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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. Müller cells, a type of glial cell, have both metabolic and 

structural roles, supporting retinal cells 1. 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.  

 

 

 

1. Anatomy and functional characteristics 

of the visual pathway 
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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 between2 .  

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

the terminations of Müller 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 Müller 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, Müller 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 Müller 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 4. The concentration of 

cones is 15 times higher compared to the peripheral retina whereas rods are 

predominantly located in the periphery5.  

 

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) 6.  

 

 

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 metabolism7. 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 8. Furthermore, the RPE is responsible for phagocytosing the outer 

segments of the photoreceptors 8. 
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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. 

Illustration from Kaye et al (2021)9.  
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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) 3. 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 retina5.  

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 4. 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 terminal10. 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 (right) and cone (left) photoreceptors. Illustration from 

Remington LA (2012) 2 

 

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 11.  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 12.  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 8.  

In the fovea, each bipolar cells receives the input from one cone whereas in periphery they 

receive inputs from multiples photoreceptors13. 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 14. 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 12,15. Larger ganglion cells are typically found in the 

periphery, while smaller ganglion cells are located in the perifoveolar macula 16. 

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) 17. 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 periphery18.  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 cells19.  

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 region20. 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 µm in 9 months 21. It showed that a diminution of. Similar findings have been 

reported in histologic studies of humans 22,23. 

 

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 8. 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 24.  

 

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-field25.  
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Müller cells 

Müller cells (MC) are the most common glial cells found in the human retina 1. Located in the 

outer limiting membrane8,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.  

 

 

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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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. 

Illustration from Danesh-Mayer et al, 2019 26. 

 

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.  

 

Figure 5: Drawing illustrating the damage to inferior nerve fibres serving the inferotemporal retina (A) 

and the consecutive nasal step (B).   

 

 

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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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 chiasm27.  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 

myelin sheath of the optic nerve) 27. 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) 27 .  

 

A B 
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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 28. 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. 

 

 

Figure 10: Drawing illustrating the cross section of the optic nerve head of the human eye. Illustration 

from Gray et al (1918)29.  
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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 30  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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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) 31 

 

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 32. 

 

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 33.  
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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). 

 

 

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. Illustration from Mendel et al, 201734. 

 

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)35. Others studies have observed 

some vascularization from the CRA and the peripapillary choroid branches36 or exclusively  

from the posterior ciliary arteries 37. More recently, Yu and al have cannulated both the CRA 

POSTERIOR ANTERIOR 
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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 vascularization38.  

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 

nerve39. 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) 39.  However, interindividual variation is common. 

In some subjects, this anastomosis between the lateral and the medial SPCA may be complete 

or incomplete with overlapping regions39,40. Pial arterioles, arterial-arterial anastomoses and 

recurrent choroidal branches also arise from the “circle of Haller and Zinn39. Moreover, an 

extrascleral arterial anastomosis, distinct from the intrascleral ‘circle’ of  Haller and Zinn, is 

formed by more distal branches of the SPCA 39.  
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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. Illustration from Olver et 

al,1990 39. 

 

 

1.2.7. Optic nerve head blood flow studies  

a. Fundus fluorescein angiography 

Dynamic blood flow characteristics are assessed by fundus fluorescein angiography (FFA)41 . 

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 blood42,43.  
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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).44. 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 45. 
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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 46,47. 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 phase47.  The paraoptic branches of the 

SPCA supply the deeper network while the radiate superficial network appears  to be supplied 

by branches of the CRA48.  

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 patients49 (Figure 18). The impact of this watershed zone on 

the optic disc vasculature is still under debate. 

 

A 
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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 50. 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 

µm from the internal limiting membrane (2), 70 µm 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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Non-arteritic anterior ischemic optic neuropathy (NA-AION) is a common optic neuropathy 

affecting people over 50 years old second only to glaucoma51. The condition was first clearly 

defined as a clinical syndrome by Hayreh in 197452. Patients often presented with a painless 

sudden loss of vision involving one eye associated with an altitudinal visual field defect 53,54 

(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 

eye51.  Sub-acute loss (progression over days or weeks) may occur55. 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. 

2. Non-arteritic anterior ischemic optic 

neuropathy: symptomatology and 

pathogenesis 
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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)56.  

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 57. 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 56. 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 

phase52,56,58,59. Collignon-Robe et al confirmed a decreased optic nerve head blood flow in 

patients with NA-AION compared with fellow eyes 60.  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 

common variant of OD morphology (absence of a cup)61,62.  Other likely risk factors are 

obstructive sleep apnoea (OSA)63,64 and systemic hypertension65 (although the AION associated 

with malignant hypertension has distinct features and can be bilateral and simultaneous 66,67). 

Any risk associated with elevated intraocular pressure (IOP)68–70remains controversial69,71,72. 
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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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3.1. 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 histology73–75.  Compared to ultrasounds or MRI, 

OCT has substantial advantages as fast and easy acquisition without contact, high resolution 

(20-5µm) 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 interferometry76,77. 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, 

3. Optical coherence tomography 
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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 77.  

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. 

Illustration 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 78,79 and lead 

to an apoptotic cascade, starting with an accumulation of intracellular calcium  80–82. 

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 (red 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 74,75. 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 83 (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) 75,83, tilted disc, 

peripapillary atrophy, small cup disc ratio and optic disc swelling 84,85. 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 86. 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 database87.  In fact, a good function 

eyes might be considered abnormal after comparison to the normative database 87. 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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pRNFL88. In research studies an “in house” matched control group, matched for age, gender, 

axial length and ethnicity, is recommended89. 

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 45µm because 

dysfunctional cells are taken in account 90.     
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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 c 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 

4. Research objectives 
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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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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 

interferometry76. 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) 14. 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.  

5. Utility of ganglion cells for the evaluation 

of anterior visual pathway pathology 
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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) 17. 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 12. 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 density18.  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 

is 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 91.  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 

disc  (absence of a cup)62. 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 92  (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 

93,94. Asymmetric thinning between the superior and inferior hemi-macula is observed, resulting 

in an altitudinal pattern 95. 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 96.  
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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. 

 

 

Figure 27:  Line graph. Evolution of mean RNFL (µm) 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 28), inflammatory (dysthyroid optic neuropathy 97, IgG4 disease 98) and vascular 

(aneurysm 99).     
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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 

presentation100 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 101. 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 102. Fard  MA et al found that pRNFL and GCC 

measurements are an important marker of the disease progression 103. 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 controls104. 
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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 left 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 105.  Pituitary adenoma, parasellar meningioma, craniopharyngioma and vascular 

abnormalities (e.g. internal carotid aneurysm for instance) are the most common causes of 

chiasmal compression 105. The heteronymous nature of the visual field loss may not be noticed 

A 

B 
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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 106. 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 107.  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 108. Involvement of the inferonasal and superonasal quadrant is highly suspicious of 

a compressive chiasmal optic neuropathy 108. Nasal GCC is more affected because crossing 

fibres originating in nasal retina are involved 109. The decrease in thickness of GCC is also well 

correlated to the density of the visual field defect 109 (Figure 29). GCC thickness assessment 

helps ophthalmologist to make an earlier diagnosis even if the RNFL OCT is still within the 

normal range 110. A further refinement is to consider the naso-temporal macular GCC thickness 

ratio which has been compared directly in chiasmal compression and glaucoma 111. 
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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 recovery106. Moreover, in anterior optic nerve sheath 

meningioma, a pRNFL thickness lower than 70µm is associated with a lower probability of 

visual improvement after radiotherapy or decompression surgery101.  

 

 

 

A B 
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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%) 112. Acute MS lesions involving the optic tract are uncommon113. 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 114–116.  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 117. These observations 

were noted at least 1 month after the onset 118. 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  

IIH 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 119. 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 IIH 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)32 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 IIH 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 119.  

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 

time 120 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” 

but clearly shown not to be associated with visual loss, unlike true drusen 121. 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 hyporeflective, 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, pRNFL 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 RAPD123. 

MSON is considered an autoimmune optic neuritis although no antibody has been described123. 

In MS optic neuritis is the presenting symptom in 25% of patients 124. Less common in 
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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)123. Systemic 

disorders associated with optic neuritis include infectious, post-infectious  and post-vaccination 

optic neuritis123. 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 89. Indeed interocular asymmetry in GCL 

thinning is a signature of MS in a susceptible population 125,126. 

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) 127.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 loss89. 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 remyelination128 whereas the 

consequences of axonal loss are permanent, unless there is a possibility of central 

reorganisation129. 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 tests130. 

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 MSON131, where temporal thinning is observed. pRNFL thinning is greater overall in 

NMO than MSON, in accord with the worse visual prognosis132.  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 identified134,135. 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 

neuropathies136. 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 137. Indeed, this cannot be considered a universal phenomenon, in the toxic neuropathy 

related to vigabatrin the caeco-central projection is selectively preserved138. 
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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 139,140. However, in the subacute and chronic stages, RNFL thinning especially in 

the inferotemporal part is found 141. 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 142. 

One report has observed that the GCC thinning was present at the onset of symptoms and 

increased after 6 months143. GCC thinning has been shown to be significantly correlated with 

deficits in visual field and visual acuity142 (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.  

A A 

B C 
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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 144. 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 145,146.  

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) 147. It mainly affects men 

between the second and third decades 148. 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 149,150. However, GCC thinning was found in the early acute phase 

and worsened gradually (mean GCC thickness 24 weeks or more after the symptoms: 50.8µm) 

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% 152. 

Moreover, RNFL was thinner in DOA than in chronic LHON 149. Compared to controls, the 

temporal and superior sectors of RNFL were more affected in DOA 153. 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 149. In DAO associated with the OPA1 mutation a more significant 

involvement of the inferior, inferonasal and superonasal sector of GCC was observed 153. 

 

 

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.  

 

 



81 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Part 4: Pattern and 

evolution of retinal 

fluid in non-arteritic 

anterior ischemic 

optic neuropathy 



82 

  



83 

 

 

 

 

Chapelle AC, JM Rakic, GT Plant  

Published as Chapelle AC, Rakic JM, Plant GT. The Occurrence of Intra- and Sub-Retinal Fluid 

in Anterior Ischemic Optic Neuropathy: Pathogenesis, Prognosis and Treatment. 

Ophthalmology 2023. 

 

 

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  51. The 

condition was first clearly defined as a clinical syndrome by Hayreh in 1974 52 and by Boghen 

and Glaser in 1975 154. Patients present with painless unilateral acute loss of vision associated, 

by definition,  with a swollen optic disc 51. Sub-acute loss (progression over days or weeks) 

may occur55,155. 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 cup61,62,156. Other likely risk factors are obstructive sleep 

apnoea (OSA)63,64 and systemic hypertension65 (although the AION associated with malignant 

6. The Occurrence of Intra- and Sub-Retinal 

Fluid in Anterior Ischemic Optic Neuropathy: 

Pathogenesis, Prognosis and Treatment 
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hypertension has distinct features and can be bilateral and simultaneous 66,67). Any risk 

associated with elevated intraocular pressure (IOP)68–70remains controversial69,71,72. 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 55 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 

92,157.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 outcome158. 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 have found no change with this intervention159. Others have proposed the use of  intravenous 

or oral prednisone specifically in patients with subretinal fluid160,161.  

Optical coherence tomography (OCT) has revolutionised the analysis of optic nerve and retinal 

disorders. OCT is based on the principle of backscattering and interferometry76,77. 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 ensues92.  

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 Liège, 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 coefficient (ICC).  
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Figure 31: Flow chart of patients in the cohort study. 
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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, pRNFL and GCC thickness, visual field and refractive error.   

A favourable opinion of the ethics committee at the University of Liège 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 (Figure1). At presentation, mean (±SD) 

pRNFL thickness in patients with NA-AION was 227.1 (±70.1) and 92.3 µm (±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 (±10.0) µm). GCL thickness at presentation and at 6 months in the NA-AION eyes 

were 67.2 ± 18.7 and 61.1 ±9.4 µm, respectively, a non-significant difference.  When compared 

to the fellow eyes (80.9±6.5 µm), 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 Δfovea thickness and Δmean 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), i.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 µm to 204 µm (mean ± SD: 136.8 ± 71.8 µm; median: 148µm, ICC (95% confidence 

interval) between the 4 observers 0.90 (0.85-0.98)) and from 59µm to 310µm (mean ± SD: 

162.8 ± 68.9 µm; median: 165µm; ICC (95% confidence interval) between the 4 observers 0.70 

(0.60-0.84)), respectively. The maximal height of peripapillary subretinal fluid was 100 µm.  

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)162 

although unlike that finding was associated with fluid infiltration of the outer nuclear layer 

(ONL) (Figure 32) and was a transient phenomenon.  

 

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)163. These cases are described in 

detail elsewhere 164,165 .  
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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: 242.6µm in the MP 

group and 231.8µm 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: 16.18±3.4; 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 month158. 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%62,166–168. 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 Hayreh167,169–171). 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 compromise172. This leads to a 

viscious cycle inducing an ischaemic cascade including  leakage of the peripapillary vessels 172. 

The fluid extravasates through the retina and accumulates in the retina due to 

hyperosmolarity173. 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 cases157. 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 IIH patients diagnosed 

with sub-foveal and parafoveal fluid due to papilloedema174,175 and in patients with CRVO and 

SRD176, 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 CSR177. 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 

CSR178. 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 160. In theory corticosteroids intake 

given promptly after the onset would decrease the subretinal fluid and optic disc swelling   was 

proposed by Hayreh179. 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 fluid22,65.  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 practice180. 

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 181 . 

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 vesicle182. The subretinal region concerned 

is composed of the interphotoreceptor matrix which surrounds the photoreceptors and their 
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outer segments183,184 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 185.  A transudate results from the alteration of mechanical factors influencing 

the formation or resorption of fluid186,187 whereas an exudate occurs in the presence of diseases 

engendering inflammation (e.g. malignancy, tuberculosis, systemic lupus erythematosus)186. 

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/100ml188 and a 

cholesterol greater than  40mg/Dl189.  

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 layer190. 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 hypertension191  and MOG optic neuropathies192. In these cases, 

exudates form from a proteinaceous fluid, composed of serum proteins and lipids, resulting 

from a breakdown of the blood retinal barrier193. 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 membrane173,194.  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 volume195,196. This hypothesis provides an explanation 

for the absence of  spontaneous veinous pulsation in patients with optic disc swelling, regardless 

of the cause195–198. In chronic papilloedema, such as in IIH, no exudates are observed except in 

longstanding and severe intracranial hypertension 191. 

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 92,199.  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 fluid176,200. 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  fluid160.   

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 brain201–203. 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, Müller cells and the superficial and deep vascular plexus under normal condition 



105 

can reabsorb fluid203,204 but after hypoperfusion and large extravasation of liquid from 

capillaries and veins as observed in NA-AION, Müller 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 oedema162, although not involving the macula. The fact 

that Müller cells density decreased with eccentricity might explain why we do not observe this 

image within the fovea205. Moreover, our study showed that parafoveal fluid localised less than 

1 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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7.1. Introduction  

MMO was first described in the context of optical coherence tomography (OCT) findings in 

Multiple Sclerosis by Gelfand et al. 162. 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 206. The microcysts are located in 

the INL and show a perifoveal distribution 162,207. MMO is associated with severe optic atrophy 

found in: optic neuritis 162,208; neuromyelitis optica 209,210; hereditary optic neuropathies 211,212; 

toxic and nutritional deficiency neuropathy 213,214; glaucomatous neuropathy215,216, compressive 

optic neuropathy163; and infiltrative optic neuropathy such as glioma 217,218. Abegg has 

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 
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suggested the term “retrograde maculopathy” (RM) for INL cystic change in this context 217,219. 

However, similar changes have also been described in retinal pathology for example in: 

epiretinal membrane 220; age related macular degeneration; diabetic retinopathy; and central 

serous retinopathy221. 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 Liège, 

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, 61,62,156) 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 Liège 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. 
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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 µm 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 120µm) and the mean pRNFL thickness was high (mean (±SD): 257.7 ± 81 µm, range: 

189-347µm). 

 

 

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. Illustration 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 µm in the affected eyes 

compared to 45.3 ± 1.7µm 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 137µm). 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 µm and 39.4 

± 2.0 µm, 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 µm (-33.3%, range: -22.3 -30.3 µm) and in 

the inferior hemi-maculae (mean loss of GCC thickness: -30.7 ± 5.6 µm (-31.0%, range: -24.3 

-34.8 µm) (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 

40.7µm, mean inferior hemi-macula thinning: -19.14 ± 12.1µm, -28.51%, range: 5 to -39µm; 

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 ± 2.5µm; temporal RNFL: 48.7± 1.5; nasal pRNFL: 56 ± 6.2; 

inferior pRNFL: 62 ± 2.6µm and superior pRNFL: 63.7±3.5). Mean pRNFL was especially thin 

compared to the overall cohort (mean pRNFL: 62.3 ± 9.7 µm; median: 61µm; temporal pRNFL: 

51.7± 15.5 µm; median: 49.5µm, nasal pRNFL: 60.1 ± 11.8 µm; median: 49.5µm; inferior 

pRNFL: 74.9±24.4µm; median: 66µm and superior pRNFL: 62.78 ± 13 µm; median: 62µm).  
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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 (yellow dot).  The red line represents the 45-degree line where Δ inferior 

hemi-macula and Δ superior hemi-macula are equal. See Supplementary figures 3A 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 (363µm) and a normal thickness of GCC (85µm). 

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 µm at 3 and 6 months) and 

a significant thinning of mean pRNFL (64µm at 3 months and 55 µm 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 ∆ 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 52. 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: 70µm) and pRNFL was 

thickened (mean pRNFL: 189µm) 

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 58µm and GCC was thinned (mean GCC: 

68µm). 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 ∆GCL (µm) 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 237µm and 67µm, 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 µm and 52µm at 3 and 6 months respectively) and the 

pRNFL (79µm at 3 months and 60 µm 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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Figure 43: CASE 3. (A) Illustration of corresponding ∆GCL (µm) thinning between the eye before the 

event and 6 months post episode (B) Visual field showing a superior altitudinal defect (C) HD-OCT 

fundoscopy 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.  

 

 

 



123 

7.4. Discussion  

A degenerative change in the INL following ganglion cell loss was first reported in 1963 223 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 224. In the primate study, the cystic 

degeneration was distributed in an annular perifoveal distribution from around 500µm outwith 

the foveal margin extending over a further 1 mm, where the ratio of Müller cells to cone bipolar 

cells is low (1:4  rising to 1:1 at 3 mm eccentricity)  although Müller cell to total bipolar cell 

ratio remains more constant 205. Histological examination in the primate study showed debris 

and tissue in the larger cysts 223 -confirming that is not oedema- and some authors have 

suggested that degeneration of the Müller cells plays a key role because the MMO is localized 

in the poorly perivascularized rim 162,204,225 .Müller cells are glial cells which provide metabolic 

and structural support to retinal neurons 226. The microcystic appearance observed in the INL 

may correlate with the vertical orientation of Müller cells 227.  

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 221. 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 

transsynaptic degeneration of bipolar cells 217,224 others to Müller cell dysfunction 203,204. In 

some cases it may be a genuine manifestation of interstitial oedema perhaps secondary to Müller 

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 209, leading to the overwhelming of Müller 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 201–203. 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 202. 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 201. 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. Müller cells and the superficial and deep vascular plexuses under normal conditions 

have a role in the reabsorption of fluid 203,204 but following arterial hypoperfusion and extensive 

extravasation of fluid from capillaries and veins Müller 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 162, although the retinal distribution differed.   

Another factor may be that the transudate forming subretinal fluid might induce traction on the 

Müller footplates explaining the cystic appearance observed 211,218. 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 217. Therefore, retinal 

ganglion cell (RGC) loss inducing vitreoretinal traction on the Müller cells is a less likely 

pathogenesis than a metabolic change related to retrograde transsynaptic degeneration 212,219; 

either dysfunction of the Müller cells 207 or empty space induced by Müller cell degeneration 

now fluid filled 163.  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 
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thinning are observed in these patients compared to the entire cohort (Figure 33).  Contrary to 

the conclusions of Lee DH et al 220, 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. Müller 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” 163,219. 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 228.  
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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 individuals229.  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, pRNFL 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 

8. Conclusions and perspectives 
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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 

compression109. 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.  
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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 µm) in the superior 

hemi-macula and 31.0% (-30.7 ± 5.6 µm) 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(Δ) (Figure 46).  On the logarithmic scale, we mostly observe a thinning of the superior 

and inferior hemi-macula as confirmed by the negative Δ (Δ=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 Δ. 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% (Δ ≤-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 Δ inferior hemi-macula and Δ 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 Müller cells. This finding has been found in patients who presented 

simultaneously a significant GCC thinning in the superior (thickness reduction of 27.9%, -23.01 

± 9.33µm) and the inferior hemi-macula (thickness reduction of 28.51%, -19.14 ± 12.1 µm), 

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 Δ≤-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 cause230. 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)231. 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 

Müller cells bodies. Müller 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 Müller cells dysfunction- leading to a swollen of these cells.  Moreover, Müller cells 

processes stabilized mechanically the retina. In case of vitreomacular traction due to optic disc 

swelling, the dissociation between different Müller cells can create cystoid space. The role of 

Müller 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. Outcome 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)232. 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 attack157.  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, 



140 

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 pressure233–235. 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 162. This 

microcysts are located in the INL and show a perifoveal distribution162,209.  
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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 change230. 

We described three patients with NA-AION who had transient 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 

transsynaptic degeneration of bipolar cells217,224 or Müller cells dysfunction 203,204 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 Müller 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 236. 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 236.  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 237. GCC thickness was inversely correlated with disease 

duration and severity. Similar findings have been found in mild cognitive impairment and 

Alzheimer’s disease 238. 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 239. 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 study130. 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 sclerosis240.  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 242,243.  This new technology will help to detect some change undetectable to the 

ophthalmologist eye in identifying optic nerve abnormalities 244, aid in the diagnosis of 

neurodegenerative diseases 245 and make the difference between arteritic and non-arteritic 

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 

photographs246 or estimate accurately the biological age using retinal images 247.  

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). AI 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. AI 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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Variable N Mean SD SE Min Q1 Median Q3 Max 

Mean RNFL (µm) 6 96.50 5.36 2.19 91.0 91.0 96.50 99.0 105.0 

Superior RNFL (µm) 6 122.33 11.55 4.72 111.0 112.0 119.00 136.0 137.0 

Temporal RNFL (µm) 6 61.83 11.16 4.56 52.0 55.0 56.00 74.0 78.0 

Nasal RNFL (µm) 6 76.67 10.23 4.18 66.0 68.0 74.00 87.0 91.0 

Inferior RNFL (µm) 6 124.67 21.39 8.73 102.0 103.0 124.00 142.0 153.0 

Mean GCC (µm) 5 81.20 2.95 1.32 76.0 82.0 82.00 83.0 83.0 

Minimal GCC (µm) 5 80.00 4.69 2.10 72.0 80.0 82.00 82.0 84.0 

Superior GCC (µm) 5 77.80 4.49 2.01 72.0 74.0 80.00 81.0 82.0 

Supero-temporal GCC (µm) 5 80.20 4.15 1.85 75.0 78.0 80.00 82.0 86.0 

Superonasal GCC (µm) 5 83.20 3.03 1.36 80.0 82.0 82.00 84.0 88.0 

Inferior GCC (µm) 5 79.00 4.58 2.05 71.0 80.0 80.00 82.0 82.0 

Inferotemporal GCC (µm) 5 83.20 2.17 0.97 80.0 82.0 84.00 85.0 85.0 

Inferonasal GCC (µm) 5 83.00 3.54 1.58 77.0 83.0 84.00 85.0 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 
           (µm) 

RNFL 6 months 
after NA-AION 
           (µm) 

GCC baseline 
         (µm) 

GCC 6 months 
after NA-AION 
           (µm) 

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. 

 

9. Supplementary figures 
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 No CCS CCS  

Variable Categories N Number (%) N Number (%) p-value  

Sexe  11  10  0.31  

 H  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  11  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 

intake 

 11  10  0.86  

 Non  4 (36.4)  4 (40.0)   

 Oui  7 (63.6)  6 (60.0)   

High blood pressure newly 

diagnosed 

 7  6  0.34  

 Non  6 (85.7)  6 (100.0   

 Oui  1 (14.3)  0 (0.0)  

 

 

 

 

Variable N Nmiss Mean SD  Min Q1 Median Q3 Max p-value  

Age 1er Onset (years)             

No CCS 11 0 57.75 13.167  41.64 51.68 55.46 63.22 88.13 0.44  

CCS 10 0 61.50 7.775  51.19 55.87 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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N° 

Paire 

GCC 

Hemi-Sup  

Baseline 

GCC 

Hemi-Sup 

6 months  

Difference 

(%) 

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 81.3333 50.6667  -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 3A: 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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N° 

Paire 

GCC  

Hemi-Inf  

Baseline  

 

 

GCC 

Hemi-Inf 

6 months   

Difference 

(%) 

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  . 

11 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 

20 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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