCT Currbas, Carl Zeiss Med-
stec, Dublin, Californan) imaging showing the corresponding thinning
4 the papallonacular bundle. Ganglion cell complex on the right eye

and the temporal ganglion cell complex thinmng oa the left eye cor-
responding to the visual defect and € Optical coberence tomograply
(HD.OCT Cierbus, Carl Zeiss Meditec, Duablin, Califoraa) imaging
showing the typical tempocal thinning

gs.
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projection ). The mutations concerned are in mitochon-
drial DNA (mDNA) or nuclear DNA coding for proteins
capressed in mitochondria [63]. The vwo inherited mitochon-
drial neuropathies most likely to be seen in daily practice
are: dominant opiic atrophy (DIOA)Y and Leber hereditary
optic newropathy (LHOM ).

DA is a group of dominant inherited newropathies
which affect retinal ganglion cell functions. Commonly first
symproms appear i the Arst decade and are slowly progres-
sive with preservation of peripbesal vision, Many mstations
are associated with DOA and the frst described (and most
common) being designared OPAL [64, $5].

LHONM iz a rare maternally inherited mitochondrial
disease caused by three most common mDMA mutations
(o L ITTE G A, m 346006 > A m. L1484 T>C) [66]. It
mainly affects men between the second and third decades
[67]. At onset, a subacute loss of vision is observed in both
cyes simultaneously or sequentially within weeks or months.

In acute LHOM, authors have observed thickening of
the RMFL in the acute stage followed by atrophy in chronic
LHON [68, 69]. However, GOC thinning was found in the
carly acute phase and worsened gradually (mean GCOC thick-
nisg 24 weeks or mose after the symptoms: $08 pm) [70].
In DOA patients, OCT studies showed a decrease in mean
BMFL thickness compared wo controls and the wermporal see-
tor was particularly affected with a thickness loss of $9%
[71]- Moreover, RNFL was thinner in DOA than in chronic
LHON [6#]). Compared 1o controls, the temporal and supe-
rior sectors of RNFL were more affected i DIOA [72). GOC
analysis showed a diffuse thickness decrease in all guadranis
in these two pathologics and could be an early marker of the
disease [GE]. In DA associated with the OPA L mutation o
moee significant ivolvement of the infenor, inferonasal and
superonazal sector of GOC was observed [72].

Limitations of the OCT

The accuracy of our diagnosis and the analysis of the
results rely on the estimation of the GCC or RNFL thick-
ness. A proper definition of the boundaries to avold an
overestimation or an underestimation of the RNFL and
GCL thickness is warranted. Segmentation anefact due
1o mation (53.3%) retinal laver misidentifications {3075 )
and absence of the inner segmentation line (7.8%) have a
significant impact on the quality of the image. [73] The
frequency of artefacts is greater in patients with macular
pathology (dry and wet macular degeneration, pigmentary
retinopathy, diabetic macular oedema and high myopia)
[73, T4], tilted disc, peripapillary atroply, small cup disc
ratio and optic dise swelling [75, 76]. Moreover, the OCT
signal strengih -which can be diminished due vo opaci-
fication of the macular media as in the case of corneal
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oedema or opacity of lens or vitreows- is an additional
factor influencing the image quality and the segmentation
analysis [77].

Every analysis is compared to a normative reference
range in function of the sex and the age. Becawse of the
individual variation, the small size sample, or the absence of
nofmative range, as in adolescent or ehildren, results can be
misinter preted as outranged the reference data and consid-
cred abnormal after comparizon o the normative database
[ 78] In addition, refeactive erroes superior 1o+ 3.0 dioptres
and inferior 1o —5.00 diopires are excluded of the reference
databaze. In research studies an “in house” matched control
group, matched for age, gender, axial length and ethnicity,
is recomimended [43].

Finally, OCT cannot distinguizh a functional cell from a
dysfunctional cell. Indeed., in patients with no perception of
light, retimal perve fibre layer thickness 15 stll measured at
A5 pm becanse dysfunctional cells are taken in account | 79).

Conclusion

OCT is a useful ool providing quantitative measures of
pRMNFL and GOC thickness in optic neuropathy, which are
directly correlated with vizual function. GOC analysis can
identify early change related to atrophy and assist in the
diagnosis and differential diagnosis of opuc neuropathy.
Becawse of its reproducibility. these measurements are cru-
cial to monitor the disease progression and have recently
become a standard for the longitedinal assessment of ecular
diseases. Moreover, recognition of the OCT pattern is cru-
cial to differentiate optic neuropathices. Indecd, GCL atrophy
involving superior or inferior hemi-macala i3 an argument
fior BA-ATON, whereas GCL atrophy respecting the vertical
meridian indicate an optic tract lesion. Therefore, the GOC
analysis could be congidered as a key marker to identify the
type of optic neuropathy, to facilitate the follow-up and 1o
asseas the edds of recovery after an episade or after a sur-
gery decompression for instance.

Howwever, in order 1o dirninish sonee segmentation artefact
and improving the images quality, developers should focus
on reducing the processing tme. improving the volume seg-
mentation, and visualising the reconstruction of the macula
in three-dimensions. Moreover, the future normative data-
base should take into aceount the axial length and a more
comprehensive age range.
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Nonarteritic Anterior Ischemic Optic
Neuropathy

Chystic Change in the Inner Nuclear Layer Caused by Edema
and Retrograde Maculopathy

Anne-Catherine Chapelle, !".r’ID," Jean-Marie Rakic, MD, PhD," Gordon T. Plane, MD, FRCOpltth':

Purpese: Microcystic macular edema (MME), also known as retrograde maculopathy (RM), is associated
with severe optic atrophy because of a range of causes. However, similar changes have also been described in
primary retinal pathology and the pathogenesis of MME is debated.

Design: A retrospective observational case series.

Participants: Patients with nonarteritic ischemic optic neuropathy.

Methods: A retrospective observational case series was performed at the University Hospital of Ligge,
Belgium. The medical records of patients who were referred to our Meuro-ophthalmology department with a
diagnosis of nonarteritic anterior ischemic optic neuropathy (NA-AIOM), between 2014 and 2021, were reviewed.

Main Outcome Measures: Ganglion cell complex thickness, acute and chronic inner nuclaar change.

Results: In a cohort of 34 patients (mean age: 60 + 12.5 years; 65.6% men) with NA-AION, we identified a
transient microcystic change in the inner nuclear layer (IML) associated with optic disc swelling in 19 eves at
presentation. This early change was associated with a transudate of intraretinal and subretinal fluid originating from
the optic disc. Among patients who had shown this transient change 3 subsequently developed MME, which
remained fixed during the perod of observation (range, 12—34 months). No MME was observed in patients without
an early INL transient change. Microcystic macular edema was observed in patients with severe ganglion cell
complex thinning at & months: mean (+ S0} loss in superior hemimacula (-28.2 + 5.2 pm [-33.3%, range, —22.3
to —30.3 pm]) and in inferior hemimacula (-30.7 + 5.6 pm [-31.0%, range, —24.3 to 34.8 pm]).

Conclusions: Our study has revealed 2 causes of INL cystic change in the same patients experencing MA-
AION, 1 reversible and the other likely permanent. This finding highlights the distinction between genuine edema
related to transudation of fluid (in this case secondary to ischemic optic disc swelling) and the phenomenon
observed in AM that is related to the degree of retinal nerve fiber layer/ganglion cell complex thinning. Cystic
change in the IML iz associated with severe optic atrophy (MME). However, similar changes have been described
in retinal pathology and the pathogenesis of MME is debated. Ophthalmology Science 2023;3:100230 @ 2022 by
the American Academy of Ophthalmology. This /s an open access article under the CC BY license
{hitp: /fcreativecommaons. org/licenses/byf4.0/).

Microcystic macular edema (MME) was first described in
the context of OCT findings in multiple sclerosis by Gelfand
et al.' The abnormality was more likely o be seen in
patients who had had a previous episode of optic newritis
and in cases with more marked thinning of the retinal
nerve fiber and ganglion cell layers. Inner nuclear layer
(INL) cell loss and thinning had previously been reported
in a histopathologic study of the reting in multiple
sclerosis, which alse correlated with the severity of axonal
loss, without mention of the presemce of cystic change.”
The microcysts are located in the INL and show a

perifoveal distribution. ' Microcystic macular edema is

associgted  with  severe I:I;pli.L' atrophy  found  in  the
following: optic  neurtis ""._ neuromyelitis npl.ica"";
hereditary  optic  neuropathies™; toxic and  nutritional

© 20F2 by the Amesican Academy of Ophthalmalogy

This is an open access article under the CF BY lio=nse (Hitp:/‘creatvecommons.

orglioe=nses, oy 4.0/ Published by Elsevier Inc.

deficiency neuropathy™'"; glavcomatous newropathy’ '
compressive  oplic ntumpa.lh:," ¢ oand  infiltrative  optic
neuropathy, such as glium.l."'” .-‘-"u.l:htgg” has suggested
the term refrograde macnlopathy (RM) for INL cystic
change in this context.™ However, similar changes have
also been described in refinal pathology, for example in
the following: epiretinal membrane,” " age-related macular
degeneration, diabetic retinopathy, and central serous reti-
nupmh}'_" Indeed. the earliest use of the term MME known
to the authors (although in Romanian as edemul macular
microchistic) was published in a description of an iselated
case of suspected microcystic macular dystrophy in 1938, ™

We consider the following case series concerning 3 pa-
tients with nonartentic anterior ischemic optic neuropathy
(NA-ATON) w be of particular interest in this context. These

wops. 2022 100230 ‘
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patients showed early acute transiens microcystic changes in
the INL associated with disc swelling in parallel with other
evidence of retinal edema. Longstanding. perhaps perma-
nent, MME was developed subsequently. The pathophysi-
ologic basis for these 2 manifestations of INL cysic change
following NA-ATON will be discussed.

Methods

A retrospective observational case series was performed at the
University Hospatal of Liége, Belgium. Twenty-three patients who
experienced sudden  painless monocular loss of vision wene
referred to owr neurc-ophthalmology department of o the emer-
gency department (9 cases). Recruitment ook place between 20014
and 2021. The diagnosis of NA-AION was based on the anamnesis
(painless sudden loss of vision involving 1 eye) and fundus ex-
amination. The latter showed a swollen disc in the affected eve and,
in the fellow eye, cither a crowded disc {typical of the disc ar risk
associated with NA-AION™ ) or sectoral atrophy indicating a
previous episode of NA-AION. Spontancous resolution of the optic
dise swelling was noted within 8 weeks and the owtcome was
sectoral infarction. Giant cell arteritis was excluded by appropriate
investigations. The clinical featres were not compatible with a
diagnosis of optic neuritis. Two patients were excluded because
optic nerve head drusen were identified on OCT. Patients wene
White European, representing the typical local population of the
clinic, except | who was Turkish. The mean age of the subjects
was 600 £ 125 years (range, 22—88 years, median: 60.5) and
65.6% were men. A favorable opinion from the ethics commities of
the University of Likge for the study had been received. The study
adhered to the tenets of the declaration of Helsinki and a written
informed consent was obtained for the 3 patients described in this
CASE SETiES.

The patients were all followed up at baseline and at 1, 3, and 6
months postepisode. Fundus fluorescein angiography and a mac-
ular spectral-domain OCT (Heidelberg Engineering) were per-
formed in 27 patients at baseline: G-line radial scans and 25-line
raster scans centered on the fovea were obtained. Subsequently,
patients were seen annually. Clinical examination included best-
comected visual acuity (BCVA, Snellen scale), slit-lamp exami-
nation, and fundus biomicroscopy. At follow-up, patients under-
went antomated perimetry (VF, Humphrey 24-2), with appropriate
refractive comection and OCT (high-definition (T Cirrus, Carl
Zeiss Meditec), for which manual comection of segmentation was
ni possible. The thickness of the peripapillary netinal nerve fiber
layer (pRMFL) and of the ganglion cell complex (GCC) (inner
plexiform layer + ganglion cell layer) were evaluated at each visit
along with en face OCT B-scan. Stodics demonstrating poor image
quality. not allowing adequate visualization of all retinal layers,
were excluded. Scans were analyzed for the presence of intraretinal
flukd and subretinal fuid by 3 skilled observers who were masked
as to the aim of the study. For the 3 patients described in this series,
IML thickness was also evaluated initially and at the latest follow-
up visit. For INL thickness assessment, adequate segmentation was
assessed and adjusted manuvally in | case with macular spectral
domain OCT.

Grading of the acwe optic dise swelling was conducted as a
function of the mean RMNFL thickness and the numbers of quadran
sectors involved (iemporal, superion, inferior, naszal). For example,
optic disc swelling showing pRMNFL thickening in at least | sector o
be < 120 pm was considered moderate. In the 3 cases described
below, the swelling of the disc was considered severe becanse all
sectors were involved (pRNFL thickness of all secbors = 120 pm)

and the mean pRMNFL thickness was high (mean [+ 8D, 257.7 + &1
jm; range, 189—=347 wm).

Summary of Findings

In a cohort of 34 panents (45 affected eyes and 23 healthy
fellow eves), we identified a tmnsient microcystic change in
the INL associated with optic dise swelling in 19 eves at
presentation. In these cases, the vacuoles were localized to
the INL and were associated with ransudation of intraretinal
and subretinal fluid onginating from the optic dise (see Fig |
for 1 example). The microcystic change in these cases was
transient and had resolved in all cases at | month (Fig 1)
In cases with moderste optic disc swelling assessed in the
global cohor, cystic changes were visible only in the
penpapillary region (e.g., Fiz 1). Four patients, who had
shown this transient change subsequently developed MME
that remained fixed during the period of observation (range.
12—34 months). The other cases (n = 30) did not show
MME during the follow-up period.

At baseline, mean INL thickness in these 3 cases was 489
+ 17.03 pm in the affected eves compared with 45.3 & 1.7 im
in the unaffected eyes (P = 0.77). Inner nuclear kayer thick-
ening was greatest in case 2 associsted with the greatest
microcystic change (mean INL thickness: 68.4 and maximal
INL thickness 137 pm). At the final follow-up visit (range,
2—3 years postepisode), no significant INL thinning was
observed between the affected and unaffected eyes (40.7 £
53 pm and 394 + 2.0 pm, respectively). However, we
observed an upward trend in affected eyes, possibly related w
the continuing presence of microcystic change. Significant
GOCC thinning was observed at 6 months in all patients
compared with the unaffected eye in the superior hemi-
maculae (mean loss of GCC thickness, —282 4+ 5.2 um
[-33.3%. range, —22.3 to 303 um]) and in the inferior
hemimaculae {mean loss of GOC thickness, —30.7 £ 5.6 pm
[—31.0%, range, —24.3 10 34.8 pm]) (Fig 2). We observed a
significant GCC thinning in both hemimaculse in patients
with MME compared with the entire cohont, in which
greater involvement of the supenor hemimacula 15 shown
(mean  superior  hemimacula  thinning:  -23.01 +
933, -27.9%, nmnge, 1—407 pm, mean inferor
hemimacula thinning: —19.14 £ 121 pm, —28 51%, range
5w —39 pm; Fig 2). In 2 patients with similar lesion of
GCC, only 1 had also MME (Fiz 2). This additional patient
of the cohort who had significant thinning of both the
superior and inferior hemimaculae at & months had also
significant MME observed (yellow dot in Fig 2). The other
case without MME had a better fovea threshold (25 dB),
suggesting a better residual function than the other (mean +
SD: 16 £ 2.6). Finally, in these 3 patients, we observed
significant thinming of the RNFL at 6 months (mean
pRINFL, 57.7 £ 2.5 pm: temporal RNFL, 48.7 = 1.5; nasal
pRNFL, 56 £+ 6.2; inferior pRNFL, 62 + 2.6 pm: and
superior pRNFL, 63.7 + 3.5). Mean pRNFL was especially
thin compared with the overall cohon (mean pRNFL, 62.3
+ 9.7 pm; median, 61 pm; emporal pRNFL, 51.7 & 15.5
pm; median, 495 pm, nasal pRNFL, 601 £ 11.8 um;
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Figure 1. Spectrul-domain OCT (Heidelbery Engineering) imaging. A, Microcystic change visible in the peripapillary region in moderate swelling of the

disc (cohort case; Blue arrows). B, Transudation of fluid throagh the retina at presentation. C, Twenty-three days later in 1 case selected from the 19 oue 34
cases showing disc change withour subsequent retrograde macubopathy (cohoer case).

median: 49.5 pm: inferior pRNFL, 74.9 + 24.4 um: median,
66 pum: and superior pRNFL.62.78 + 13 pm: median, 62 jtm).

Case Histories

Case 1. A 42-year-old man was referred because of sudden
painless loss of vision in his right eye, which developed 4
days previously. At presentation, the BCVA was 1/20 in the
right eye and 10/10 in the left eye. Funduscopy showed an
optic disc swelling and hemorrhages in the right eye. In the
left eye, a crowded disc was noted. A diffuse visual field
defect with a central involvement was observed in the
affected eye (Iig 3). OCT showed significant thickening of
the mean pRNFL (363 pm) and a normal thickness of GCC
(85 pm). Peripapillary microcystic edema in the INL was
also observed on the macular OCT. Fundus fluorescein
angiography showed a superior hypoperfusion of the optic

disc and a late leakage around it. No choroidal filling
defect was observed.

Complete blood count and inflammatory biomarkers
(erythrocyte sedimendation rate or C-reactive protein) were
within normal limits. However, hypercholesterolemia (low-
density lipoprotein [LDL]. 121 mg/dL: reference range.
< 100 mg/dL) was noted. Severe obstructive sleep apnea
was diagnosed following polysomnography, and preexisting
hypertension was shown to have been inadequately treated.
Magnetic resonance imaging with and without gadolinium
enhancemnent of the brain demonstrated evidence of small
vessel disease. A diagnosis of NA-AION was made.

At follow-up visits, OCT showed a diffuse thinning of
the GCC (55 pm at 3 and 6 months) and a significant
thinning of the mean pRNFL (64 pim at 3 months and 55 pm
at 6 months). Microcysts were observed in the INL in a
perifoveal circular distribution. The cysts appeared similar
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Figure 2. Log ratio of ganglion cell complex (GOC) thickness in the su-
perior and inferior hemimaculae between 6 months and baseline. Patienes
with microcystic macular edema (MME) had significant thinning of both
the superior and inferior hemimaculae (e 1: blue dot, case 2: green dot,
and case 3: red dot). One additsonal patient of the cohoer who had sig-
nificant thinning of both the superior and inferior hemimaculae at
6 months had also significant MME observed (yellow dot).

to those seen at presentation apart from the location (Fig 4).
The microcysts were first seen 4 months postepisode in the
to the greater

superior  hemimacula, corresponding

| case

involvement of the inferior visual field. At 6 months
cystic change in the inferior and central regions of the
macula was observed and persisted unchanged at the most
recent assessment (34 months; Fig 4).

Case 2. A 67-year-old man, seen for the first time in
2019, experienced sudden loss of vision associated with a
superior visual field defect in his left eye (Fig 3). He had a
medical history of treated hypertension and had had a
pacemaker implanted. He was borderline overweight
(body mass index, 24.3). Polysomnography was within
normal limits.

At presentation, BCVA was 10/10 in the right eye and
1.5/10 in the left eye. Examination showed the left optic disc
swelling. Perimetry revealed a superior visual field defect
with a nasal step and central involvement. Early phases of
fundus fluorescein angiography showed a superior sectoral
delayed filling of the optic disc, confirming the diagnosis of
NA-AION.”" Late leakage at the macula was not observed.
excluding local vasculopathy. Macular OCT showed
subfoveal fluid and microcysts in the INL, which resolved
within | month as did the pRNFL thickening. Ganglion
cell complex analyses were difficult to interpret because of
segmentation failure (mean GCC. 70 pm) and pRNFL was
thickened (mean pRNFL, 189 um).

Ophthalmic and neurologic examination were otherwise
normal. Complete blood count, blood chemistry. and in-
flammatory biomarkers were within the respective refer-
ence ranges. Magnetic resonance imaging with and without
gadolinium enhancement of the brain and orbits was
normal.

Six months postepisode, pRNFL was reduced at 58 pm
and GCC was thinned (mean GCC, 68 pum). At | year

Figure 3. Case 1. A, Visual ficld showing central involvement. B, llustration of A ganglion cell layer (GCL) thickness. C, Cirthus high~definition OCT
(HD-OCT) fundoscopic images showing a hypointense circular distnbution of the inner nuclear layer cypstic change. D, En face Carrus OCT showing
microcystic macular change (case 1). Case 2. A, Visual field showing a superior alticndmal defect. B, llustration of cormmesponding AGCL (gm) thinning
between the affected eye at 6 months and the unaffected eye. C, En face Heidelberg Retina Angiograph (HRA) OCT (Heidelbery Engineering) showing
microcystic macular change located in the inferior hemimacula. D, HRA infrared imaging and Cirrhus HDAOCT funduscopac imaging showing an inferior
hypointense dismbution of the vacuoles. Case 3. A, llustration of corresponding AGCL (ptm) thinning berween the eye before the event and 6 months
postepisode. B, Visual Geld showing a superior altitudinal defect. C, HDAOCT funduscopy images showing hypointense kesion corresponding to location of
microcyst. D, HRA en face OCT (Heidelberg Engineering) showing inner nuclear layer microcysts in the inferior hemimacula. This cystic change develops
over time, is longstanding, may be permanent, and correspands with the ganglion cell complex thinning and visual field loss. For each patient, the
distribution of cystic change was confirmed by inspection of the horizontal scans.
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Month 4

Figure 4. Evolution of the microcysts in the inner nuclear layer that persise
over time {case 1) with spectral domian-OCT Boscans (high-definition
OCT Carrus, Carl Zers Meditec).

follow-up. MME was observed to be limited to the inferior
hemimacula (Fig 3) matching the area of greater GCC loss.
Case 3. A 52-year-old truck dniver presented with blurred
vision in his left eye. He had experienced previously blurred
vision from an episode of NA-AION in the fellow eye. Best-
corrected visual acuity was 1/20 in the nght eye and 8/10 in
the left eye. A swollen optic disc in the affected eye and
diffuse pallor in the fellow eye were observed. The visual field
showed an inferior altitudinal defect (Fig 2). Mean pRNFL
and GCC were 237 and 67 pum, respectively. Macular OCT
scans revealed the traction of the retina induced by the disc
swelling  associated with fluid between the retinal
pigmentary epithelium and the outer nuclear layer together
with cystic change in the INL. Fundus fuorescein
angiography was not performed at presentation.
Hypercholesterolemia  (total cholesterol: 220 mg/dL;
reference range, < 190 mg/dL: LDL: 143 mg/dL: reference
range < 100 mg/dL) and a slightly elevated glycosylated

hemoglobin (43 mmol/mol: reference range, 20—42 mmol/
mol) were noted although his complete blood count and
inflammatory biomarkers (erythrocyte sedimentation rate or
C reactive protein) were within the reference ranges. Poly-
somnography was performed because of a history of snoring
and mild obstructive sleep apnea was diagnosed. Magnetic
resonance imaging with and without gadolinium enhance-
ment of the brain was within normal limits.

Thinning of the GCC was observed (55 pm at 3 months and
52 pm at 6 months) and the pRNFL (79 pim at 3 months and 60
pm at 6 months). Microcysts were observed in the superior
hemimaculae 6 months postepisode and were persistent at the
latest follow-up (24 months postepisode; Fig 4).

Discussion

A degenerative change in the INL following ganglion cell
loss was first reported in 19637 in postmortem studies of
prnmates following chiasmal transection and shown a few
years later in postmortem studies of human cases of optic
neuropathy.” In the primate study, the cystic degeneration
was distributed in an annular perifoveal distribution from
approximately 500 pm out. with the foveal margin
extending over a further | mm, where the ratio of Miiller
cells to cone bipolar cells is low (1:4 rising to 1:1 at 3 mm
eccentricity), although Miiller cell to total bipolar cell ratio
remains more constant.” Histologic examination in the
pnmate study showed debris and tissue in the larger
cysts” '—confirming that is not edema—and some authors
have suggested that degeneration of the Miiller cells plays a
key role because the MME is localized in the poorly
penivascularized nm. " Miiller cells are glial cells that
provide metabolic and structural support to  retinal
neurons.” The microcystic appearance observed in the INL
may correlate with the vertical onientation of Miiller cells.
Following the use of OCT, it has become possible to
identify acute and chronic cystic change in the INL in daily
practice and the clinical spectrum of appearances designated
MME has widened in recent years.” Indeed, it has been
described not only in retinal pathology but also in severe
optic neuropathy with no known associated retinal
pathology and this etiological diversity has led 0 some
confusion among clinicians. There is no consensus
regarding the pathogenesis of MME: some authors have
suggested that it may be related to retrograde transsynaptic
degeneration of bipolar cells'**" and others have suggested
that it may be related to Miiller cell dysfunction.”™
Initially, the 3 patients described above had transient
reversible microcystic changes affecting the INL. We pro-
pose that this is related to the transudation of fluid from the
ischemic optic nerve head sectors extending within and
under the retina. This finding recovered spontancously after
I month. These microcystic changes were observed in the
peripapillary region and were associated with fluid localized
between the ellipsoid zone and the outer plexiform layer in
the parafoveal region (Fig ). Because we are describing this
microcystic change in the peripapillary region, and as it is
likely to be genuine interstitial edema, a better term could
be microcystic peripapillary edema within the INL
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Figure 3. Specimal domam-0OCT (Heidelberg  Engineermg)  imaging.
Extension of microcystic change in the mner nuclear layer close o the

foves m {A) one case from the cohort (cohor case and (B) case 3. These
changes comrespond o the degree of opric disc swelling and are reversible
with resolution of the retinal edema.

although it can extend inmo the macula (Fig 5L
Subsequently, these 3 patients  developed the now
classical MME in the perifoveal region, which we have
shown may be very longstanding, perhaps permanent.

Acute microcytic change associated with disc swelling is
probably caused I:H.r u.rlhruph:m of the blood—retinal barrier,
as proposed by Gelfand et al, leading to an overwhelming
of Miller cell function. Over the past 5 years, various
authors have described the presence of a paravascular
transport svstermn in the retina and around the optic nerve
5irr|jla|.'r to  the glymphatic systemn existing in  the
bruin.” " In a human postmorem  study .u.u:'umg a
cross-section of the optic nerve, Wostyn et al™ found an
accumulation of India ink in paravascular spaces around
the central retina vein and artery, which could comespond
o an optic nerve glymphatic system. It has also been
suggested that a hyporeflective area around the vessel
walls observed on OCT provide evidence for sech a
system.”” In NA-AION, the glymphatic system could be
compromised along with the venouws dranage by some
common mechanisms observed in ischemia of the optic
nerve. Miiller cells and the superficial and drl.'p vascular
plexuses under normal IL'L'I'I'IIJII:II:FI'.IH play a role in the reab-
sorpion  of  Awid™"';  however, following arterial
hypoperfusion and extensive extravasation of fluid from
capillaries and venules, Miller cells and other mechanisms
of tissue homeosiasis are saturated. This explains why we
observe the OCT microcysts in the INL, similar o what
has been observed in MME,' although the retinal
distnbution  differs.  Another factor may be that the
ransudate forming subretinal fAuid might induce traction
on the Miller footplates, explaining the cystic appearance
observed. """ Once the disc swelling had resolved, we
observed a complete resolution of the cystic change.

In contrast, MME appeared a few months post episode—
after 4 months in the first case—and persisted over time (at
least 34 months). Burggraaff et al ™ have descnbed that

1]

MME was transient in 84% of their series, but most of the
cases were age-related macular degeneration and epiretinal
membrane traction. in which the pathogenesis may be guite
different. In our cases, we observed the pemistence of
MME, indicating a |.l|':i:]} permanent change as  also
observed by ﬂu.h-c:ﬂb et al."" Therefore, retinal ganglion cell
loss inducing vitreoretinal raction on the Miller cells is a
less likely pathogenesis than a metabolic :.hm%e related to
retrograde transsynaptic degeneration,™'" either
dysfunction of existing Miller cells” or empty space
following Miiller cell degeneration that filled with fluid."
Indeed, the stationary nature of the cysts over a long
follow-up period (3 years), soggesting a fixed change is
very unlikely to be interstitial edema (Fig 4).

In NA-AIOMN, patients present with an altitudinal defect
comesponding o the loss of ganglion cells induced by
hypoperfusion {infarction) of = 1 optic disc sectors. We
observed a strong relationship between the location of MME
and the thinmng of ganglion cells, corresponding o the visual
ficld defect. Indeed, MME seems to respect the honzontal
meridian in cases 2 and 3, compatible with an effect of
retrograde degeneration. Moreover, greater RNFL and GCC
thinning were observed in these patients compared with the
entire cohort (Fig 2). Contrary 1o the conclusions of Les DH
etal,'” in NA-AION, a poorer overall visual outcome is not
necessary (o ohserve MME, but rather a significant localized
loss of retinal ganglion cells is key. Microcystic macular
edema was indeed observed by the authors (A.C.C,GT.P.jn
2 patents who had poor vision (cases 1 and 2) but also in a
patient with good overall vision because central vision was
spared (case 3). The question arises as o the impact of the INL
change on visual function. Clearly, it signifies greater retinal
ganglion cell loss but whether any additonal impairment of
function occurs is unknown. To investigate this question in
MA-ATON would reguire detailed visual function analysis
and possibly electroretinography concentrating on the mac-
ula, comparing cases with comparable visual field loss with
and without MME.

In conclusion, our study indicates 2 causes of MME in
the same patients suffering from NA-AION, 1 reversible and
the other likely permanent. Miiller cell dysfunction seems to
play a key mole in this finding and offers a potential expla-
nation for both condiions. This finding highlights  the
distinction between genuine edema related w0 timsudation
of fluid (here associated with optic disc swelling) and the
phenomenon observed in RM related to the degree of RNFL
loss. We consider that MME might be considered a
misnomer if there is no tissue edema and, until the exact
pathology is identified, would recommend the wse of the
term RM." """ The distribution of the change comesponded
in our cases 1w both the more significanmt visual field loss
and the greater GCC thinning. It appeared after a time
interval of some weeks and may persist for many months
or years. These are not the characteristics that would be
ﬂprLtrrl if tissue edema were the underlying mechanism
giving nse to the INL cystic change. Nonarteniic anterior
ischemic optic n-:urupath!.r iz also a wseful model becanse
of the localized retinal change comesponding to localized
axonal loss, a5 has also been found in the nasal
hemimacula in chiasmal compression.™
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The Occurrence of Intraretinal and Subretinal
Fluid in Anterior Ischemic Optic Neuropathy

Pathogenesis, Prognosis, and Treatment

Anne-Cathering Chapelle, MD,"* Jean-Marie Rakic, MD, PhD,' Gordon T. Plant, MD, FRCOphth**

Purpose: To describe the frequency and characteristics of intraretinal and subretinal fluid in nonarteritic
anterior ischemic optic neuropathy (NAAION) and to assess the influence on the visual deficit and optic nerve
fiber/ganglion cell loss.

Design: A refrospective, single-center study.

Participanis: Thirty-two patients with NAAION referred to our Neuro-ophthalmology Department between
2014 and 2021.

Methods: The study was carmed out at the University Hospital of Liege, Belgium. For participants in whom
subretinal fluid was identified on standard OCT (Carl Zeiss Meditec) an additional macular OCT [Specfralis
Heidelberg) had been performed. The pattern and the maximal height of the retinal fluid were determined
manually, and thicknesses of retinal layers were obtained using the OCT protocol analysis.

Results: The mean age of the cohort was 60 years (standard deviation, +12.5; range, 22—88 years), and
65.6% were male. In the 21 eyes (46.7%) in which retinal fluid was observed, macular OCT findings were
categorized according to fluid localization: 19 cases had parafoveal fluid (of whom 9 also had subfoveal fluid).
One patient had subfoveal fluid alone, and 1 patient had peripapillary subretinal fluid alone. Specific pattems of
optic disc (OD) swelling were associated with the occurrence and distribution of retinal edema. Visual acuity,
visual field loss, and foveal thresholds were stable over the pernod of cbservation (P = 0.74, P = 042, and P =
0.36, respectively). Mo difference was found in visual function at 6 months between patients with retinal fluid
treated (n = 10) or not treated (n = 11) with corticostercids (visual acuity, P = 0.13; foveal threshold, P = 0.59;
mean deviation, P = 0.66).

Conclusions: Subretinal fluid is found in a high proportion of cases of NAAION. Visual function remained
largely stable from presentation in this cohort. Corticosteroid intake at presentation did not influence visual
recovery or timing of the resorption of tissue edema. Our findings do not support treatment of NAAION with
corticosteroids with or without evidence of subretinal fluid acutely. With regard to pathogenesis, we propose that
the volume of transudate generated at the OD is the critical factor rather than dysfunction of retinal mechanisms
subserving reabsorption.

Financial Disclosure(s): Proprietary or commercial disclosure may be found in the Fooinotes and Disclo-
sures at the end of this article. Ophthalmology 2023;w:7— 10 © 2023 by the American Academy of Ophthalmology

After glavcoma, nonareritic antenor  schemic  optic
neuropathy (NAAION) is the most common optic neurop-
athy affecting people aged more than 50 years.! The
condition was first clearly defined a5 a clinical syndrome

Many imporant guestions regarding  the disorder
remain unanswered. A significant pathological feature in
the acute setting is the finding of subretinal Auid. ™" Our
aim in this study has been o charcterze the occurmence

by Hayreh in 1974.° Patients present with  painless
unilateral acute loss of vision associated, by definition,
with a swollen opuc  disc (00! Subacute  loss
(progression over days or weeks) may oceur.” The fellow
eye may be involved sequentially. The disc swelling
results from ischemia secondary o sectoral hypoperfusion
of the prelaminar optic nerve head due o failure of the
posterior ciliary arteniolar supply. The ultimate cause of
the failure of arenial supply 5 unknown, but a major risk
factor 15 a “crowded™ OD, which 15 a common vanant of

0D morphology (absence of a cup).™

£ 20X3 by the Amesican Academy of Ophthalmolkogy
Published by Elsevier Inc.

and significance of associated retinal edema. The wse of
corticosteroids 1o decrease  the  capillary  leakage
presumed to undedy the formation of fluid has been
proposed W decrease OD swelling and  potentally
improve visual outcome.” In the reported study, a higher
probability of visual improvement was found in patients
treated  with  oral  prednisone 80 mg  daily  from
presentation. However, Rebolleda et al” found no change
with this intervention. Others have proposed the wse of
intravenous or oral predmisone specifically in patients

with subretinal Auid."™"'
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OCT has revolutiomized the analysis of optic nerve and
retinal disorders. In addition w0 the demonstration of path-
ological changes in the thickness of the retinal layers, certain
changes in their intrinsic architecture, in particolar the
presence of fluid, can be demonstrated. In swdies of
NAAION, OCT shows an increased peripapillary retinal
nerve fiber layer (pRENFL) thickness'” (confirming the
climcal observattion of OD  swelling) followed by
progressive thinning over a few months of the affected
seclors as atrophy ensues.”

Therefore, wbrclmzﬂ fluid 15 now detected more easily in
clinical practice.'” Clinicians refer o serous retinal
detachment when the source of subretinal fluid is the retinal
vessels, choroidal vessels, or both, as in central serous
retinopathy  (CSR), central retinal  venous  occlusion
(CRVO), or Vogt-Koyanagi-Harada sym:h'um: " However,
subretinal Auid al=o can be seen in other pathological
processes associated with a swollen dise (NAATON. myelin
oligodendrocyte  glycoprotein optic  neuritis, papilledema
due 0 raised intracranial pressure, and prelaminar optic
neuritis such as  neuroretinitis).””  Subretinal Auid s
observed between the retinal pigment epithelium (RPE) and
the neurosensory reting in the subretinal space, the remnant
of the embryonic optic vesicle.'"” The subretinal region
concerned is composed of the inmterphotoreceptor matrix
that surrounds the photoreceptors  and  their  ooter
segments.’ Anatomically this constitutes a potential space
where fluid can accumulate in certain conditions.

The aim of the study reported has been o assess the
incidence and severity of subretinal fluid at presentation
wsing the precision of OCT measurement. We wanted o
investigate the influence on visual outcome and o further
elucidate the pathogenesis. We also wanted to highlight the
frequency of this finding becawse its presence acutely or a
subseguent “macular star” (formed by so-called hard exu-
dates around the macula) may lead to a misdiagnosis of
neurorelinitis (personal observations of the authors). 'We
also considered that the study of antenior ischemic optic
I'H:LL'I'I;JP.I:Iﬂ'.I} may increase our understanding of edema dy-

namics inischemic neural bssue.

Methods

This rerospective observational study aimed to assess the evolu-
tion of paticnts with NAATION afier changes in both viswal function
and fundus imaging. The diagnosis of NAAION was made on
clinical history and the funduscopic findings. Patients presented
with unilateral painless loss of vision. There were no sysiemic
signs or sympioms of giant cell aneritis, and inflammatory bio-
markers (erythrocyie sedimentation rate or C-reactive proiein ) were
within the respective reference ranges.

W reviewed the records of 34 patients {45 affected eyves and 23
healthy fellow eyes) who presented with NAAION between 2004
and 2021 in the Ophthalmology Department of the Universiny
Hospital of Lidge, Belgium. Two paticnis (3 affected eyes and 1
healthy fellow eyve) with NAAION associated with optic nerve
drusen were excluded from the siudy. Seven paticnts had a subse-
quent cpisnde and 4 patients had a previous episode of NAAION in
the fellow eye {Graph 1) Risk factors such as obstructive sleep apnea
(05A), hypenension diabetes, and obesity were reconded for each
paticnt. All patients, except those who had had a previows episode of

NAAION, demonstrated OD crowding in the fellow eye. Prior
medication including antihypenensive ircatment was also nobed.
Afier the diagnosis of NAAION, blood pressure measurement and a
polysomnography study were performed routinely for all patients.
When blood pressure was found 1o be elevated at presentation,
24-hour ambulatory blood pressure monitoring was  performeed,
whether or not there was a history of treated hypenension.

The following ophthalmic examinations were carried ouwt: visoal
fizbd (Humphrey 30-2), best-comected visual ascoity (Snellen scale),
and OCT (HD-OCT Cirrhus, Carl Zeiss Meditec). The latter was
performed at baseline and afier 1, 3, and & months. Peripapillary
retinal nerve fiber layer (pRMNFL) and the inner plexiform layer +
ganglion cell layer {ganglion cell complex [GOC]) thickness were
evaluated at each visit Fundus fluorescein angiography was per-
formed at baseline in 27 affected eyes (64350

Thirty-one eyes had an examination within a median of 5 days of
symptom onset (range, 1—30 days). When subretinal fluid was
identified on Cimmus OCT, a macular OCT (Speciralis) was
performed. The maximal extent of both subfoveal and parafoveal
fluid height was measured manually by one of the awthors and by 2
technicians and | ophthalmobogist, who were Blinded as 1o the aim of
thee project. The maximal height was defined as the maximal distance
hetween the RPE and the photoreceptor laver on the (T images
within the foveal area (in the case of subfoveal Auid) and the peri-
papillary region (peripapillary foid). The maximal parafoveal Auid
height was defined as the maximum vertical distance between the
outer plexiform layer and ellipsoid zone in the peripapillary region
an the macula OCT images. Interobserver reproducibility was
evaluated by the intraclass comelation coefficient (10C).

Resulis were expressed as mean and standard deviation (5D for
quantitative variables and as frequency tables (numbers, percentages)
for qualitative findings. Spagheni plots were wsed to display the
evolution of vision over fime among patients. The associafion
berwsen 2 guantitative variahles was assessed by Spearman rank
comelation coefficient. To compare mean values, 1-way analysis of
vanance was uwsed, and the chi-sguare and Fisher exact tesis were
applied 1o compare propontions. Results were considered significant at
the 3% crtical level (P < 003 All statistical calculations were
performed with SAS version 9.4 (SAS Instinse Inc).

A post hoc analysis was performed 1o analyze the impact of
copticosteroids on visual recovery in patients with subretinal Auid.
When meviewing the chans, decision to reat was based on the
clinician assessment and the severity of the swollen disc. Patients
were also routinely ireated if there had been a previous episode in
the fellow eye. Within the subgroup found to have subsetinal Auwid
{n = 21), the cases treated (n = 1) and not treated (n = 11) with
copticesteroids were compared with respect o age, sex, initial vi-
sual acuity, intraocular pressare, identified risk factors, pRMFL and
GOCC thickness, visual field, and refractive emor.

Informed consent was obtained from all patients. A favorable
opinion of the ethics commitiee at the University of Litge for the
study had been received. The siudy adhered to the tenets of the
Dieclaration of Helsinki.

Data Availability

All data underlying the results are available within the article, and
no additional source daia are reguined.

Summary of Findings

A todal of 32 paticnis were included in the analysis, with a mean
age of 60 vears (50, =12.5; range, 22—88 vears, median, 60.5). A
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NAAIDN associated with optic

nerve drusens K Excluded

(n=2)

Figure 1. Flowchart of patients in the cohort study. NAAION

total of 65.6% were male (Fig |). Four patients {12.5%) included in
the study had a history of NAAION in the fellow eye. At
presentation, mean (£ SD) pRNFL thickness in patients with
NAAION was 227.1 pm (=70.1) and 92.3 pm (£85) in the

Noa-Arteritic Anterior Ischemic Opeic Neuropathy; SRF = subretinal fluid.

unaffected eyes (P < 0.05). At 6 months, a significant decrease
was observed in the affected eyes (624 [£10.0] pm,
P < 0.0001). Ganglion cell layer thickness at presentation and at
6 months in the NAAION eyes were 67.2 £ 18.7 pm and 61.1

SUBFOVEAL KL

Figure 2. Macular spectral-domamn (SD)OCT (Heidelberg Engineening) imaging. Vertacal section through the retina (right image) as indicated by the
green arrow in the en face image (Jeft). Thickening of the ganglion cell layer and retinal nerve fiber layer, microcystic macular edema (MME) in the mner
nuclear layer, and fluid infltration of the outer nuclear layer visible m the macular region in moderate disc swelling (cohort case in the subfoveal group).
Arrows labeling subfoveal (blue) and parafoveal fluid {orange) and outline (purple) labeling MME. Measurements of fluid heighe are shown (see text).

GCL = ganglon cell layer; RNFL = retinal nerver iber hayer; INL=inner nuclear layer; OPL=

outer plexifoem byer.

)
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+ 94 um, respectively, a nonsignificant difference. However,
when compared with the unaffected fellow eyes (809 = 6.5
um), we observed a significant reduction of the GCC thickness
comesponding to a mean loss of 24.8% (median, 27.6%: range,
25%—42.6%: P < 0.0001) at 6 months. A slight increase of the
GCC thickness was observed between baseline and | month,
likely related to segmentation artefacts induced by the swollen
disc and the presence of subretinal fluid. After excluding
segmentation artefacts relating to subretinal fluid, the mean GCC
at presentation was 728 £ 85 pum (n = 1), and a positive
comrelation (r = 0727, P < 0.005) was observed between
Afoveal thickness and Amean GCC thickness at | month,
confirming a likely causative association. Finally, an inferior
altitudinal defect, cither complete or sectoral, was observed in
the majority of patients (24 eyes, 75%).

Retinal Fluid Associated with NAAION

Macular OCT performed at presentation showed retinal fluid in
21 eyes (46.7%). The appearance was divided into 3 categories
according to the localization of the fluid: peripapillary subretinal
fluid (n = 1), that is, subretinal fluid localized to the peripapillary
region; subfoveal fluid (n = 9), that is, subretinal fluid localized to

the foveal region: and parafoveal fluid (n = 19), that is, fluid
localized between the ellipsoid zone and the outer plexiform layer
in the parafoveal region. Both subfoveal fluid and parafoveal fluid
were found in 9 of 21 cases. One patient had subfoveal fluid alone
(n = 1) in the context of NAAION associated with severe systemic
hypertension. The maximal subfoveal fluid height ranged from
66 um to 204 pm (mean = SD, 1368 £+ 71.8 pm: median, 148 pm,
ICC [95% confidence interval] and between the 4 observers was
0.90 pm (0.85-098 pum). The parafoveal height ranged from
59 um to 310 pm (mean = SD, 162.8 = 68.9 pum: median, 165 um:
ICC (95% confidence interval) among the 4 observers was 0.70
(0.60—0.84). The maximal height of peripapillary subretinal fluid
was 100 pm. OCT showed thickening of the ganglion cell layer
and pRNFL layers and microcystic edema in the inner nuclear
layer. similar to what has been termed “microcystic macular
edema™ (MME),"” although unlike that finding was associated with
fluid infiltration of the outer nuclear layer (Fig 2) and was a
transient phenomenon.'”

Macular thickness map analysis showed that extensive OD
swelling involving the superior and inferior temporal sectors of the
optic nerve head is associated with subretinal fluid. A “V" pattern
(Fig 3) is seen in patients with subfoveal fluid and diffuse OD
swelling. Patients with either superior or inferior swelling of the

[".,,,,
m
r‘_

Figure 3. Retinal thickness map in the HRA({Heidelbery Research Archirecture)/Spectralis viewing module (Heidelberg Enginecring). A, Example of
subfoveal flusd (blue triangle) observed in a patient with a “V* (black line) partem of swelling kocalized to the inferior (I) and superior (S) temporal (T)
sectors of the optic nerve. B, Example of parafoveal subretmal fluid limated (filled blue oval, right image) to the peripapillary region associated with an “O"

pattern (black outline, left image) of opeic disc (OD) swelling.
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A B

Figure 4. Three-dimensional images in the HRASpectralis viewing module {Heidelberg Engineering). A, Vitreoretinal maction asociated with extensive
swelling pushes inward the retinal nerve Gber kayer (labeled by the omnge outline) (cohort case). B, Moderate vitreoretinal mmcrion i patient with apeic
disc (OD) swelling limited 1o the swperior (5) sector (labeled by the orange line) (cohom case).

OD. but not both, were found to have subretinal fluid, whereas
parafoveal subretinal fluid was associated with an “07 patiem
(Fig 4). Patients showing the V" patiern were found to hawe
more marked traction on the retina, as can be observed on the
J-dimensional representation (Fig 5). Although the traction may
contribute o the presence of subretinal fAuid, it seems thar the
quantity of fluid generated is also an important factor. Indeed,
parafoveal (intraretinal) fluid localized less than 1 mm from the
fovea is strongly associated with the presence of subfoveal fAuid
(P = 0.0021) compared with fluid localized within 1 and 2 mm
of within 2 and 3 mm from the fovea. One explanation might be
that a greater volume of transudate led to traction of the retina
and conseguent overwhelming of reabsorption  mechanisms.
Howewver, it is important to note that subfoveal fluid tended o
resolve before penpapillary fluid. In some cases, subfoveal Auid
may have been missed because it had  already resolved.
Fluorescein angiography, which was performed in 90% of
paticnts with subretinal fAwid (1921 eyes), did not show any
leakage in the macular region, excluding the presence of
choroidal neovascularization or other factors local to the fovea

At long-term follow-up, 4 patients were found to have MME
{akeo known as “retrograde maculopathy” because of its association
with ganglion cell loss).™ These cases are described in detail by
Chapelle et al.'”

Evolution of Visual Acuity in Patients with
MAAION Associated with Retinal Fluid

Owerall, visual scuity, mean deviation (MD) (visoal field), and
foveal thresholds were stable over time afier the initial assessment
(P =074, P = 042, and P = 0.36, respectively) (Fig 6). An
upward trend observed between presentation and | month afier
the episode in patients with subfoveal fluid perhaps was relaied
o the resorption of fluid (P = 0.97). However, it is also seen in
the subgroup without subretinal fluid (Fig 7). Regarding visual
acuity, no significant difference was seen between eyes with or
without subretinal fluid (P = 091) or between the different
subtypes of retinal fluid (P = 0.42) (Fig 7). There was not a
comelation between the visual acuity and the thickness of
subretinal fuid or between the foveal threshold and the thickness
of subretinal fluid at presentation and at & months. Morsover,
subjective refraction remained the same at presentation and afier

resorption of fuid in the subfoveal group (L33 = 1.3 and 048
= 1.2), and evidence of acquired hyperopia was not found.

Effect of Corticosteroid Therapy on Visual
Prognosis

Among eyes with a swollen disc associated with retinal fAuid, 10
were wreated with oral methylprednisolone (MP) 64 mg  daily
tapered down over | month and 11 eyes were not treated. Although
there was no randomization, characteristics of both groups were
similar for age (35.7 = 13,1 in the MP group and 61.5 £ 78, P =
0.44), gender (90% of men in the MP group and 72.7% in the
control group: P = 0.31), degree of disc swelling st presentation
(pRMNFL: 242.6 pm in the MP group and 2318 pm in the control
group; P = 0LT), initial MD (=12.37 in the MP group and —10.69
in the control group, P = 0U61), refractive error (0.35 £ 1.1 in the
MP group and 0.75 £ 1.5 diopters in the contmol group, P = 0.51),
intraccular pressure (MP group: 179 + 338 mmHg. control
group: 1618 + 3.4: P = (L28), and risk factors (arerial hyper-
tension: 60% in the MP group and 72.7% in the control group, P =
0.54; 05A: 50% in the MP group and 45.5% in the control group,
P = 0.83; hypercholesterolemia: 30% in the MP group and 54.5%
in the control group, P = (0.26; diabetes: 20K% in the MP group and
18.2% in the control group, P = 0.92). We did not observe any
difference in visual function at & months (visual acuity, P = 0.13;
fovea threshold, P = 0.59; MD, P = (L66) between these 2 sub-
groups. Hayreh™ poswulated that comicosteroids accelerate the
subretinal fluid resorption. In our study, all patients except | did
not show subretinal fAuid after the first month. To more precisely
answer this question, measurements during the first 15 days
would need to be performed.

Risk Factors Associated with NAAION

Hyperension was noted in 62_5% of patients (n = 20) and OSA was
noted in 34.4% of patients (n = 11} in the entire cohort. Among
paticnis with hypertension, 95% (n = 19) were receiving antihy-
periensive ireatment before the attack. Only | patient in the entire
colort had uncontrolled hypertiension confirmed by 24-hour blood
pressure monitoring. This patient was found 1o have subretinal fAuid.
The hypertension rate in our study is not consistent with the previous
studies that showed a lower rate, ranging from 34% o 57%."' A
possible consideration is that it may be the hypoiensive treatment

5
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Figure 5. Spagherti plot graph. A, Evoluwion of mean wvisuwal acuiry
{Snelben scale)d over & months. B, BEvolution of mean foveal threshold
{decibeks [dB]) over & months. C, Evolution of MDY {dB) over & months.
Owerall, these measures remain stable from acute presenmation to G-monch
followeup, MDD = meam deviation.

(resulting in noctumnal hypotension) that s a risk factor for NAATON
rather than hyperension {as has been suggested by Havreh™ ),
although in the authors’ experience, NAAION ocouming in the
context of a documented episode of systemic hypotension tends o
occur bilaterally. Five patients (15.6%) in the entire cohort had
diabetes, but mone of these patients demonstrated subfoveal Auid
asspciated with the OD swelling.

Discussion

Influence of Retinal Fluid on Visual Outcome

In a study including 76 patients with NAAION, subretinal
Auid was observed in 50% of patients but was subfoveal in

i

only 10%.” a lower rute than found in the present study. This
discrepancy likely is o be due to the first examination of the
patients being undertaken with a median of 5 days after the
onset of the symploms, whereas patients in the ciled study
were examined up w 4 weeks after onset. It is important
to recogmize the association of NAAION with retinal fluid
to avoid confusion with neuroretinitis™ and some case of
optic neuritis.'” The guestion also arises as 1o whether the
presence or absence of subretinal fluid influences outcome
and thus, potentially, management.

A significant deterioration of visual acuity has been
reported  in idiopathic intracranial hyperiension  where
subfoveal and purafoveal fluid due to papilledema™ are
observed and in patients with CRVO and serous retinal
detachment.”® However, we did not observe any effect of
the presence of retinal fluid on visual acwity, MD, or
foveal threshold at & months. In contrast to these other
conditions, the rapid resolution of the subfoveal fluid in
MNAAION  does not  lead o photoreceptors  or
RPE dysfunction. In acute CSR. for example, impairment
of RPE function generates fluid.” In NAAION, the
transudate is passively transferred from the ischemic OD
in the absence of local cellular dysfunction. However, it
has also been demonstrated in CSE that subretinal fluid
height itsell may be negatively comelmed with foveal
retinal sensitivity and the foveal retinal defect even with
preserved  visual mu:il:.-'_:h In our study. there was no
correlation between the presence or absence of subretinal
fluid and the foveal retinal threshold. We assume that the
volume of fuid was  insufficient to impair  contrast
sensitivity. Some authors have suggested treatment with
corticosteroids to accelerate recovery, perhaps by avoiding
permanent macular damage'” or by earlier resolution of
OD swelling and subretinal fluid.” In our cohort, we
found no significant difference in visual oulcome between
patients with retinal fuid (subfoveal or parafoveal Auid)
wha were treated with steroids and those who were nit on
recovery at 1. 3, and 6 months (Fig 7).

To conclude, we have addressed the following: “Does
subfoveal Auid affect our management in NAATONT One
issue is that erroneous measurements using ganglion cell
OCT analysis may occur in“PalJ':nl:s with subretinal fuid.
Second, Hedges' and Hoye™ found a comelation between
visual acuity deficit and subretinal fluid. However, no
statistical analysis was camied out and the cohort studied
was small in pumber. Our findings confirm only a
nonsignificant upward trend in visual acuity recovery in
the subgroup of patients with subfoveal fluid. The
detection of subretinal fluid in the acute assessment of
NAAION may have litle or no infleence on prognosis.
Furthermore, corticosteroid intake at presentation did not
affect visual recovery in our cohort. Our findings do not
support a change in management in cases of NAATON
found to have subretimal fuid.

Pathogenesis of Intraretinal and Subretinal Fluid
in NAAION Compared with Other Disorders

In NAATOMN, it 15 hypothesized that hypoperfusion of the
optic nerve induces axoplasmic flow stasis and leads 1o
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Figure 6. Spaghetti plot graph. A, Comparison of mean visuml acuity aver & months m patients with subretinal fluid and patients withowt retinal fluid
{subgroup without subretinal fluid: Bl line, subgroup with subfoveal fluid: red line, subgroup with pamfoveal or perpapillary Buid: green ling), Owverall,
visuml acuiry was roughly stable after a WAAION episode with time. A slight nonsignificant improvement berween presentation and 3 months was chserved

m the subfoveal fluid group. SBF = Subretinal fluid.

axonal swelling and further vascular compromise.™ This
leads to an ischemic cascade, including leakage of
the peripapillary vessels.™ The fluid extravasates through
the retina  and  accumuolates  as  the  result  of
hyperosmolanity.” A significant volume of  flud s
generaled  and  compensatory  mechanisms  are  rapidly
overwhelmed, which explain why subretinal Auid is seen
in this condition.

In OD disorders where subretinal and parafoveal fluid
occur, a transudate. an exudate, or a combination of the
2 may be present, as already confirmed by histopathologic
studies in papilloedema™ A ransudate resulls from the
alieration of mechanical factors influencing the formation
or resorpion of fuid, " whereas an exudate occurs in
the presence of diseases engendering inflammation (e.g..
malignancy, twberculosis, systemic lupus erythematosus).™
For example, in pleural effusion, exudate has  been
distinguished from transudate in plewral  effusion by
having a protein concentration = 3.0 g/100 ml™ and a
cholesterol level = 40 mgfdl.™

In the case of subretinal fluid associmed with NAATON,
a transudate 1= likely because there is no evidence of
inflammation and the so-called hard exodates are not
commonly seen. A complete macular star results from the
deposition of lipoproteins in the outer plexiform layer taking
up the radiating pattern of fibers in Henle's laver.™
Although such exudates located only in the nasal
hemifovea and thus a hemi-star {(or “fan”) can occasion-
ally occur in NAAION (Plamt GT, Chapelle A-C. personal
observation, 201 7), no instance was observed in the present
cohort. A macular star or hemi-star has been described in
newroretinitis, papilledema due o severe or long-standing
intracranial hypertension™ and myelin oligodendrocyte

glycoprotein optic neuropathies. “ In these cases, exudates
form from a proteinaceous fluid composed of serum
proteins and lipids, resulting from a breakdown of the
blood retinal barrier.™ The lipid component tracks in the
outer  plexiform  layer and the lguwd component
accumulates in the subretinal space because higuid can
percolate through the external limiting membrane ™' In
our series, no exudates were observed on OCT or indirect
ophthalmoscopy, which is in favor of wansudation. We
propose that venous hypertension caused by the swollen
disc is likely w induce transudation. Indeed, authors have
hypothesized that OD  swelling in general leads 1o
compression of the superficial retinal veins or an increase
in retrolaminar retinal venows pressure indwced by an
augmentation of the optic nerve tissue volume ™ This
hypothesis provides an explanation for the absence of
spontancous  venous  pulsation  in patients  with OD
swelling, regardless of the cause ™It is also the case
that in chronic  papilledema.  such  as  inidiopathic
intracranial hypertension. exudses are observed only in
long-standing and severe cases. ™

It has been suggested that propagation of Auid within the
retina can be promoted by vitreoretinal traction secondary to
the optic nerve swelling in NAAION and other disorders.”
Extensive swelling pushes forward the retinal nerve fiber
layer, thus potentally allowing fluid w progress along the
potential space. Cur resulis show that patients who had
subretinal fluid tend to have more extensive swelling in the
tempomal disc sector. The swelling is likely 10 represent a
combination of optic nerve fiber swelling and ussue edema.
In these cases, a “V" patiern was observed on the thickness
map and subfoveal fluid was always present, which favors
a role of vitreoretinal tmetion from the OD. However, we
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Figure 7. Spaghetti plor graph. A, Comparson of mean foveal threshold (dB) over 6 hs in patients with subretinal fluid treated (a) and untreated with

corticosteroids (b) (subgroup without subfoveal fluad: blue line, subgroup with parfoveal fluid: red line, subgroup with penipapillary uad: green line). B,
Comparison of mean visual acuity (Snellen scale) over 6 months in patients with subretinal fluid treated and not treated with carticosteroids (subgroup with

shretinal fluid d with coets ids: blue line, subgroup with subretinal fluid not treared with steroids: red line). No difference in vasual function at 6
months (visual acuity and fovea threshold) was observed in subretinal fluid b pati d and untreared with corticosteroads. OCS =
corticosteroid.

consider the volume of transudate to be the more likely Similarities with subretinal fluid in macular pathologies.
determining factor, which is also likely to be related to the  such as CSR, Vogt-Koyanagi-Harada, and CRVO, suggest a
degree of OD swelling. The mean retinal nerve fiber layer  similar underlying mechanism. Many hypotheses have been
thickness was 24242 + 5224 pm in patients with  proposed, such as overwhelming of the draining vascular
subretinal fluid compared with 20145 £ 80.76 pum in syslanoﬂthPEnwchmism."‘lnNAAlON, however, the
patients without subretinal fluid (P = 0.05). volume of fluid emanating from the optic nerve head is

8
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likely 1o exceed the pump capacities of the RPE, leading o
the accumulation of retinal fluid" without the need to
hypothesize impaired intrinsic function.

Ower the past 5 vears, there has been increasing
recognition of a paravascular iransport system in the retina
and around the oplic nerve similar o the glymphatic system
existing in the brain. " Moreover, this glymphatic system
has the potential w communicate with the vascular system
and could be involved in the generation of tssue edema
after ischemia of the optic nerve. Miller cells and the
superficial and deep wvascular plexus  under  normal
condition can reabsorb fluid. """ We propose that in
NAAION, after the generation of a vascular transudate,
Miiller cells are sawrated. This s compatble with the
observation on OCT of thickening and cystc change of
the inner nuclear layer, where the Miiller cells are located,
similar 1o what has been observed in MME.™ although
rarely extending to the macula.'” The fact that Miiller cell
density decreases with eccentricity might explain why we
do not observe this change at the fovea”™ Moreover, our
study showed that parafoveal fluid localized less than
I mm from the fovea s strongly associsted  wath

Footnotes and Disclosures

subretinal  fluid. We propose that the critcal factor
determining the appearance of subretinal fluid is the
vedwme of fluid generated acutely by the ischemic process
at the optic nerve head resulting in overwhelming of the
glymphatic system and other reabsorption mechanisms.*

Study Limitations

The main limitation of our study is that we do not have the
OCT scans of patients at the onset of symptoms, which may
give further insight into the pathogenesis and prevalence of
subretinal flud in patients with NAAION. Furthermore,
follow-up studies during the first 15 days may better permit
evaluation of the time course of fluid resorption and allow
us o estimate the delay for the resorption of fluid. A
randomized, masked prospective study would be reguined 1o
evaluate definitively the efficacy of stervids in NAAION
associated with subretinal fluid.
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