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Preface

The study of the optic nerve, its structure, functioning, and disorders is a key topic for both
researchers and clinicians.

Many pathologies in fact can affect the optic nerve: some of them are congenital (think of
myelinated nerve fibers, morning glory syndrome, choristoma, and rare anomalies to name
a few), while others can be classified as tumors both in primary form (i.e., if neoplasia sur-
rounds the optic nerve sheath) and secondary form (relevant examples are medulloepithe-
lioma, optic nerve meningioma, and others). Optic nerve examination is arguably the most
important component of the evaluation of a glaucoma patient. The appearance of the optic
nerve is therefore crucial to diagnose glaucoma and detect its progression.

Due to the variety and complexity of disorders affecting the optic nerve, both researchers
and physicians need a comprehensive reference that starts from detailing the anatomy of the
optic nerve, illustrates how the most modern diagnostic procedures (think of imaging tech-
niques) can be effectively employed for clinical purposes, and, last but not the least, shows
how to manage complex clinical cases that may occur in the daily life of an ophthalmologist.

This book aims to elevate itself as an authoritative reference that can help broad and hetero-
geneous audiences, ranging from resident students to clinicians, neuroscientists, researchers,
and, ultimately, surgeons.

The book is divided into two main sections: it starts by reviewing in detail the anatomy of
the optic nerve with special emphasis on the optic nerve head and chiasm. Organization of
the optic nerve into regions is explored in detail with a thorough discussion of axoplasmic
flow, glial barriers, and the lamina cribrosa.

This book then concentrates on embryology, physiology, and pathology of the optic nerve
and introduces clinical features and imaging findings that help clinicians in detecting disor-
ders and making a diagnosis.

The book will explore in detail the relationship between neuroendocrine structures and
functional/structural modifications occurring in the optic nerve: a first example is drawn by
diabetic retinopathy and we will pay a special attention to changes to the optic nerve it gen-
erates such as diabetic papillopathy and neovascularization of the optic disc.

We will also discuss diagnostic tests (e.g., optical coherence tomography and visual evoked
potential) that allow us to detect structural and functional changes to the optic nerve.

We will finally shift to analysis of optic nerve head drusen, a class of congenital anomalies
that may produce a progressive optic neuropathy but are hard to detect and manage even
for the more experienced clinicians.

Felicia M. Ferreri
University of Messina
Messina, Italy
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Introductory Chapter: The Dysthyroid Optic
Neuropathy

Felicia M. Ferreri and Giuseppina Ferreri

Additional information is available at the end of the chapter
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1. Introduction

Graves’ orbitopathy —often known as Basedowian ophthalmopathy —is an autoimmune dis-
order that occurs in 5% of patients affected by the thyroid disease [1].

Graves’ orbitopathy (GO) mainly affects retrobulbar soft tissue [2] and it is the extra thyroidal
manifestation of Graves’ disease and the most common cause of exophthalmos. The GO can
have a major impact on the patient life, from both functional and aesthetic point of view; to
some extent, it can be considered as an event deeply affecting the quality of life of the patients.
The most serious consequence of GO is perhaps the dysthyroid optic neuropathy (DON), which
is due to compression caused by the swelling of extraocular muscles and orbital fat [3].

Many studies in the latest two centuries concentrated on GO and its treatments [4]. Ocular
changes associated with thyroid disease, in fact, have been described by Graves in 1835 and
by Von Basedow in 1840, but they are likely to be observed and studied by Parry in 1786, who
published posthumously a paper on GO in 1825.

Despite ongoing advances in basic science and clinical research, the pathogenesis of GO
is still unclear and highly effective therapeutic strategies remain elusive. The diagnosis of
GO is mainly based on laboratory tests devoted to investigate thyroid dysfunction and/or
autoimmunity. Recently, however, imaging approaches (among which we cite computed
tomography, magnetic resonance imaging, ultrasound, and colour Doppler imaging) are
increasingly adopted both in the diagnosis stage and in the follow-up, after proper clini-
cal or surgical treatments have been applied [5, 6]. Imaging techniques, in particular, are
relevant to spot morphological abnormalities affecting the orbital structures as well as to
classify early stages of the diseases. In addition, imaging techniques are useful to identify

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN



4 Optic Nerve

those patients who are likely to get affected from DON in advance; such knowledge is crucial
for an early treatment, and on the long run, it is effective in avoiding visual loss.

This chapter mainly focuses on DON, and it aims at illustrating the most recent advances in
its diagnosis and treatment. The chapter is structured as follows: we introduce the Graves’
orbitopathy, and then, we detail the main features of DON as well as the diagnostic proce-
dures usually followed in clinical practice.

2. The Graves’ orbitopathy

Graves’ orbitopathy (GO) is the most common extra-thyroidal manifestation of Graves’ disease
(GD). It roughly occurs in 25-50% of patients who are affected from the GD [4].

GO may occur during or after the onset of hyperthyroidism and less frequently in euthyroid
or hypothyroid patients [4].

Some studies highlighted a strong association between immunogenic hyperthyroidism and
orbitopathy, which forces us to conjecture that the antigen responsible for these diverse con-
ditions may be shared by the thyroid gland and orbital tissues [7].

GO displays an active phase (also called inflammatory stage) and an inactive phase (also called
fibrotic stage). In the active phase, we notice, on one hand, an expansion of tissue, which is
generally due to inflammation, the accumulation of glycosaminoglycans and an increased
fat content; such an expansion is balanced by the space constraint imposed by the bony orbit.
The signs and symptoms of the GO during the active stage include lid retraction, proptosis,
conjunctival injection, chemosis, diplopia, corneal ulceration, and rarely, disthiroid optic neu-
ropathy (DON), which will be later described.

The active stage length generally varies from 18 to 24 months; such a stage is then followed
by an inactive stage, which is mainly characterised by clinical signs such as lid retraction,
proptosis, and restrictive strabismus.

The management of patients with GO is challenging, and in the absence of objective evidence
of thyroid dysfunction, GO is hard to diagnose [8].

The main clinical features to diagnose GO are discussed in Bartley and Gorman [9]: an effec-
tive indicator of GO is when eyelid retraction occurs in association with thyroid dysfunction
or abnormal regulation, exophthalmos, optic nerve dysfunction, DON, or extraocular muscle
involvement. If eyelid retraction is absent, further laboratory tests are needed.

More recently, magnetic resonance imaging (MRI) has been employed to distinguish the acute
inflammatory active disease from fibrotic stage disease [10]. MRI is a mandatory choice in the
management of doubtful cases (e.g., asymmetrical orbital involvement), and it is required to
exclude any other orbital pathology.

Several classification systems are today available to assess the clinical manifestations of
GO. The first one is due to Werner [11], who introduced the so-called NO SPECS classification;
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this is an acronym which stands for No physical signs or symptoms, Only signs, Soft tissue involve-
ment, Proptosis, Extraocular muscle signs, Corneal involvement, and Sight loss.

NO SPECS classification was subsequently updated, and it is now largely adopted in clinical
practice, along with its variants [12]. The modified version of NOSPECS is reported in Table 1.

Class  Grade Suggestion for grading

(@) No physical signs or symptoms
I Only signs
I Soft tissue involvement
0 Absent
a Minimal
b Moderate
c Marked
I Proptosis (3 mm or more of normal upper limits with or without symptoms)
0 Absent
a 3 or 4 mm over upper normal
b 5 to 7 mm increase
c 8 mm increase
v Extraocular muscle involvement (usually with diplopia)
a Absent
b Limitation of motion at extremes of gaze
c Evident restriction of motion
d Fixation of a globe or globes
\4 Corneal involvement (primarily due to lagophthalmos)
0 Absent
a Stippling of cornea
b Ulceration
c Clouding, necrosis and perforation
VI Sight Loss (due to optic nerve involvement)
0 Absent
a Disc pallor or choking, or visual field defect, vision 20/20 or 20/60
b The same but vision 20/70-20/200
c Blindness, vision less than 20/200

Table 1. NO SPECS modified classification.

5
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NO SPECS classification is conceived to measure the degree of severity of GO, and therefore,
it is not suitable to distinguish the active GO stage from the inactive one. This implies that NO
SPECS classification allows for identifying a treatment on the basis of the symptom severity
rather than on the actual progression of the disease. To this end, Mourits et al. [13] introduced
the Clinical Activity Score (CAS), with the goal of discriminating the active from the inactive
stage of the disease. CAS table was subsequently updated [14].

3. The dysthyroid optic neuropathy

Dysthyroid optic neuropathy (DON) is the most feared complication of thyroid eye disease,
and it constitutes an important factor of permanent or temporary disability.

Fortunately, DON occurs with a low incidence; in fact, some studies estimate that it affects
4-8% of patients affected by thyroid eye disease [15].

Some researchers propose inflammatory [16, 17] and ischemic models [18] to explain DON;
however, the most widely accepted explanation is that DON depends on the mechanical com-
pression of the optic nerve at the orbital apex by the enlarged extraocular muscles [19].

The main features to diagnose disthiroid optic neuropathy (DON) are listed below:

1. Impaired colour vision

2. Optic disc swelling/atrophy

3. Abnormal visual acuity

4. Relative afferent pupillary defect

5. Abnormal VEPs

6. Crowded apex on scanning

7. Abnormal visual fields

8. Atrophy of the optic nerve head

9. Edema

Patients with GO are assumed to be affected by DON if at least one of the aforementioned
features is present and no other cause for the defect is observed; unfortunately, visual impair-
ment in GO is sometimes linked with other factors, as observed by Dayan and Dayan [20].

This implies that direct optic nerve function testing in GO patients is the source of misleading
results which makes a DON diagnosis hard.

The availability of effective clinical tests is of great relevance in DON management: when
diagnosed, DON needs urgent treatment with medical (e.g., high dose intravenous meth-
ylprednisolone) or surgical decompression (e.g., bone removal decompression) to avoid
permanent or progressive visual loss [16]. Kazim et al. [17] analysed a set of five patients in
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whom the extraocular muscle enlargement was one of the causes of DON, and they proved
that orbital fat decompression was an effective alternative to bony decompression.

Treatments above carry a considerable risk of morbidity, and hence, a correct diagnosis is
a key ingredient to ensure that those patients affected by DON are treated promptly, while
those unaffected are spared the risks associated with treatment.

The diagnosis of GO and DON is based primarily on clinical signs from laboratory test results
which aim at detecting thyroid dysfunction and autoimmunity. The visual field along with
optical coherence tomography (OCT) provides rich information about DON and its severity.
In Figure 1, we report the visual field of an individual with a severe DON complication.

More recently, imaging studies, such as computed tomography (CT), magnetic resonance imag-
ing (MRI), ultrasonography (US), and colour Doppler imaging (CDI), can also be extremely
important in both the diagnosis and clinical or surgical follow-up [3].

Imaging studies are able to analyse extraocular muscle involvement and may help distinguish
the early acute inflammatory stage from the fibrotic and inactive stage of the disease [10]. In
case of patients prone to develop DON, the extensive usage of imaging approaches makes a
timely diagnosis possible, avoiding permanent visual loss.

Giaconi et al. [5] analysed the utility of CT imaging in identifying patients with DON. They
found that patients with Graves’ orbitopathy who have severe optic nerve crowding, intracra-
nial fat prolapse and/or muscle index greater than 50% present on orbital CT scans are more
likely to have coexisting optic neuropathy.
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Figure 1. Visual field of a patient with severe DON complication.
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An important result to cite is due to Goncalves et al. [3], who targeted at assessing the ability
of multi-detector CT to detect DON. The proposed study involved 93 patients who underwent
a complete neuro-ophthalmic examination, as well as a CT scan. For each individual, orbital
fat and muscle volume were estimated on the basis of their attenuation factors. The authors
computed a pair of metrics, namely: (a) the volumetric crowding index, defined as the ratio of the
soft tissue to the orbital fat volume, and (b) the volumetric orbital apex crowding index, which is
the ratio of the extraocular muscles to the orbital fat volume. Two groups of orbits (with and
without dysthyroid optic neuropathy) were compared.

The main result of such a study was that the orbital volumetric crowding index was the
most effective predictor of dysthyroid optic neuropathy in comparison with the previously
described computed tomography indexes.

4. Conclusions

This chapter targets at describing the main features of the dysthyroid optic neuropathy
(DON), one of the most severe complications of Graves’ syndrome.

We first described the clinical signs and test laboratory, which are commonly used to diag-
nose DON. We also focused on modern imaging techniques such as ultrasonography and
magnetic resonance which represent one of the most promising tools that ophthalmologist
can use to promptly diagnose DON. There are in fact only few studies on small groups of
patients revealing the high potential of imaging techniques and their ability to overcome the
common drawbacks that the laboratory test incurs.

We believe that, in the near future, we need to test imaging techniques on large samples to get
a more accurate assessment of their potentialities and limitations.

Alot of work is still needed in the field of DON treatments: in fact, only steroid drugs (meth-
ylprednisolone) are commonly used, and from a surgical standpoint, the only available
therapeutic options are bone and fat compression. A novel and important research avenue
is the study of effective surgical procedures which can actually improve the quality of life of
patients.

Author details

Felicia M. Ferreri** and Giuseppina Ferreri?
*Address all correspondence to: fferreri@unime.it
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Abstract

The optic nerve (ON) is constituted by the axons of the retinal ganglion cells (RGCs).
These axons are distributed in an organized pattern from the soma of the RGC to the lat-
eral geniculated nucleus (where most of the neurons synapse). The key points of the ON
are the optic nerve head and chiasm. This chapter will include a detailed and updated
review of the ON different parts: RGC axons, glial cells, connective tissue of the lamina
cribrosa and the septum and the blood vessels derivate from the central retina artery
and from the ciliary system. There will be an up-to-date description about the superficial
nerve fibre layer, including their organization, and about prelaminar, laminar and ret-
rolaminar regions, emphasizing the axoplasmic flow, glial barriers, biomechanics of the
lamina cribrosa and the role of the macro- and microglia in their working.

Keywords: optic nerve, lamina cribrosa, prelaminar region, retrolaminar region,
vascularization, glioarchitecture, blood barrier

1. Introduction

The retina and the optic nerve constitute the beginning of the visual pathway. The visual
pathway is made up, in addition to the retina and optic nerves (ON), of the optic chiasma,
optic tracts, lateral geniculate nucleus (LGN), optic radiations and visual cortex. There are
other areas of the cortex also associated with vision such as the frontal eye fields [1-4].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN



12 Optic Nerve

1.1. Retina

Apart from the cells of association (the horizontal cells and amacrine cells) and glial cells
(the Miiller cells, astrocytes and microglia), the retina is composed of three superimposed
neurons that establish a connection with each other. The external neuron is the photorecep-
tor. The second neuron, the bipolar cell, is in the nuclear layer. The third or internal neuron
is the ganglion cell (GC) [1]. The cell bodies of most of the GCs are located in the ganglion
cell layer (GCL), between the retinal nerve fibre layer (NFL) and the inner plexiform layer
[2]. Their axons form the retinal NFL and synapse with neurons in the LGN of the thalamus
[1, 2]. There are up to seven layers of GC bodies in the central retina or fovea (60-80 um
thickness) and a few as one cell layer in the peripheral retina (10-20 um) [2]. There are
between 500.000 and 1.2 million GCs per retina [1, 4] and approximately 100 rods and 4-6
cones per GC [2].

The axons form criss-crossed bundles but are separated and ensheathed by glial cells [1, 2].
The bundles leave the eye to form the optic nerve (ON). Upon existing through the lamina
cribrosa, the axons become myelinated with oligodendrocytes [1, 2].

The visual field (VF) and the retina have an inverted and reversed relationship. The upper VF
falls on the inferior retina (below the fovea), lower VF on the superior retina, nasal VF on the
temporal retina and temporal VF on the nasal retina [3].

One of the most commonly used diagnostic tests in ophthalmology is the optic coherence
tomography (OCT). This test analyses the ganglion cell complex (GCC) which represents the
combination of three layers: the NFL, GCL and inner plexiform layer. These layers contain,
respectively, the axons, the cell bodies and the dendrites of the ganglion cells.

1.2. Optic nerve

The ON is formed by the convergence of GC axons at the optic disc or papilla. In the papilla
there are no photoreceptors, and it represents the blind spot [1]. Foveal/macular fibres con-
stitute around 90% of all axons leaving the eye and forming the papillomacular bundle [2].

The optic nerve has some characteristics that make it unique. It is the only tract in the central
nervous system (CNS) to leave the cranial cavity and the only one that can be visualized clini-
cally. It is subdivided into fascicles by connective tissue and glial septa, and it is surrounded
by cerebrospinal fluid [2].

The ON can be divided into four main portions (Figure 1):
¢ Intraocular nerve head (1 mm in length) (Figures 2 and 3A)

It extends from the surface of the optic disc to the posterior margins of the sclera. The nerve
fibres are not myelinated in this portion. Myelination commences approximately with
the termination of the subarachnoid space at the posterior limits of lamina cribrosa [1, 2]
(Figures 3F1 and F2).

e Intraorbital (25-30 mm)
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Figure 1. Human optic nerve. Parasagittal cut at the level of the orbit. The intraorbital path of the optic nerve (ON),
surrounded by the retrobulbar fat and the extrinsic eye muscles, is observed (FL, frontal lobe; IRM, inferior rectus
muscle; MS, maxillary sinus; S, sclera; SRM, superior rectus muscle; UEM, upper eyelid muscle). Provided by Mérida
JR from Desarrollo del nervio Optico in Neuropatias opticas diagnéstico y tratamiento. Industria Grafica Mae Spain, 2002, p13.

Figure 2. Optic nerve head (ONH). (A) Three-dimensional scheme of the optic nerve head (ONH) regions. (1) Elschnig
internal limiting membrane, (2) Kuhnt central meniscus, (3) Kuhnt intermediary tissue, (4) Jacoby tissue, and (5)
peripheral glial mantle of Graefe. (B) 3D map of ONH with spectral domain OCT Heidelberg [superficial nerve fibre
layer (SNFL); prelaminar region (PR); laminar region (LR); retrolaminar region (RLR)] ((A) modified with permission
from Trivifo et al. [29]).

This portion extends backwards and medially from the back of the eye to the optic canal
in the sphenoid at the apex of the orbit. It is covered by three layers of meninges: the pia,
the arachnoid and the dura mater [1, 2] (Figure 9A). The central retinal vessels must cross
the subarachnoid space (between the pia and the arachnoid) and are therefore vulnerable,
particularly the vein, in cases of raised intracranial pressure [2].

The intraorbital portion of the ON has a slight S-shaped bend, which allows a full range of
ocular movement without stretching the nerve [1, 2]. As the ON approaches the orbital apex,

13
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Figure 3. Morphology and distribution of astrocytes of the human optic nerve (O. N.). (A) Histological section of ON
head. Superficial nerve fibre layer (SNFL), anterior prelaminar region (APR), posterior prelaminar region (PPR), laminar
region (LR), and retrolaminar region (RLR). (1) Elschnig internal limiting membrane, (2) Kuhnt central meniscus, (3)
Kuhnt intermediary tissue, (4) Jacoby tissue, and (5) peripheral glial mantle of Graefe. (B) Superficial nerve fibre layer: (B1)
three-dimensional scheme and (B2) histological section. (C) Anterior prelaminar region: (C1) three-dimensional scheme
and (C2) glioarchitecture. (D) Posterior prelaminar region: (D1) a three-dimensional diagram of the glial tubes and (D2)
glioarchitecture. (E) Laminar region: (E1) three-dimensional scheme with pores covered with astroglia and (E2) histological
section. (F) Retrolaminar region: (F1) scheme of myelin sheath forming by oligodendrocytes and (F2) histological section
[astrocytes (arrows), collagen (C), oligodendrocytes (O), vessels (v)]. PAP immunohistochemistry: GFAP-PAP-haematoxylin
(A, B2, F2) and GFAP Calleja’s stain (C2, D2, E2) (B1,C1,C2,D1,F2,E1; modified with permission from Trivifio et al. [29]).

it is surrounded by the tendinous annulus of Zinn, which has its origin in the rectus muscles
[2, 4] (Figure 1).
¢ Intracanalicular (4-10 mm)

The intracanalicular portion of the ON passes through the optic canal, accompanied by the
ophthalmic artery and the sympathetic nerves [2].

¢ Intracranial portion (10 mm)

The optic nerves leave the cranial end of the optic canal and pass medially, backwards and
slightly upwards within the subarachnoid space of the middle cranial fossa [2]. They end by
forming the optic chiasma in the floor of the third ventricle [1, 2].
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The visual field (VF) can detect the alterations in nerve fibres [3]. The alterations of the differ-
ent main bundles cause the following defects:

¢ In the papillomacular bundle (macular fibres that enter the temporal area of the disc): the
central scotoma, the centrocecal scotoma and the paracentral scotoma

* In the arcuate nerve fibre bundle (fibres from the temporal retina to the disc that enters to
disc in the superior and inferior poles): the arcuate Bjerrum’s scotoma, Seidel’s scotoma,
the nasal step and the isolated scotoma within arcuate area

¢ In the nasal nerve fibre bundle (fibres that enter the nasal area of the disc in non-arcuate
fashion, ‘straight’): wedge-shaped temporal scotoma arising from the blind spot and does
not necessarily respect the temporal horizontal meridian

The analysis of retinal axons using OCT allows us to detect axonal loss in vivo. The OCT tech-
nique and scanning laser polarimetry with variable corneal compensation (GDx, Carl Zeiss
Meditec) are used to measure retinal nerve fibre layer (RNFL) thickness. The peripapillary
RNFL has the advantage that the axons are unmyelinated, and any change is not confounded
by demyelination as is the case of the optic nerve itself. Thinning of the peripapillary RNFL
has been detected in patients with glaucoma, optic neuritis, multiple sclerosis, neuromyelitis
optica, Alzheimer disease, Parkinson disease and other diseases. However, the patterns of
change differ in some aspects.

1.3. The optic chiasma

It is situated at the junction of the anterior wall and the floor of the third ventricle [1], approxi-
mately 5-10 mm above the diaphragma sellae and the hypophysis cerebri [2]. Fifty-five per-
cent of ON fibres cross in the chiasm [4]. This partial crossing of ON fibres is an essential
requirement for binocular vision [2]. The fibres from the nasal hemiretina of each eye cross
the midline to enter the contralateral optic tract after taking a short loop in the ipsilateral
tract or into the contralateral optic nerve. Nerve fibres from the temporal hemiretina do not
cross at the chiasma [2]. Macular fibres run posteriorly and centrally [3, 4]. Nasal fibres of the
ipsilateral eye cross the chiasma and join the uncrossed temporal fibres of the contralateral
eye [3]. Lower retina fibres lie laterally in the tracts and upper retinal fibres will lie medially.

Inferonasal retinal fibres cross into the chiasm anteriorly, approximately 4 mm into the con-
tralateral ON, before running posteriorly forming ‘Willebrand’s knee’ [3, 4].

The lesion of the nervous fibres at the level of chiasma, recorded by a VF, produces a bitem-
poral hemianopia due to the interruption of decussating nasal fibres [3]. When ‘Willebrand’s
knee’ is affected, it produces junctional scotoma [3, 4].

Using the OCT technique, diverse patterns of GCC loss in patients with chiasmal compres-
sion have been described. In addition, binasal GCC loss was typical and could be seen with
minimal or no detectable VF loss. Moreover, thinning of the GCC may be detected before loss
of the RNFL in some patients. After chiasmal decompression, the majority of patients showed
an improvement in VF despite persistent GCC loss. Patients with less GCC loss before decom-
pression had better postoperative VF.
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1.4. The optic tracts

The optic tracts wind around the cerebral peduncles of the rostral midbrain, and they each
divide into two roots. The first one is a large lateral root, which terminates posteriorly in the
LGN and is related with a conscious visual sensation. The second one is a smaller medjial root,
which is connected both to the pretectal area and to the superior colliculus by the superior
brachium and carries around 10% of tract fibres. This medial root functionally is not con-
cerned with conscious vision [1, 2].

Lower retinal fibres and their projections lie in the lateral portion of the optic tract and termi-
nate in the inferior striate cortex on the lower bank of the calcarine fissure. Upper retinal fibres
project through the medial optic tract and ultimately terminate in the superior striate cortex [3].

The lateral root of the optic tract passes backwards, a little upwards, and terminates in the
LGN, a part of the thalamus (a relay station for ascending sensory information). There is a 90°
rotation (90° inward twist) of fibres from the nerves through the chiasm into the tracts (4) as it
passes around the cerebral peduncles [2]. Macular fibres run centrally [1].

Damage to optic tract results in contralateral relative afferent pupillary defect (RAPD) because
55% of fibres cross [3, 4].

Optic tract lesion is an uncommon clinical entity. The primary characteristic is a homony-
mous VF defect that may be complete or incomplete. When the defect is incomplete, there is
relative incongruity. When it is complete, there is an associated contralateral RAPD. Visual
acuity and colour vision are preserved; unless there is bilateral involvement or anterior exten-
sion to involve the optic nerve or chiasm. When duration is enough, the contralateral fundus
demonstrates a band or ‘bow tie” atrophy of the disc and NFL.

The VF can detect alterations of the optic tract such as incongruous homonymous hemianopia
(nerve fibres of corresponding points do not yet lie adjacent to one another). All retrochias-
matic lesions result in a contralateral homonymous hemianopia on the opposite side of the
lesion. In general, the more posterior (towards the occipital cortex) the lesion is in postchias-
mal visual pathways, the more likely the defects will be congruous [3].

1.5. Lateral geniculate nucleus (LGN)

Each LGN is distinguishable on the surface of the brain as an ovoid projection on the postero-
inferior aspect of the thalamus, partly obscured by the overhanging temporal lobe [1, 2]. It
consists of a body, head, spur and hilum. The hilum is continuous with the groove between
the medial and lateral roots of the optic tract, which enters its anterior aspect. It lies at the ante-
rior aspect of the pulvinar, which also partly surrounds it, particularly from above. Macular
vision is subserved by the hilum and peripheral field by the medial and lateral horns [3].

The analysis by OCT shows that an uncrossed, temporal projection of the nerve fibre is
affected in the eye ipsilateral to the damaged optic tract, resulting in preferential atrophy of
the superior and inferior parts of the optic disc rim. In contrast, the crossed, nasal projection
of the nerve fibres is damaged by the lesion in the contralateral eye, leading to the preferential
atrophy of temporal and nasal parts of the optic disc rim, which is denoted as band atrophy.
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In addition, Kanamori et al. [5] described reduced RNFL values in the contralateral eyes, the
temporal and nasal (horizontal) by OCT. In contrast, the superior and inferior (vertical) RNFL
were preferentially reduced compared to the horizontal RNFL, which are both located in
the ipsilateral eyes. In the RNFL temporal-superior-nasal-inferior-temporal (TSNIT) profiles,
a so-called double hump pattern, which represents thicker RNFL in the superior and infe-
rior quadrants and thinner RNFL in the temporal and nasal quadrants, was preserved in the
contralateral eyes but lost in the ipsilateral eyes. The analysis of the GCC using RTVue-OCT
showed characteristic patterns of GCC thinning in both eyes, which is compatible with optic
tract syndrome (OTS). The contralateral eyes showed an apparent GCC reduction from the
nasal area to the fovea, whereas the ipsilateral eyes exhibited a significant GCC reduction from
the temporal area to the fovea. GCC analysis provides information about the inner macular
architecture. In this study, all cases exhibited marked changes in the GCC that were compat-
ible with OTS but no changes in RNFL thickness. The RNFL in the superior and inferior parts
of the optic nerve is composed of retinal nerve fibres originating from both temporal and
nasal hemiretinal areas. In contrast, GCC temporal to the fovea in the temporal hemiretina
comprise strictly retinal ganglion cell elements that reside within the corresponding areas.
Such enrichment in retinal ganglion cell components, as well as stringent retinotopic segrega-
tion, may render the GCC superior to the circumpapillary retinal nerve fibre layer (cpRNFL)
in the detection of homonymous hemianopic atrophy [5].

The LGN in which the great majority of the optic tract fibres terminate has a complex struc-
ture: it consists of six laminae or cell layers (numbered 1 to 6 beginning at the hilum), oriented
in a dome-shaped mound similar to a stack of hats. Nerve fibres derived from the contralat-
eral eye (crossed fibres from the nasal half of the retina) terminate on cell bodies in layers 1, 4
and 6. Those of the ipsilateral eye (uncrossed) terminate in layers 2, 3 and 5 [2, 4]. Thus, each
LGN receives information from both retinae. Each retinal ganglion cell axon may terminate
on up to six geniculate cells; however, these are located in one lamina. Fibres from the upper
quadrants of peripheral retinae synapse on the medial aspect of the LGN and those of the
lower quadrant on the lateral aspect. The macula projects to a disproportionately large central
wedge of the LGN [2, 3]. Layers of LGN can also be categorized by neuronal size [4]:

* Magnocellular neurons (M cells): layers 1 and 2. These layers receive inputs from magno-
cellular RGCs. Magnocellular pathway is implicated in motion detection, stereoacuity and
contrast sensitivity.

¢ Parvocellular neurons (P cells): layers 3 and 6. These layers receive inputs from parvocellu-
lar RGCs. Parvocellular pathway is implicated in fine spatial resolution and colour vision.

¢ Koniocellular neurons (K cells): These cells are located in interlaminar zones and superfi-
cial layers, receive inputs from both retinas and the superior colliculus and may modulate
information.

The posterior aspect of the LGN is dome shaped, and it is from here that the geniculate cell
axons form the optic radiation emerge [1, 2, 4]. The bulk of the LGN sends its fibres via the
optic radiation to the visual cortex (area 17). The LGN has input from areas 17, 18 and 19,
oculomotor centres and the reticular formation [2].
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The alterations in the LGN, which are detected by the VF are [3]:

¢ Incongruous homonymous hemianopia

* Unique sector and sector-sparing defects due to a dual blood supply of LGN from anterior
and posterior choroidal arteries

1.6. Postgeniculate pathway
1.6.1. Optic radiation

Optical radiation fibres show a certain order: the most anterior ones come from the lower
part of the retina (upper VF) and the most posterior and dorsal ones from the upper part of
the retina (lower VF) [1]. In the temporal lobe, fibres of the inferior retina are distributed as
follows: the fibres of the inferotemporal part come from the ipsilateral eye, and the fibres of
the inferior-nasal part are from the contralateral eye. They move anteriorly from the LGN and
travel around ventricular system into the temporal lobe (Meyer’s loop) [3, 4]. Inferior macular
fibres do not cross as far anteriorly in the temporal lobe [3]. In the parietal lobe, fibres of the
superior retina are distributed as follows: the superotemporal fibres come from the ipsilateral
eye and the superonasal from the contralateral eye. They travel superiorly in the optic radia-
tion, in white matter from the parietal cortex to the occipital lobe [3, 4]. Macular fibres travel
more centrally [4].

The alterations of this pathway detected by VF are:

* Anterior temporal lobe lesions produce midperipheral and peripheral contralateral hom-
onymous superior quadrantanopia (‘pie in the sky’ field defect); more extensive temporal
lobe lesions may cause defects that extend to the inferior quadrants but ‘denser’ superi-
orly [3].

¢ Parietal lobe lesions tend to affect superior fibres first, resulting in contralateral inferior
homonymous quadrantanopia or a homonymous hemianopia ‘denser” inferiorly [3].

* The injury of a complete optic tract interrupts the fibres coming from the temporal half
of one retina and of the nasal half the other, causing blindness in the right or left halves
of both retinas. Whether the right or the left band is affected, it produces a homonymous
hemianopia on the side contralateral to the affected band 1.

1.6.2. Primary visual cortex or Brodmann area 17

The central (30°) visual field occupies a disproportionately large area (68-83%) of the visual
cortex [3]. The vertical meridians are represented along the border of the calcarine lips, while
the horizontal meridian follows the contour of the base of the calcarine fissure [3].

Main defect types observed by the analysis of VF are the central homonymous hemianopia
with or without macular sparing depending on the location of the lesion [3].

Using the OCT technique, it has been described that acquired unilateral damage to the occipi-
tal lobe resulting in homonymous hemianopia leads to nerve fibre layer thinning. Thinning
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of the GCL on the lesion’s projecting sector of the macula has been described in lesions in the
posterior visual pathway with a strong correlation between the corresponding macular seg-
ment of the GCL and the VF. In addition, the finding of sector macular GCL atrophy proves
retrograde trans-synaptic degeneration of neurons in the visual pathway in cases without
other ophthalmic or neurological diseases. It has been proposed that this is probably because
at the macula, the bodies of the neurons are more numerous and topographically organized
to correspond to the VF. In contrast, the anatomical distribution of fibres in the peripapillary
RNFL is more complex, making a correlation with the visual field more difficult to estab-
lish. Another important element is the absence of blood vessels or other structures that may
interfere with the OCT image acquisition. It is noteworthy that cases with macular sparing
hemi- and quadrantanopia also showed macular GCL atrophy away from the fovea. It is per-
haps explained the representation of a 15-20u of visual field in the area scanned by the OCT
instrument used and the absence of ganglion cells on the fovea.

2. Microscopic anatomy and function of the optic nerve

The components of the optic nerve are:

* The axons of the RGCs
* Glial cells: astrocytes, oligodendrocytes and microglia

* The connective tissue: which constitutes the lamina cribrosa and the septa that fasciculate
the optic nerve

* Blood vessels, derived from both the central retinal artery (CRA) system and the ciliary
system

The intraocular nerve head can be divided into four parts (Figure 2):

¢ The superficial nerve fibre layer (Figures 3A, B1 and B2)

* The prelaminar region (Figures 3A, C1, C2, D1 and D2)

¢ The laminar region (Figures 3A, E1 and E2)

* The retrolaminar region (which corresponds to the anterior portion of the intraorbital

region) (Figures 3A, F1 and F2)

The basic organization of the optic nerve head is similar in all regions. The axons of the RGCs
form beams of several thousand axons each, which are surrounded by different tissues; the
latter, however, are those that will vary in the different areas of the nerve.

2.1. Superficial nerve fibre layer

In the retina, the axons of the RGCs will converge towards the optic disc following a fairly
straight trajectory, thus constituting the superficial nerve fibre layer (Figures 3B1 and B2).
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This layer is constituted by axonal bundles that are formed by the gathering of rows of axons
that converge on their way to the optic disc. Therefore, an axonal bundle that reaches the optic
nerve head will contain axons from RGCs, the location of which varies from the peripheral
retina to the vicinity of the head of the optic nerve [6]. In addition, another characteristic of the
axons of this region is where they are unmyelinated because there are no oligodendrocytes.
The majority of glial type of this layer is made up of astrocytes (Figure 3B1 and B2) [7].

The axons of the RGCs follow an established pattern. In addition, the presence of fovea in
the human retina will affect the arrangement of the axons in this layer in such a way that the
axons of the RGCs on the nasal side, both superior and inferior, are not affected by the fovea
and go directly to the optic disc. The same thing happens with the RGCs of the nasal temporal
retina to the fovea, the axons of which form the papillomacular bundle on their way to the
optic disc [6]. However, the RGCs temporal to the fovea cannot go through this area to join the
papillomacular bundle. Therefore, they surround the fovea forming arcs above and below it,
as they go towards the optic disc (arcuate bundles). Temporal to the fovea, there is a dividing
line (the horizontal raphe) which separates the RGCs, whose axons are going to pass over the
fovea, from the RGCs, and whose axons are going below this line [6, 8-10].

With respect to the organization of the axons in the thickness of this layer, different theories
have been postulated. Some propose that the axons of the RGCs located more peripherally
are arranged closer to the GCL, while the axons closest to the optic nerve head go through
the superficial NFL perpendicularly so as to arrange themselves close to the vitreous surface.
Thus, the axons coming from the periphery, which are close to the GCL, rotate 90° in the
margin of the optic disc, whereas the axons of the more central RGCs go close to the vitreous
surface and rotate close to the centre of the optic nerve head [11, 12]. However, other studies
defend that the peripheral RGCs have the most superficial axons, while the most central ones
have their axons close to the GCL. Therefore, at the optic nerve head, the most peripheral
axons that run close to the vitreous surface rotate 90° in the most peripheral part of the optic
nerve, while the central axons rotate in the centre of the optic disc [13].

At present, it is believed that the organization of the superficial NFL in the vitreous-scleral
thickness is not related to the axonal eccentricity but that the axons coming from CGRs of
different areas are mixed in a wedge extending from the periphery to the centre of the optic
nerve. As a result, the axons in this region would not be predetermined to establish a retino-
topic order [14, 15].

With the recent advances in imaging technology using a spectral-domain, optical coherence
tomography (SDOCt9), in particular the enhanced depth imaging (EDI) technique of SD OCT,
quantitative assessment of the superficial NFL thickness is possible. Observations in the dis-
tribution of peripapillary choroid show that the inferior region of the optic nerve is the thick-
est in comparison with the other regions [16-19]. Some authors postulate the theory that both
the vascular watershed zone and the embryogenic location of the optic fissure closure may be
responsible [20]. One of the known reasons for the vulnerability of the lower region is that of the
lamina cribrosa in the lower pole has large pores and thinner connective tissue and glial support
for the retinal ganglion cell axons to pass [21-23]. Another speculation could be that the thinnest
peripapillary choroid in the lower quadrant, which represents an area of lower blood supply,
may predispose the lower region of the optic nerve to glaucomatous ischemic damage [24].
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2.1.1. Axoplasmic flow

For axons grow and maintain their structural integrity, it is necessary that there be an intra-
axonal particle movement known as the axoplasmic flow. This flow is bidirectional in such
a way that the molecules are transported from the soma to the axon and from axon to the
synapse or from the synapse to the soma [25]. This soma-synapsis communication is impor-
tant in the case of neurons with long axons such as RGCs in which the axon has to travel a
long way to reach the LGN [26]. Although most of the cytoplasmic organelles involved in
protein synthesis are found in the neuronal soma, axons have a certain capacity for synthesis.
The transported molecules vary substantially from filamentous components of the axon and
proteins to mitochondria, secretory granules or multivesicular bodies [27].

The axoplasmic flow can be divided into [25, 26]:

a. Orthograde or antegrade: the direction of movement is from soma to synapse. It is
involved in axonal growth and maintenance of the synapse. Three subtypes can be
differentiated:

1. Fast: the driving speed ranges between 100 and 500 mm/day. Mainly, membranous
cell structures, neurotransmitters, hydrolases and soluble materials of low molecular
weight are transported.

2. Intermediate: the driving speed oscillates between 5 and 50 mm/day.

3. Slow: the driving speed oscillates between 0.5 and 3 mm/day. It constitutes 80% of the
total protein flow and is responsible for the transport of soluble proteins that form the
structure of the axon. This is how structural elements ofl the axon, soluble enzymes
and proteins travel.

b. Retrograde: it goes from the axon to the cell body. It carries a driving speed of about
200 mm/day. This flow is responsible for transporting the cellular detritus resulting from
axon metabolism, aged organelles, fragments and membrane proteins towards the lyso-
somal compartment of the neuronal soma for its degradation and reuse or its definitive
disablement. Furthermore, the retrograde flow serves to inform the cell body of the state
of the axon terminal.

When axoplasmic flow is blocked, axons undergo a series of damage that leads to oedema,
necrosis and optic atrophy. This has been demonstrated experimentally after the induction
of different pathologies such as glaucoma, ischemic optic neuropathy or papilledema due to
intracranial hypertension [28] (Figure 4A).

2.1.2. Astroglia

Other main constituents of the optic nerve are the astrocytes. In the superficial NFL, astro-
cytes have a thin cell body and their processes run parallel to the RGC axons (Figure 3B1
and B2) [29, 30]. Under normal conditions, astrocytes establish contact with retinal neurons,
providing stability to neural tissue [31]. Physiological studies have highlighted the important
functions performed by these cells in the optic nerve and other parts of the CNS. Thus, they
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Figure 4. (A) Blockade of the axoplasmic flow. NF-200 (+) retinal ganglion cell in red (arrow), with an accumulation
of neurofilaments in its cytoplasm by blocking its axoplasmic flow, in an experimental glaucoma model. In green,
astrocytes GFAP(+). Retinal whole-mount immunofluorescence. (B) Scheme of the astroglia functions. (C) Microglia in
the optic nerve. Iba-1+ ramified microglia (arrowhead) were observed. Immunofluorescence of the optic nerve section.
Ibal+ in red and GFAP+ in blue. Optic disc (OD) ((A) modified with permission from Gallego et al. [73], (B) modified
with permission from Ramirez et al. [181]).

are responsible for the storage of glycogen by providing glucose to the neurons. They regulate
extracellular potassium levels. They play an important role in the regulation and metabolism
of neurotransmitters such as GABA. They help in the elimination of retinal CO2. They con-
tribute to the maintenance of water homeostasis in the retina [27, 32-36]. Moreover, they are
the inducers of the blood-retinal barrier properties (Figure 4B) [37]. At the level of the optic
nerve, astrocytes are responsible for the fasciculation of axons [38, 39].

On the superficial NFL, there is a second morphological type of astrocytes, with a thick cell
body and short processes. Its function is to separate and protect the optic nerve axons from
the surrounding tissues, since they make up a series of glial limiting membranes:

a. Elschnig’s limiting membrane (Figures 3A and 5A1), which isolates the ganglion cell
axons from the vitreous surface

b. The Kuhnt central meniscus (Figures 3A and 5A1). Elschnig’s limiting membrane is quite thick
in the physiologic cup and constitutes this central meniscus. This is in continuity with glial
tissue surrounding the adventitia of the central vessels (CRA and central retinal vein) [29, 30].
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The main role attributed to these limiting glial membranes is to induce the blood-optic nerve
barrier, which prevents the passage of molecules between the optic nerve and the adjacent
tissues, which in this case is the vitreous body and the optic nerve vessels [30, 40].

2.1.3. Vascularization

The vessels that nourish the superficial NFL are dependent on the main retinal arterioles. The
capillaries of this area continue along with the retinal peripapillary capillaries and the radial
peripapillary capillary (RPC) network. Sometimes, there may be a vascular contribution from
the prelaminar region by vessels derived from the ciliary system (Figure 5A2) [41-44].

The RPCs in the human retina were first described by Michaelson [45] as a unique plexus in
their distribution to the posterior pole and seemed to be oriented parallel to the RNFL axons.
Henkind [46] noted that the RPCs are the most superficial layer of capillaries lying in the inner
part of the RNFL, and they run along the paths of the major superotemporal and inferotem-
poral vessels up to 4 to 5 mm from the optic nerve head (ONH). The RPCs have a distinctive
and easily recognizable pattern of parallel, long, uniform-diameter vessels that remain within
RNFL layers [47]. Henkind reported [46, 48] that in macaques and humans, RCPs are most
prominent in the Bjerrum’s region and are absent in the central macular region. RPCs have a
long linear trajectory oriented parallel to the adjacent capillaries and radiate anteriorly from
the ONH, forming only a few anastomoses with adjacent vessels [49]. In this region, reti-
nal venous pulsations occur spontaneously in up to 95% of normal human eyes [50]. Some
authors have identified that some major factors inherent to the retinal vein, as well as their
relationship to surrounding optic disc structures, may influence some characteristics such as
venous diameter, the presence of arteriovenous crossings and tissue depth, which affect sites
of venous pulsation. Changes in venous compliance may affect venous pulsations in various
retinal vascular diseases like diabetic retinopathy and venous occlusive disease, as well as
glaucoma [51].

2.2. The prelaminar region

In the prelaminar region (PR), the axons of the CGRs change their trajectory, curving 90° to
move towards the optic chiasm. This zone is also known as the choroidal region of the lamina
cribrosa (Figures 2 and 3A) [41-44, 52].

In this region, two zones can be differentiated depending on the organization, arrangement,
density and morphology of the astrocytes, as well as the way these cells fasciculate the axons.
These two areas are the anterior PR (Figures 3C1 and C2) and the posterior PR (Figure 3D1
and D2) [29, 30].

2.2.1. Anterior prelaminar region

In the anterior PR, astrocytes are characterized by a stellate morphology with a thin cell body.
Its disposition is closely related to the distribution pattern presented by the vascular system
(Figures 3C1, C2 and 5B2) [30]. The vessels of this region derive from the ciliary system from
the prechoriocapillary peripapillary choroid and can sometimes contribute to centripetal ves-
sels from the circle of Zinn-Haller (Figure 5B1 and B2) [8, 41, 44, 53, 54].
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Figure 5. (A) Superficial nerve fibre layer (SNFL): (A1) Elschnig internal limiting membrane (arrows) and Kuhnt central
meniscus (arrowhead). (A2) vascularization of the SNFL. Main branches of the artery and central vein of the retina
(arrow) and capillary vascular bed (arrowhead). (A3) radial peripapillary capillaries (arrowhead). (B) Prelaminar region
of the optic nerve head (ONH). (B1) lateral view of the vascularization of the ONH. Prelaminar region (PR), laminar
region (LR), and retrolaminar region (RR). (B2, B3) vascularization of the prelaminar region (arrows). Zinn-Haller circle
(CZH) (A1) immunohistochemistry GFAP-PAP-Unna Tanzer; (A2, B1, B2) diaphanization technique and vascular filling
with polymers. (A3, B3) SD angio OCT Heidelberg).

Thin-bodied stellate astrocytes are the predominant cells in this region. Their cell bodies are
basically positioned over blood vessels and emit primary processes in the direction of the
vessel walls to make up an astroglial net that form a basket-like structure through whose
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compartments the axons pass (Figure 3A, C1 and C2) [30]. The layout of the astrocytes at this
level reflects their supporting and protective function with respect to the myelinated fibres
at the place in which they bend 90 degrees. These astrocytes may also have an important
mechanical role as they could impede possible squeezing and rubbing among the nerve
axons. This structure is relatively elastic if it is compared with the rigidity of the scleral lamina
cribrosa. This elasticity may ameliorate or prevent irreparable nerve fibre damage when the
disc swells from papilledema or neuritis [30].

2.2.2. Posterior prelaminar region

The basket-like structure of the anterior PR is substituted in the posterior PR by glial tubes
(Figure 3A, D1 and D2). The astrocytes of this region have thick bodies and form glial
tubes through which the axons run. The blood vessels will be arranged between the thick
glia partitions that make up the walls of these tubes (Figures 3D1 and D2) [29, 30]. As in
the anterior PR, these cells make up a structure through which the vessels that penetrate
the nerve from the adjacent choroid run and form a pericapillary net with an irregular
morphology. These glial tubes may have the mechanical function of resisting the pressures
that originate at this level when the eyes move. The tubes surround the nerve fibres like a
sheath. A number of data seem to support this glial function in the posterior PR: first, the
abundance of GFAP supplies the astroglial processes with some tensile strength [55]. Thus,
the richness of GFA protein observed in electron microscopy in the astroglial cells of this
area would be providing a certain tensional force to the astroglial extensions [29, 30, 52, 56],
and second, the presence of desmosomes [57] and gap junctions [58] supports this possibil-
ity. Both types of junction may have an important role in maintaining the astroglial net
through which the axons pass, since even under high osmotic pressures the gap junctions
remain intact. In addition, these glial tubes are organizing the axonal bundles preparing
them for entry into the laminar region (LR), which is clearly seen in the transition zone
between both regions where it can be seen how the glial tubes are perfectly matched with
the cribrosa pores [29, 30, 41].

2.2.3. Limiting membranes

In the prelaminar region, we find two other glial limiting membranes: the Kuhnt intermediary
tissue, which separates the optic nerve from the retina, and it continues subsequently with the
border tissue of Jacoby, which isolates the optic nerve from the surrounding choroidal tissue
(Figures 2A, 3A and 5A1) [29, 41, 57, 59, 60].

Both limiting membranes are formed by thick cell body astrocytes that are arranged in densely
packed 4-5 layers forming a separation barrier between the optic nerve, the retina and the
choroid [29]. The barrier function is supported by the existence of tight junctions between
the astrocytes of the Kuhnt intermediary tissue and the retinal pigment epithelium cells as
well as the presence of desmosomes between the astrocytes and the outer limiting membrane
[60]. This barrier function could explain the large number of myelin fragments and dense
bodies, which are phagocytosed and degraded by the astrocytes that form these glial limiting
membranes [29, 59].
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Another function fundamentally attributed to the Kuhnt and Jacoby tissues is that they act
as bearings that cushion the frictions that take place in the small displacements of the optic
nerve during the movements of the eyeball. In this way, the suffering of the nerve fibres,
which enter the nerve in the peripheral areas, is avoided. This can be corroborated by the par-
allel disposition of the astroglial processes, which are connected to each other by numerous
desmosome and tight junctions. Furthermore, the large number of intermediate filaments
existing in these astroglial processes would provide them a certain rigidity and tensile force
[29, 30, 52, 55, 57, 60].

2.2.4. Microglia

In the PR, as in the rest of the ON, in addition to the astrocytes, we find microglial cells.
Microglia is a subtype of glia of the central nervous system that is activated in response to
neuronal damage [61, 62]. In the normal tissue, these cells are quiescent and have a branched
shape with a small nucleus and a cell body with several processes (Figure 4C).

At the ONH, quiescent microglial cells (which are HLA-DR, CD45 and Iba-1+) are located on
the walls of the large vessels, surrounding the capillaries in the glial columns of the PR and
the cribriform pores of the LR. In the case of moderate or severe damage in the ONH, the
microglia are activated [63-65], forming accumulations of amoeboid microglia in the lamina
cribrosa and surrounding blood vessels [66, 67].

2.3. The laminar region

The lamina cribrosa (LC) forms a band of dense, compact connective tissue across the scleral
foramen. Its sieve-like arrangement (the lamina cribrosa) transmits the axon bundles of the
nerve and central retinal vessels through a series of round or oval apertures (pores) embraced by
strong trabeculae [68]. In normal eyes, the number of pores that form the LC is among 550-650.
Histologically, it has been estimated that the diameter of the pores varies between 10 and 100 um
and that it decreases towards the posterior part of the LC (Figure 6A) [69, 70]. The bulk of the LC
is made up of a series of dense connective sheets (Figures 3E1 and E2). The LC blend peripher-
ally with the sclera and alternate with a series of glial sheets in a lamellar fashion. LC plates are
composed of elastin; collagen types I, III, IV and VI; laminin; and heparan sulphate proteoglycan
[52, 73-75]. The collagens and the elastic fibres act as shock absorbers of the tension that sup-
ports this area of the optic nerve. Proteoglycans play an important role in the biomechanical
properties of tissues, in such a way that, by occupying an extensive volume in relation to their
molecular weights, they can be compressed before a load and expanded when it disappears. As
in the optic nerve, there is a gradient of hydrostatic pressure from the disc to the retrolaminar
region [76]; the properties of these molecules are important to soften the pressure gradient [66].

Using trypsin digestion and scanning electron microscopy, it is possible to appreciate the
structure of the LC plates. There are regional variations in the form of the LC plates. Therefore,
the superior and inferior quadrants of the laminar sheets are thinner and sparser, resulting
in the formation of larger pores than in the nasal and temporal quadrants (Figures 6B and C)
[21, 69].
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Figure 6. (A) Laminar region of the optic nerve head: Superior (S), nasal (N), inferior (I) and temporal (T) sectors. (B, C)
detail of the cribriform pores: (B) nasal cribriform pore and (C) inferotemporal cribriform pore. (A-C) scanning electron
microscopy with nervous tissue digestion by trypsin. (A: modified with permission from Ramirez et al. [181]).

There are two cellular types coating the LC plates: the LC cells and astrocytes (Figure 3E2). LC
cells have been described as large, flat, broad and polygonal GFAP (-) alpha-smooth muscle
actin (alpha-SMA)+ cells that possess multiple cell processes [71]. However, they take on a
more oval shape in situ [72]. Although LC cells reside within the LC, astrocytes GFAP (+)
are located in the plate openings alongside axon bundles as they transverse multiple plates
[66, 71]. Ultrastructural evaluations show that LC cells are elongated with abundant cyto-
plasmic actin microfilaments and organelles, such as an active rough endoplasmic reticulum,
a well-developed Golgi apparatus and a dense band of heterochromatin along the nuclear
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membrane [77]. LC cells produce an increased expression of extracellular matrix (ECM) pro-
teins if exposed to mechanical stimulation [78]. LC cells are now recognized as a major site of
RGC damage in primary open-angle glaucoma. Cells within the LC have profound effects on
the ECM environment and RGC survival. Autocrine or paracrine signaling of growth factors
between cells of the LC may play a role in maintaining a homeostatic mechanism within the
human LC [79].

Ganglion cell axons go through the pores of the LC. Most of the nerve fibres that pass through
the lamina cribrosa take a direct course. However, between 8 and 12% of the fibres can be
diverted to pass through the cribriform pores in the central and peripheral areas of the disc.
Consequently, these axons could be more vulnerable to alterations of the LC [76].

It has been proven that there are significant correlations between the area, convexity and
aspect ratio of a pore and the level of biomechanical insult to the neural tissues within
the pore. The relationship between pore shape and neural tissue insult was observed for
undeformed configurations. When deformed by intraocular pressure (IOP)-induced hoop
stress, the pores became larger and more convex possibly reducing the risk for further
insult [80].

It has been observed that damage to the neuroretinal rim in moderate glaucoma occurred
mainly in the inferotemporal [81] and superotemporal regions [82], while the remaining por-
tions of the neuroretinal ring in advanced glaucoma were found in the nasal region [82].
Quigley and Addicks [83] performed a histological evaluation of optic nerve axons at the LC
and found that axon loss occurred in all regions but was greater in the superior and inferior
regions of the LC. Furthermore, the pattern of axon loss corresponded to regional differences
in the structure of the LC, which contained larger pores and thinner beams in the superior
and inferior regions [22].

2.3.1. Glioarchitecture of the laminar region

With respect to the glioarchitecture of this region, there is a marked decrease in glial tissue,
which only covers the internal face of LC plates (Figures 3E1 and E2). The astrocytes have a
thick cell body similar to those of the posterior PR but form a single layer that covers the inner
wall of the LC pores (Figures 3E1 and E2). The function of these cells is to provide functional
support to axons and synthesize macromolecules of the extracellular matrix, which is also
responsible for supporting the shearing and stretching forces generated by the displacement
of the LC by the action of IOP [29, 30, 41, 84].

The core of the cribriform platesis separated from the astrocytes by a continuous and well-defined
layer of type IV collagen, laminin and heparan sulphate proteoglycan (Figures 3E1 and E2).
These macromolecules form part of the basement membrane of astrocytes and contribute to
form a network of filamentous material. This basement membrane fulfils a structural function
by providing a flexible substrate for cell attachment. In addition, laminin plays an important
role in the regulation of cell differentiation and proliferation of neural tissues [66, 76].

Cells are anchored to the basement membrane by membrane glycoproteins with adherent
properties, having identified in the optic nerve by one of the main types of adhesion mol-
ecules, integrins [66].
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Regarding their embryonic origin, the glial elements of the ONH are derived from ectodermal
cells, but the mesenchymal cells of neural crest account for the development of the LC tissue
and cells [77].

It is possible that LC cells are astrocyte precursors or develop into astrocytes because there is a
large GFAP subpopulation of astrocytes existing in the brain [85, 86]. Thus, LC cells may be a
subset of GFAP astrocytes but are different from the normal ONH astrocytes because of their
different morphologies and immunostaining properties [72].

2.3.2. Vascularization of the laminar region

The LC is supplied by centripetal branches arising directly from the short posterior ciliary
arteries or from the intrascleral circle of Zinn and Haller (Figures 7A and 8A).

The posterior ciliary arteries (PCAs) originate from the ophthalmic artery and enter the ocular
globe laterally, medially or superiorly to the optic nerve, which is why they are denominated
lateral, medial or superior PCAs. The number of these vessels shows a marked interindividual
variation (between one and five) [87] although the most frequent situation is the existence of
two to three PCAs (Figure 7A) [88, 89].

In the case that there are only two PCAs (medial and lateral), these vessels irrigate the nasal
and temporal portion of the choroid, respectively, finding a watershed zone that is the bor-
der between the territories of distribution of adjacent end arteries. Since the PCA circulation
is the main source of blood supply to the optic nerve head, the location of the watershed
zone between the PCAs is crucial in ischemic disorders of the ONH. This watershed usually
runs vertically somewhere in the area between the fovea and the peripapillary nasal choroid
(Figure 7B) [90-92]. On the other hand, if there are three or more PCAs, the watershed is
usually Y-shaped, and it is located in a part of the optic disc. However, there may be different
combinations of shapes in the watershed zones when there are more than two PCAs, depend-
ing on whether the area supplied by each PCA is a quadrant or only one sector. Thus, when
the entire optic disc lies in the centre of a watershed zone, that disc is particularly vulnerable
to ischemia [88, 89, 91, 93].

The ACPs are subdivided into several branches before perforating the sclera, which sur-
rounds the optic disc. They are two long posterior ciliary arteries (LPCAs) and 15-20 short
posterior ciliary arteries (SPCA) (Figure 7A) [94-96]. According to their scleral penetration,
the SPCAs can be subdivided into para-optic SPCAs (closer to the optic disc) and distal SPCAs
(Figure 7A) [97, 98].

In histological sections, SPCAs and LPCAs are characterized because they have the typi-
cal structure of small arteries with an endothelium and internal elastic lamina in the tunica
intima, two smooth muscular layers in the tunica media and an adventitia constituted by
circularly oriented collagen. The arterioles derived from these arteries present an endothe-
lium covered with a basement membrane, a discontinuous muscular layer and a continuous
collagen adventitia [9, 99-101].

Opverall, two para-optic SPCAs penetrate and surround the optic disc constituting the Zinn-Haller
arterial circle, which provides blood flow to the circumpapillary choroid and the prelaminar and
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Figure 7. Ciliary system vascularization. (A) Three-dimensional scheme of the ciliary artery entrance in the eyeball. (B)
Fluorescein angiography showing the watershed between the territories of the PCA (space between lines). (C) Scheme of
the distribution of the branches of the PSCA in the human choroid. (D) Indocyanine green angiography of the sectoral
division of the PSCAs that form triangular areas and the watershed zones between these branches [posterior ciliary
arteries (PCA), short posterior ciliary arteries (SPCA), long posterior ciliary arteries (LPCA)].

laminar regions of the ONH, through capillaries originating directly from the Zinn-Haller circle
(Figures 5B2, 7A and 8A). The rest of the SPCAs, both para-optic and distal, once in the choroidal
vascular layer, divide sectorially forming triangular areas towards the four regions of the eye-
ball. These arterial ramifications (which generate the choroidal arteries) first are dichotomous,
forming acute angles. The posterior ramifications can do so from acute angles to angles of 180°,
carrying during its travel an undulating trajectory (Figures 7C and D) [94-96, 102].



Anatomy of the Human Optic Nerve: Structure and Function
http://dx.doi.org/10.5772/intechopen.79827

Figure 8. Ciliary system vascularization. (A) Zinn-Haller arterial circle (ZHC) (arrows) dependent on two short posterior
ciliary arteries. (B, C) vascular branches of choroidal peripapillary precoriocapilar. Centripetal vessels (arrows). (D, E)
Vorticose veins. (A, C, E) Diaphanization technique and vascular filling with polymers. (B) Fluorescein angiography. (D)
Angiography with indocyanine green.

The macular region is irrigated by distal branches of the SPCAs, without observing, contrary
to what was postulated by some authors (90-92) in any specific vessel for this region [96,
103-106]. The macular region is irrigated by a dense network of distal branches of SPCAs
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[94]. Furthermore, this region corresponds to the area of the choroids, which presents a higher
blood perfusion pressure and higher blood flow [107, 108].

The peripapillary region is mainly irrigated by para-optic branches of SPCAs and some
branches from the Zinn-Haller arterial circle. This circle emits branches not only for precho-
riocapillary peripapillary choroid but also for the PR and LR of the ONH (Figure 8B and C)
[48, 96, 108-110].

Posterior ciliary arteries are end arteries. However, they are not completely so in the func-
tional sense, because choroidal vascular occlusions frequently recover over a matter of days
[90, 106, 111, 112]. There are watershed zones between the various PCAs (Figure 7B and D).
The significance of the watershed zone is that in the event of a fall in the perfusion pressure
in the vascular bed of one or more of the end arteries, the watershed zone, being an area
of comparatively poor vascularity, is most vulnerable to ischemia [90, 111]. The existence
of these watershed zones has been demonstrated between PCAs [90], SPCAs [106], SPCAs
and LPCAs [113], anterior ciliary arteries and PCAs [112, 114], lobule of choriocapillaris
[112, 115, 116] and the vorticose veins [112]. Moreover, its location on the macular region
and the ONH could imply greater vulnerability of these areas to chronic ischemia [91].

The arterial and venous systems of the choroid are not parallel as they are in most systems of
the body. Most of the vessels of the outermost choroid are mainly veins with the exception of
those close to the optic disc and those located under the macula [117].

The veins collect blood from the anterior uvea, from the equator and from the posterior pole,
to drain the entire choroid via vorticose veins. The choroidal venules and veins are larger than
the arteries and maintain a rectilinear path, joining at many acute angles before ending in the
vorticose veins [9, 99, 117].

Normally, there are four vorticose veins, two nasal (superior and inferior) and two temporal
(superior and inferior) [118], although this number can vary between three and six. These
veins are located equatorially (one for each quadrant) and form a bottle shape receptacle
before its scleral perforation, which is accordingly constituted by the meeting of two to four
ampulliform dilatations (Figure 8D and E) [97, 119]. Histologically, the veins present an
endothelium (with its basement membrane), an irregular muscular layer and a fine collagen
adventitia. Venules are broadly similar but have no muscle layer [99].

Classically, it has been described that each vorticose vein and its tributaries drained a quad-
rant of the choroid with little or no overlap between the other adjacent drainage quadrants.
A boundary or edge (watershed) exists between these territories [120]. These limiting zones
are arranged in the form of a cross, which crosses near the posterior pole, with the horizontal
arm passing through the optic disc and the macula and the vertical arm between the optic
disc and the macula [120]. Therefore, the temporal quadrant on the horizontal plane would
be drained by the superior temporal vorticose vein, whereas the inferior temporal quadrant
would be drained by the inferior temporal vorticose vein. According to this interpretation,
these watershed areas would be regions that could be more affected by venous occlusions.
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However, this interpretation is probably uncertain since more recent studies have shown that
after the injection of coloured polymers into a vorticose vein, it was followed by an immediate
exit of the dye by the other vorticose veins, suggesting the existence of anastomosis in the
drainage system [121].

Therefore, it is currently accepted that the tributary branches of the vorticose veins are very
anastomosing at all levels of their branch, and there may be shunts between the watersheds
of the different tributary territories.

In addition, the studies performed with fluorescein angiography indicate that experimental
occlusion in monkeys in vorticose veins originate a deficit in drainage as indicated by the
persistence of fluorescence in the affected quadrant. Nevertheless, the realization of the angi-
ography a few hours later shows that there is little or no deficit in the affected area. Therefore,
the restoration of the normal flow pattern in the affected area implies the existence of alterna-
tive drainage routes, which could be due to venular anastomoses.

It should also be taken into account that the macular area and the area around the optic nerve
represent the areas which are most distal to the choroidal venous drainage of the vorticose
veins. As a result, these are areas where the choroidal venous pressure is highest, and there-
fore, they are the areas which are especially sensitive to any obstruction of the venular drain-
age [122, 123].

Recently, it has been postulated that a paravascular transport system, which is present in
the eye is analogous to the recently discovered glymphatic system in the brain. It is a func-
tional waste clearance pathway that promotes elimination of interstitial solutes, including
[B-amyloid, from the brain along the paravascular channels [124]. The glymphatic system was
first described by Iliff et al. (2012) [125] as a brain-wide network of paravascular channels,
along which a large proportion of subarachnoid cerebrospinal fluid (CSF) recirculated through
the brain parenchyma, facilitating the clearance of interstitial solutes, including p-amyloid,
from the brain. This anatomical pathway consists of a para-arterial CSF influx route, a para-
venous interstitial fluid clearance route and a transparenchimal pathway, which are depen-
dent upon astroglial water transport via the astrocytic aquaporin-4 water channel [126]. Iliff
et al., 2013 [127], proposed that a similar glymphatic system or, at least, a paravascular system
be present in the retina. Wostyng et al. (2015) [128] suggested that the glymphatic system
may also have potential clinical relevance for the understanding of the pathophysiology of
glaucoma. The presence of this clearance system would support the hypothesis that glaucoma
as well as Alzheimer disease and may occur when there is an imbalance between the produc-
tion and clearance of neurotoxins [129]. In addition, Mathieu et al. (2017) [130] provides the
first evidence that CSF flows into the optic nerve through paravascular spaces that surround
small perforating pial vessels as they enter into the optic nerve. This glymphatic pathway is
comprised of centripetal spaces bonded by blood vessel walls on one side and aquaporin-4+
astrocytic endfeet on the other. A dysfunction in the glymphatic system in glaucoma patients
would support the hypothesis that CSF circulatory alteration may play a contributory role in
glaucomatous damage.
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2.3.3. Biomechanics of the laminar region

LC is believed to be the site where the main damage to the axons of the CGRs in glaucoma
can occur. It is an interesting region from the biomechanical point of view, since within this
site, there is a discontinuity in the corneal-scleral covering that constitutes a weak point in
the mechanical load systems, and therefore, this is where the stress can be concentrated [131].

An increase in IOP can act mechanically in the tissues of the eye, producing deformations,
tension and stress, which will be larger or smaller depending on the geometry and the mate-
rial properties of each eye. When the levels of stress and tension exceed the physiological
tolerance of the tissue cells, they can induce remodelling of the connective tissue (increase the
production or eliminate collagen and elastin), in an attempt to return to a mechanical environ-
ment homeostasis [132]. This increase in the connective tissue could seriously alter the blood
flow by compression of the vessels derived from the Zinn-Haller circle and therefore affect
nutrition in the laminar region. It must be taken into account that this could all occur with the
IOP within the normal range in those eyes, which are particularly susceptible to IOP-related
stress [133, 134]. It is believed that connective tissue disorders, related to IOP, can cause the
anterior lamellae of the LC to give way or be destroyed, thereby transferring the load (weight)
to adjacent lamellae in a cascade of damage that would help cause, together with the loss of
axons, the glaucomatous excavation [135, 136].

The LC forms a barrier between two differentially pressurized compartments: the intraocular
space with higher pressure (IOP) and the retrobulbar space with a lower pressure retrobulbar
cerebrospinal fluid pressure (CSFP). A pressure gradient is formed cross the LC. The pres-
sure difference between the two compartments is denominated the translaminar pressure
difference (TLPD) and is defined as IOP-CSFP. At a given IOP, subjects with a lower CSFP
have a larger TLPD, which can result in the posterior deformation of the LC [137, 138]. The
ability of the LC to tolerate a given TLPD without being deformed may be associated with
the material properties (compliance, stiffness or structural rigidity) and geometry (thickness,
shape or curvature) of the LC and the peripapillary connective tissues [135, 139]. Based on the
notion that the translaminar pressure dynamics may influence LC deformation and an optic
nerve axoplasmic transport, it can be speculated that eyes with a larger TLPD or translaminar
pressure gradient (TLPG) may have an increased susceptibility to glaucomatous damage.
Posterior deformation of the anterior LC surface is considered one of the key manifestations
of glaucomatous optic neuropathy [136].

A high translaminar pressure gradient can induce the blockade of the axonal flow within
the optic nerve fibres at the level of the LC [140, 141]. The TLPG may be influenced by the
properties of the other structures, such as low CSFP [142-144] and a thinner LC, both of
which increase the TLPG [140, 145-147]. It has been reported that a thinner central corneal
thickness (CCT) is a risk factor for the conversion of ocular hypertension to primary open-
angle glaucoma [148, 149] because of a thin cornea inducing a falsely low IOP measurement
and a thin cornea being associated with a more susceptible optic nerve complex. However,
histologic studies have found that there is no significant correlation between CCT and LC
thickness [150, 151].
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The deformation, the mechanical stress and the consequent increase of the collagen in the LC
cause the axons to suffer deformations and mechanical stress as it passes through the pores
of the LC. This can produce a mitochondrial dysfunction, which leads to a lower production
of energy, triggering a blockage of the axonal transport of molecules, among which there
exist neurotrophic factors (such as BDNF) which originate in the brain. These neurotrophic
factors are transported towards the soma of the CGRs. The decrease of these factors, which is
important for the regulation of metabolism and cell survival, can lead to the progression of
the death of CGRs by apoptosis. Therefore, the alteration of the axoplasmic flow would be one
of the first events that induce CGR apoptosis in glaucoma.

As we have already mentioned, the mechanical stress generated by IOP produces the reac-
tivation of the astrocytes, causing the remodelling of the ECM. The integrins would act as
mechanosensors intercommunicating the astrocytes with the ECM. In this remodelling, there
is an increase in type VI and type IV collagens (the latter being a constituent of the astrocyte
basement membrane) which will modify the original structure of the cribriform pores. In addi-
tion, proteoglycans and glycosaminoglycans can also be modified and the elastic fibres can
degenerate. All of this leads to the biomechanical alteration of the tissue described previously.

The ECM is also responsible for providing adhesion signals, thereby controlling the functions
of cells and cell survival. Reactive astrocytes increase the activity of matrix metalloprotein-
ases (MMPs), which are enzymes involved in ECM remodelling in such a way that they can
degrade cell adhesion molecules to allow cell mobility. Therefore, changes in the specific com-
ponents of the ECM (increased MMP-9, laminin loss, etc.) can interrupt cell-cell and ECM-cell
interactions, which could cause, in the case of CGRs, cell death by apoptosis.

Tenascins represent key constituents of the ECM with a major impact on the central nervous
system development. Several studies indicated that they play a crucial role in axonal growth
and guidance, synaptogenesis and boundary formation. These functions are not only impor-
tant during development but also for regeneration under several pathological conditions.
Tenascin C represents a key modulator in the immune system and inflammatory processes
[152]. It is not only involved in barrier formation, but it is also a constituent of the glial scar
after injury. Furthermore, it might be implicated in reactivation of astrocytes which play a
crucial role in glaucomatous optic nerve fibrosis [153].

2.4. The retrolaminar region

This zone extends from the end of the LC to the place where the central blood vessels (CRA
and central retinal vein) enter the optic nerve (Figures 2A and 3A).

The retrolaminar region (RLR) is a part of the intraorbital portion of the optic nerve and, as
such, is surrounded by the meningeal sheaths: dura, arachnoid and pia mater. These leave
two spaces called subdural (between the dura mater and the arachnoid) and subarachnoid
(between the arachnoid and the pia mater) (Figure 9A).

This region is distinguished by the appearance of oligodendrocytes that myelinate the axons
of this zone (Figures 3F1, F2 and 9C). The bundles of axons are arranged in a polygonal shape
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Figure 9. Retrolaminar region. (A) Meningeal sheaths surrounding the retrolaminar region of the optic nerve (ON).
(1) dura mater, (2) subdural space, (3) arachnoid, (4) subarachnoid space, and (5) pia mater. (B) Connective septa. The
arrows indicate the laminar region (LR). Retrolaminar region (RR). (C) Transmission electron microscopy showing the
astrocytes (a), myelinated axons (ax) and oligodendrocytes (O). (A, B) scanning electron microscopy with nervous tissue
digestion by trypsin. (C) Transmission electron microscopy.

and surrounded by connective tissue septa (Figure 9B). These septa are attached to the pia
mater peripherally, to the lamina cribrosa in its anterior portion and to the connective tissue
of the adventitia of the CRA in its central portion. These septa are also responsible for driving
the vessels into the interior of the optic nerve [29].

Axon diameter along with myelin thickness [154], internode [155] and paranode gap [156]
determines the functional properties of the nerves [157]. Axon diameter has been used to
determine conduction velocity along various pathways. Thus, this indicates that there is a
strong link between structure and function in the central nervous system. The characteriza-
tion of ultrastructural properties of the axons has proven useful in exploring the pathology
of neurological condition [155]. In the axons, the mitochondria are accumulated around the
areas of highest energy demand, such as the nodes of Ranvier, in which the ATP is necessary
to maintain the activity of the energetically demanding Na*/K* ATPase ion pumps [158, 159].
Mitochondria change their morphology according to the energy status of the cell in processes
referred to as fusion and fission [160].

2.4.1. Vascularization of the retrolaminar region

The vascularization of the optic nerve in this region varies in function of the central or
peripheral location of the tissue. Thus, the axial or central zone is fundamentally nourished
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by the vessels coming from the CRA, while the peripheral zone receives vessels from the
CRA through its pial arteries or vessels derived from the ciliary system from Zinn-Haller
circle and the peripapillary choroids. In the most posterior areas, the contribution from
the branches of the ophthalmic artery and its collaterals is important (Figure 10A) [8, 41,
43, 161].

2.4.2. Macroglia and microglia of the retrolaminar region

There are three types of glial cells in the retrolaminar region:

® Astrocytes which contribute to the fasciculation of axons and their separation from blood
vessels and connective tissue. In this region, the main fasciculation of the axons is carried
out by the connective septa (Figures 3F2, 9B and C)

* Microglia which are scarce cells, but they are, in a proportion, similar to those of the rest of
the optic nerve (Figure 4C)

* The oligodendrocytes which are responsible for the formation of the demyelin sheaths of
the axons (Figures 3F2 and 9C)

Figure 10. Retrolaminar region. (A) Vascularization: (1) pial vascularization, (2) central retinal artery, and (3) central
retinal vein. (B) Peripheral glial mantle of Graefe (arrows). (A) Diaphanization technique and vascular filling with
polymers. (B) Immunohistochemistry GFAP-Unna-Tanzer.
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The appearance of myelin in this area causes the thickness of the nerve to increase double in
comparison to the level observed in the LC, going from 1.5 mm to 3 mm. Myelination of the
nerve is necessary for the saltatory conduction of the nerve impulse. The absence of myelin
can be lethal, and this has been demonstrated in animals that have a mutation in myelin
proteins such as proteolipid protein (PPL) and myelin basic protein (PBM). In addition,
the demyelination of axons causes neurological dysfunctions as those observed in multiple
sclerosis [8].

In cell cultures, it has been shown that oligodendrocytes and astrocytes originate from a com-
mon precursor, the bipotential cells A2-B5+ [162-164]. These can generate to both a subpopu-
lation of astrocytes called type 2 and oligodendrocytes, which is why they have been called
progenitors of oligodendrocyte-type-2 astrocytes (O-2A) [164, 165].

The differentiation of progenitors O-2A into astrocyte type 2 requires environmental signals
such as the interaction of a ciliary neurotrophic factor (CNTF) [166] with components of the
ECM [70]. The absence of these signals generates oligodendrocytes [167, 168].

The maturation of oligodendrocyte precursors occurs in a series of stages recognized by the
expression of different surface antigens, by morphological and motility characteristics and by
the response to specific growth factors [169]. The precursors of the immature A2B5+ oligoden-
drocytes are very mobile. They have a characteristic bipolar morphology and express surface
antigens which include the glycoprotein NG2 and the ganglioside GD364. As the precursor
matures, it becomes less mobile and more processes appear. Although it retains its positivity
for A2B5, it begins to express additional antigens, which include an antigen denominated
POA [6], which is recognized by the antibody monoclonal O4 [170] (O4+ cells). At a later stage
of maturation, high levels of galactocerebroside, which is the main glycolipid of myelin, are
expressed [164].

The elaboration of myelin sheaths is associated with the expression of specific myelin com-
ponents such as the basic myelin protein (MBP) and the proteolipid protein (PPL) [10, 171].

The proliferation of the oligodendrocyte precursor is induced by different mitogens at differ-
ent stages of development. The precursor of the immature oligodendrocyte A2B5+ prolifer-
ates mainly in response to a platelet-derived growth factor (PDGF) and to a lesser extent to
the growth factor of type Il fibroblasts (bFGF) [172]. The precursors of the most mature oligo-
dendrocytes O4 (+) do not respond to PDGF but retain their proliferative response to bFGF.

Experimental studies with lipophilic dyes have shown that the origin of the oligodendrocyte
precursors of the optic nerve is found in the floor of the III ventricle, producing a migration
from this zone to the chiasm and subsequently to the optic nerve [173]. The production of
tenascin C by astrocytes regulates the migration of oligodendrocyte precursors at the level of
the LC [170]. It has been suggested that glial precursors use similar molecular cues to those
that guide axons during central nervous system development. These signals have been char-
acterized as netrin-1 for oligodendrocytes and semaphorin 3a for astroglial cells [174].

The oligodendrocytes will be responsible for the formation of the myelin sheath, while the
type-2 astrocytes would be in charge of the maintenance of the nodes of Ranvier, controlling
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the perinodal ion concentrations and providing nutrients to the axon [8]. The nodes of
Ranvier are the areas of the axon where the myelin is interrupted. Its importance lies in the
fact that the propagation of action potentials takes place by jumping from node to node,
which leads to greater efficiency in nerve conduction. The astrocytes send perinodal pro-
cesses that surround the unmyelinated axonal plasma membrane. This association suggests
that it may play an important role in the physiology of the node, in such a way that specific
conditions can be created to generate action potentials [175]. The astrocytes, therefore, could
synthesize and renew ion channels of the nodal membrane. In addition, the sodium chan-
nels of the perinodal astrocytes could be involved in the ionic homeostasis of the perinodal
space, in which the ion buffers the perinodal space dependent on the electrical activity of
the node [8].

There is another cellular type in relation to nodes of Ranvier called NG2-glia. These cells
express the NG2 chondroitin sulphate proteoglycan. NG2-glia share many morphological
features with astrocytes but do not appear to express the conventional mature astrocyte
markers (GFAP, vimentin, S-100, glutamine synthetase) and do not contain intermediate
glial filaments. However, NG2-glia, in the CNS, have not only been considered to be adult
oligodendrocyte progenitor cells (OPC) based on their antigenic phenotype but also to be
equivalent to O-2A cells. The possible role of these cells could be to monitor and respond
rapidly to changes in axonal activity, resulting in stereotypic injury response and possibly in
the regeneration of remyelinating oligodendrocytes [176]. Nevertheless, other authors have
found NG-2 expression in astrocytes and confirm the non-selective nature of NG-2 expression
since some populations of astrocytes express the antigen [177].

In the retrolaminar region, as in the other parts of the nerve, there exists a glial tissue formed
by thick bodied astrocytes, which separate the pia mater from the optic nerve axons. It is
denominated the peripheral glial mantle of Graefe (Figure 10B). The characteristics of this
glial mantle are similar to those of the other limiting glial membranes previously described in
the optic nerve [29, 171, 30]. Furthermore, in these subpial astrocytes, the existence of invagi-
nations in the plasma membranes called caveolar vesicles have been described, as well as
contractile microfilaments. The function of both is to initiate the contraction of the peripheral
glial mantle of Graefe in response to the stresses that may occur in the meningeal sheaths of
the optic nerve [178].

2.5. Blood-central nervous system barriers

The central nervous system is a very sensitive system in the human body. Thus, the presence
of specialized structures to maintain a stable ionic environment that allows correct neuro-
nal activities and isolates the neurons from the cerebrospinal fluid and blood is necessary
[179]. Based on this, capillaries of the central nervous system have tight cell junctions between
endothelial cells, low numbers of pinocytic vesicles, and specific transporters (the blood-
brain barrier), so that they can control fluid and molecular movement and provide a barrier
effect against the leakage of materials from the capillaries [181]. In the ocular central nervous
system, there are two types of blood-tissue barriers: the blood-retinal barrier (BRB) and the
blood-optic nerve barrier (BONB) [181].
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Molecules can be transported through barriers, but it is a highly regulated process. The
molecules are transported in two ways. Firstly, the paracellular pathway is regulated by the
dynamic opening and closing of the inter-endothelial junctions. Secondly, the transcellular
pathway involves the formation of specialized transport vesicles (the caveolae) and the trans-
port mediated by receptors [182, 183].

The paracellular pathway restricts the passage of solutes of more than three nm and is the pre-
ferred route for the passage of water and small water-soluble compounds [184]. The junctions
between the endothelial cells are formed by tight junctions, adherent junctions and gap junc-
tions. The tight junctions are interspersed with adherent junctions, which are formed before
tight junctions favouring their formation. Gap junctions can facilitate the assembly of tight
junctions and adherent junctions [182]. The main proteins of the tight junctions are the occlu-
dins and the claudins that form a barrier and regulate the permeability [185, 186]. Moreover,
the ZO-1 is an adapter protein that connects to the cytoskeleton, which can participate in the
contraction of the cells and therefore regulate the dynamic opening of tight junctions [187].

The transcellular pathway (or transcytosis) is the preferred route for the active transport of
macromolecules. It is carried out through caveolae and transport mechanisms mediated by
receptors. In hemato-nervous barriers, transcytosis is different from the endothelium, which
does not form a barrier, and therefore, they have a lower number of caveolae (mainly on the
side of the lumen) and express less caveolin-1, albumin receptors, and other molecules.

Other cells that regulate BRB and BONB are the pericytes, which are part of the neurovascular
unit. In the retina, the relationship between endothelial cells and pericytes is 1:1 suggesting
an important role of pericytes in the BRB. Pericytes are arranged around capillaries wrapped
in the basal membrane and communicate with endothelial cells, macroglia (astrocytes, glia
Miiller), microglia and neurons. Although the basal membrane of the endothelial cells, both
cells at some points separate, the pericytes make direct contact. The direct pericyte-endothelial
contact is established via junctional complexes located to peg-socket contacts at sites were the
basement membrane is absent [188]. The interactions between both cell types are important
for the maturation, remodelling and maintenance of the vascular system through the auto-
crine and paracrine regulation by growth factors, as well as for basal membrane modulation
[189]. During the development, the release of PDGF-B by the endothelial cells attracts the
pericytes, forming tight junctions immediately after their recruitment. In addition, pericytes
are able to attract glial cells [190].

The concept of the so-called neurovascular unit (NVU) is wider because the neurons and
microglial cells are part of the cells involved in the blood barrier regulation. This neurovascu-
lar unit is composed of [186]:

1. The tight junctions between the endothelial cells, which restrict paracellular diffusion and
effectively ‘seal’ the vessels
2. The continuous basal membrane that lines the endothelial cells

3. The pericytes that are embedded within this matrix, located between the endothelial cells
and the astroglial endothelial feet
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4. The processes of astrocytes, which communicate with the neurons and local synapses, as
well as [183] cover the vessels, known as ‘vascular feet’

5. Resident microglia, which can monitor its microenvironment with their processes and
respond quickly to insults at or near the NVU

6. The retinal neurons

2.5.1. Blood-retinal barrier (BRB)

The internal BRB is established by the tight junctions of the endothelial cells of the retinal cap-
illaries. These cells, which form a continuous layer, are arranged on a basement membrane,
which is covered by astrocytes and the Miiller cell processes, sealing the retinal capillaries. In
addition, in many areas the basement membrane unfolds around pericytes. The latter do not
form a continuous layer and therefore do not contribute physically to the diffusion barrier.
Pericytes, astrocytes and Miiller’s glia can influence the activity of endothelial cells of the
retina and therefore barrier properties, sending them regulatory signals (such as cytokines),
which indicate changes in the microenvironment of neuronal circuits [191].

2.5.2. Blood-optic nerve barrier (BONB)

The capillaries of the optic nerve have barrier properties due to the presence of tight inter-
endothelial cell junctions. In addition, in the optic nerve, the pial vessels and the Kuhnt inter-
mediary tissue (located between the outer retinal layers and the ONH prelaminar region),
which are also composed of astrocytes, also form a well-established blood-tissue barrier [181].
In the tissue of Kuhnt, the barrier consists of the tight junctions between the astrocytes of this
tissue and the epithelium pigment of the retina, in addition to the desmosomes between the
astrocytes and the outer limiting membrane [192]. However, the border tissue of Jacoby, which
is located between the choroids and the ONH, and is composed of astrocytes, has defects in
the barrier, which allows the filtration of the materials through them [192, 193]. Because the
endothelial cells of the choriocapillaris have fenestrations, much of the material is freely fil-
tered through the Jacoby border tissue to enter the prelaminar region of the optic nerve [179].

Another site where the BONB is not absolutely perfect is the prelaminar region. When a
tracer was used to analyse the permeability of this region, it was observed that the prelaminar
region showed a diffused distribution of the tracer in its extracellular spaces. The tracer was
most concentrated in the posterior part of the prelaminar region and aggregated densely in
the glial columns and around the capillaries in the ONH. The border of tissue of Jacoby was
densely infiltrated. The diffusion of the tracer was less extensive in the lamina cribrosa and in
the retrolaminar optic nerve region than in the prelaminar region [192, 194]. The microvessels
in the prelaminar region of the ONH lacked classical barriers in the blood tissue and showed
a non-specific permeability, possibly mediated by vesicular transport [195]. The absence of
BONB in the prelaminar region would nullify the advantages attributed to barriers in the
optic nerve blood vessels and could play a role in the development of noninflammatory optic
neuropathies [180]. In the CNS there is only one other site in which there is a no blood-brain
barrier, the postrema area (a small area located in the lateral wall of the fourth ventricle) [180].
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Abstract

The optic nerve, also known as the second cranial nerve, is composed of axons that trans-
mit visual information from the neurosensory retina to the visual cortex. There are mul-
tiple pathologies that can affect the human optic nerve. Congenital anomalies of the optic
nerve include myelinated nerve fibers, morning glory syndrome, optic nerve choristoma,
optic nerve coloboma, optic nerve hypoplasia and aplasia, and others. Tumors that can
affect the optic nerve (ON) may occur primarily from within the nerve itself, from the sur-
rounding optic nerve sheath (ONS), or secondarily spreading to the nerve from a distant
site. They include optic pathway glioma, medulloepithelioma, oligodendroglioma, optic
nerve sheath meningioma, and others. Here in this chapter, we will review the optic
nerve anatomy, embryology, and physiology in addition to assessment of optic nerve
function. Moreover, the clinical features, imaging findings, pathology, and treatment
options of the most common and some rare congenital anomalies and primary tumors of
the ON and sheath will be reviewed.

Keywords: myelinated nerve fibers, morning glory syndrome, optic nerve
choristoma, optic nerve coloboma, optic nerve hypoplasia, aplasia, optic nerve tumor,
glioma, meningioma, ganglioglioma, medulloepithelioma, hemangioblastoma,
oligodendroglioma

1. Introduction

Visual perception occurs when light stimulus in the surrounding environment converts to
nerve impulses at the level of photoreceptors, which then reach the brain to be processed.
The light energy is converted to neuronal signals that are transmitted through several layers

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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in the retina to reach the ganglion cells. The axons of the ganglion cells form the optic nerve.
Signals are carried out from the optic nerve through the optic chiasm and optic tract, which
is connected to the lateral geniculate body. From there, signals reach the visual cortex in the
occipital lobe through the optic radiation.

The chapter is divided into three main sections. Section 1 describes the basic embryology,
anatomy, and physiology of the optic nerve. Section 2 briefly discusses optic nerve develop-
mental anomalies, and the last section briefly reviews the most common optic nerve tumors
and discusses their management modalities.

2. Optic nerve embryology, anatomy, physiology, and function

2.1. Optic nerve embryology

The optic nerve has a neural ectoderm origin. It develops within the optic stalk, which appears
by 22-28 days of gestation. The optic stalk connects the optic vesicle to the cavity of the fore-
brain [1]. It has two layers, the inner layer is the axons of the ganglion cell layer and the outer
layer is a neuroglial supporting cells. At 8 weeks of gestation, neuroepithelial cells including
astrocytes and oligodendrocytes proliferate and participate in the formation of the connective
tissue and myelination of the optic nerve. Myelination starts centrally and reaches the lamina
cribrosa at or shortly after birth [2].

2.2. Optic nerve anatomy and physiology

The nerve fiber layer in the retina is the ganglion cell axons, which are generally unmyelin-
ated and receive blood supply from the central retinal artery. Ganglion cell axons turn 90°
to enter the optic disc, where they form the optic nerve. The optic disc is supplied by a ring
of branches from the short ciliary arteries called the circle of Zinn. Peripapillary arteries also
contribute to the optic disc blood supply. The optic nerve consists of 1.2 million fibers with
different sizes of diameter, ranging from 0.7 to 10 pm. Smaller fibers serve the central vision,
while larger ones come from the peripheral retina [3]. The macular fibers are deep in the
center of the optic nerve, while the fibers of the peripheral retina are more superficial.

The length of the optic nerve is around 6 cm and can be divided anatomically into four
segments: intraocular (0.7-1 mm), intraorbital (30 mm), intracanalicular (6-10 mm), and
intracranial (10-16 mm). The lamina cribrosa divides the intraocular part into prelaminar
and laminar sections [4]. It is important to note that this part of the nerve is not myelinated.
Oligodendrocytes are responsible for the myelination of nerves, and it is believed that the
lamina cribrosa acts as a barrier preventing them from myelinating the intraocular section of
the optic nerve [5].

Beyond the lamina cribrosa, the optic nerve is myelinated and surrounded by a dural sheath
and cerebrospinal fluid. The extraocular muscles surround the optic nerve in the orbit. The
optic nerve sheet is adherent to the superior and medial rectus muscle, hence the pain with
eye movement when the optic nerve is inflamed in cases such as optic neuritis. The ophthal-
mic artery is the first branch from the internal carotid artery, and it forms the main blood
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supply for intraorbital and intracanalicular division of the optic nerve. The ophthalmic artery
passes through the dural sheath of the optic nerve in the intracanalicular section. The intra-
cranial optic nerve division is supplied by branches from the ophthalmic, interior cerebral,
anterior communicating, and internal carotid arteries. Ninety percent of the optic nerve fibers
from both sides join in the optic chiasm, while the remaining 10% of fibers project to areas
controlling pupillary responses [5].

2.3. Assessment of optic nerve function

The optic nerve function is assessed by evaluating several elements including the visual acu-
ity, color vision and contrast testing, relative afferent pupillary defect in cases of asymmetric
optic neuropathy, and visual field testing. These parameters should be evaluated in every
patient with suspected optic neuropathy. In addition, electrophysiological testing is another
adjunctive test used to assess optic neuropathies.

2.3.1. Visual acuity (VA)

Visual acuity is a vital function of the optic nerve and an important measure of the visual func-
tion. The smallest visual angle at which two distinct objects can be distinguished is referred
to as the minimum separable threshold. The best-corrected visual acuity (BCVA) should be
obtained with refraction to exclude any refractive errors. The physician can expect a refractive
error when there is an improvement of visual acuity with pinhole viewing.

Snellen acuity is measured with test letters (optotypes), and they are designed in a way so that
the letter as a whole subtends an angle of 5 min of arc at a specified distance. A 20/40 Snellen
acuity (6/12 in m) means that the patient can see the 20/40 line 20 feet away from the chart
what a normal person can see clearly 40 feet away.

2.3.2. Color vision

Optic nerve diseases, especially optic neuritis, may disproportionately affect color vision
compared with BCVA. In macular disease, however, both visual acuity and color vision tend
to be affected congruently. In addition, color vision deficit (dyschromatopsia) can persist even
after recovery of visual acuity in optic neuropathy.

Color vision testing is done monocularly. Pseudoisochromatic color plate is widely avail-
able and frequently used to evaluate color vision. Bilateral, symmetric, color vision deficit
in males may indicate congenital dyschromatopsia. The most detailed color vision test is the
Farnsworth-Munsell 100-hue test. It uses 85 colored discs, and thus, it needs a considerable
amount of time that limits its use in routine clinical practice.

2.3.3. Contrast sensitivity

Contrast sensitivity is simply defined as the ability to recognize the degree of contrast
between the optotype and its background. The higher the contrast, the easier the optotype
is to be seen. Increasing the illumination makes it easier to read because this creates a higher
contrast against the black letters. Snellen acuity optotypes are projecting at approximately
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100% contrast that can be resolved more easily by the visual system. However, 100% con-
trast is rarely encountered in everyday life, and therefore, 20/20 vision does not always
mean good vision as low-contrast sensitivity may significantly compromise the visual
quality.

Contrast sensitivity testing can detect and quantify vision loss in the presence of normal visual
acuity. The Pelli-Robson contrast sensitivity letter consists of rows of letters of equal size but
with decreasing contrast for groups of three letters. Sinusoidal gratings require the test subject
to view a sequence of increasingly lower contrast gratings. Many conditions reduce contrast
sensitivity. They include optic neuropathy, posterior subcapsular cataracts, and amblyopia.
Contrast sensitivity testing is not commonly used in clinical practice.

2.3.4. Pupillary examination

Pupillary examination and particularly testing for relative afferent pupillary defect (RAPD)
is highly sensitive for optic nerve diseases. Under normal conditions, light source directed
at one pupil causes symmetric ipsilateral and contralateral pupillary constriction (direct and
consensual response). When the optic nerve of one eye is damaged or inflamed more than
the other eye, a relative afferent pupillary defect is seen in the more affected eye. In other
words, shining the light over the normal, or less affected, eye will result in bilateral pupillary
constriction. However, when the light is swung to the more affected eye, we will see a bilateral
pupillary dilation as the signal conduction along the optic nerve is relatively compromised
compared to the other eye.

An absence of RAPD usually indicates a bilaterally normal optic nerves or a bilateral sym-
metric optic neuropathy. RAPD can be seen in patients with significant retinal dysfunction
including central retinal artery occlusion, ischemic central retinal vein occlusion, or retinal
detachment.

2.3.5. Visual field

Visual field is another important function of the optic nerve in which a visual field defect
testing can describe, quantify, monitor, and localize the different patterns of visual loss. There
are different techniques available to evaluate visual field. The choice of technique depends on
the degree of detail required and the cooperation of the patient.

Confrontation visual field testing is a simple test that can be done at the bedside or in the
clinic providing a gross evaluation of the visual fields. The examiner sits 1 m from the patient.
The patient is asked to cover one eye and fixate on the examiner’s nose by the other eye.
Then, the examiner requests the patient to identify the numbers (1, 2, or 5) presented by the
examiner’s fingers at the midpoint of each of the four quadrants for each eye.

A more detailed evaluation of the visual field is assessed by perimetry. There are two main
types: static and kinetic perimetry. In static testing, stimuli are static and turn on and off at
different points within area the visual field to be tested. In kinetic testing, a stimulus is moved
from a nonseeing peripheral area to a seeing area of the visual field. In kinetic testing, an
isopter is drawn by connecting all points of equal sensitivity for a specific stimulus.
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2.3.6. Visual evoked potentials (VEP) in the assessment of optic nerve function

Visual evoked potential (VEP) is an electrical response recorded mainly from the visual cortex
in response to light stimulus. It was first introduced in 1930s, and its role has evolved over the
years [6]. In 1961, Ciganek was the first to describe an electroencephalography (EEG) response
to a flashlight stimulus in humans, followed by one of the earliest clinical studies of VEP
reported by Halliday and colleagues on patients with optic neuritis [7, 8].

VEP provides an objective and reproducible measure of visual function and continues to have
an imperative complementary role to other tests that provide information on the structure of
the visual system such as MRI and optical coherence tomography (OCT).

The recording of VEP is performed using occipital mounted electrodes with, typically, monocu-
lar stimulation. Several forms of visual stimulus can be used to generate a VEP. The most com-
mon stimuli used are flash visual evoked potential (fVEP), pattern-onset VEP, and reversing
black and white checkerboard pattern (PVEP). Because of fVEP’s high intersubject variability
and low sensitivity, PVEP is preferred in most clinical sitting. fVEP is frequently used in infants,
uncooperative patients or if significant media opacity is present. The pattern-onset VEP is pre-
ferred in patients with fixation instability such as nystagmus since the PVEP is severely reduced
in those patients due to the effect of retinal image motion on the stimulus efficiency [9, 10].

The testing technique for both stimulus conditions has been standardized by the International
Society of Clinical Electrophysiology of Vision (ISCEV) to reach a better consistency of results
between different electrophysiology laboratories [11]. The PVEP waveform is triphasic with
a prominent positive peak (P100) at around 100 ms, an earlier negative peak at around 75 ms,
and a late negative peak at around 135 ms after stimulation (Figure 1). The amplitude of
the P100 reflects the number of functional afferent axons reaching the cortex. The implicit
time (latency) is believed to reflect the degree of demyelination. An abnormal VEP response

o P100

N135

Amplitude in pv
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Figure 1. Normal waveform of a standard PVEP. Arrows showing first negative peak (N75), positive peak (P100), and a
late negative peak (N135).
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indicates a functional disturbance in the afferent visual pathway, and occasionally, conven-
tional VEP may provide some information on the location of the lesion [12]. For example,
based on the neuroanatomy of the visual system, a unilateral VEP abnormality implies an
abnormality in the anterior optic pathway. Localization is less likely when the delay is bilateral.

3. Developmental anomalies of the optic nerve

3.1. Myelinated nerve fibers

The prevalence of myelinated nerve fibers (MNF) is around 1% in autopsy studies [13]. MNF
are typically congenital, and therefore likely represent anomalies of myelination control in
utero. They appear as gray or white striated patches with feathered borders, which are most
commonly unilateral, with only 7.7% of cases estimated to occur bilaterally (Figure 2) [13, 14].
The mechanism by which MNF occur might be linked to unknown level of communication
between adjacent oligodendrocytes (which are responsible for myelinating the axons of sub-
sets of neurons in the central nervous system) in the selection of axons for myelination [15].
Recently, a case of bilateral extensive peripapillary MNF has been reported in a patient with
Crouzon syndrome, an inherited form of craniosynostosis caused by over-activation of fibro-
blast growth factor receptor 2 [16].

3.2. Morning glory syndrome (MGS)

MGS is a rare congenital optic disc anomaly, first reported by Pendler [17] then more accu-
rately described 10 years later [18]. The pathogenesis of MGS is uncertain, but probably is
an embryological form of optic disc dysplasia and is thought not to be a true coloboma, but
rather a posterior ectasia, which is the consequence of developmental disturbance of sclera
[19, 20]. MGS is characterized by a funnel-shaped enlarged optic disc with a central mass of
glial tissue and emerging radial retinal vessels that emerge from the central core toward the
peripheral retina (Figure 3) [21]. MGS is a nonprogressive and untreatable condition, which

Figure 2. Myelinated nerve fibers (MNF).



Optic Nerve: Developmental Anomalies and Common Tumors
http://dx.doi.org/10.5772/intechopen.80326

Figure 3. Morning glory syndrome.

usually occurs as an isolated ocular anomaly, or can also be associated with other ocular
abnormalities such as strabismus, afferent pupillary defect, visual field defects, preretinal
gliosis, and open angle glaucoma [22-25]. The optic nerve has been reported to present with
characteristics of coloboma, hypoplasia, and morning glory anomaly, as an overlapping phe-
notypic profile that has been described in relation to PAX6 mutations, which influences the
phenotypes of optic nerve malformations [26].

3.3. Optic nerve choristoma

Choristoma is an uncommon congenital tumor where normal-looking tissue (epithelial, glan-
dular, cartilaginous, osseous, smooth muscle, and fat) is present in an area where it should not
be normally present. Most ocular choristomas are periocular but can also be rarely found as
an intraocular choristoma involving the iris, ciliary body, choroid, and optic nerve head [27].
The largest series on optic nerve choristomas in the English literature was published in 1972
including 26 cases of optic nerve colobomas in enucleated eyes, and all cases were diagnosed
to have associated heterotopic adipose and/or smooth muscle tissue on pathological examina-
tion. The age at enucleation ranged from 6 weeks to 70 years [28]. An interesting case present-
ing with mixed clinical features of optic nerve coloboma and morning glory —as previously
described by others—has been reported by Mishra but unexpectedly had histopathological
evidence of a choristoma [29, 30]. The authors commented that there is insufficient knowledge
in the literature about the natural history and outcome of optic nerve choristoma, but their
15-year old girl has shown dramatic rapid deterioration of vision. They attributed this to the
abnormal architecture of the colobomatous nerve that resulted in the patient’s vulnerability
to the critical growth of the choristomatous tissue during adolescence, on the top of the slow
axonal loss from the choristoma, as evident by the pallor of the optic nerve head at the time
of presentation [30].

3.4. Optic nerve coloboma

Ocular coloboma occurs in relation to the failure of the closure of the embryonic fissure that
results from the evagination of the developing optic vesicle during embryogenesis and eye
development. The fissure is located inferiorly and includes the optic stalk (future optic nerve)
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that connects the developing forebrain to the eye. The extent of the colobomatous defect
depends on the location of the arrested closure of that fissure. Colobomas in the eye can be
seen anteriorly involving the iris and ciliary body or posteriorly involving the optic nerve.
The optic nerve coloboma appears as a sharp whitish excavation inferiorly with a thin neu-
roretinal rim and may even extend to involve the adjacent choroidal and retinal tissue. Optic
disc colobomas can occur bilaterally, can be sporadic, or can have an autosomal dominant
inheritance. Ocular coloboma is known to show extensive locus heterogeneity associated
with causative mutations identified in genes encoding developmental transcription factors
or components of signaling pathways that are involved in the posterior segment develop-
ment as a whole. Optic nerve coloboma can be associated with similar colobomatous ante-
rior uveal or posterior chorioretinal defect as well as possible more extensive manifestations
(anophthalmia/microphthalmia) related to the defective and/or failure of embryonic fissure
closure [30]. The term microphthalmia is used to indicate the marked reduction in the size
of an eye. Microphthalmia, anophthalmia, and coloboma resulting from failure of optic fis-
sure closure during embryogenesis have been grouped as a single phenotype or spectrum
(MAC) in most of the recent studies aiming at identification of responsible genes [31, 32].
Heterozygous loss-of-function mutations in SOX2, PAX6, and OTX2 (involving dosage-sensi-
tive transcription factors) are the most common genetic pathology associated with severe eye
malformations (anophthalmos/severe microphthalmos) [33-36], and bi-allelic loss-of- func-
tion in STRA6, ALDH1A3, and RARB (related to the regulation of retinoic acid metabolism
or transport) is confirmed as an emerging cause of nonsyndromic eye malformations [37—40].
In the coloboma/microphthalmia patients, Prokudin reported other variants in CYP1B1 that
are emerging with CYP1B1 being considered a possible candidate gene as a modifier in colo-
boma/microphthalmia [41] and commented on the heterogeneity and the complex pattern
associated with MAC phenotype. This is nicely summarized by Reis and Semina [32]. Two
novel heterozygous SOX11 variants were identified in patients with coloboma [42]. In gen-
eral, an identifiable genetic cause is found by molecular genetic testing in 80% of individuals
with bilateral anophthalmia/severe microphthalmia and in up to 20% of individuals with an
ocular malformation in the MAC spectrum [43]. Microphthalmos is one of the ocular anoma-
lies described in fetal alcohol syndrome, which causes multiple teratogenic effects on ocular
embryogenesis [44]. Lenz microphthalmia syndrome (LMS) is a specific entity characterized
by unilateral or bilateral microphthalmia and/or clinical anophthalmia with malformations of
the ears, teeth, fingers, skeleton, and/or genitourinary system in addition to coloboma, which
is present in 60% of microphthalmic eyes. The coloboma ranges from simple iris coloboma
to coloboma of the ciliary body, choroid, and ON. The diagnosis of LMS depends on clinical
findings; however, molecular testing showed that NAA10 and BCOR (BCL6 corepressor) are
known to be associated with LMS.

3.5. Optic nerve aplasia

Optic nerve (ON) aplasia is a rare developmental anomaly that implies complete absence
of the ON including the disc and is usually seen in unilateral deformed globe in a healthy
person with no hereditary predisposition. There are only three previous reports of bilateral
ON aplasia in otherwise normal children [45-47]. The radiological finding of thinned ON
indicates the presence of ON sheath with some glial tissue and can aid in the diagnosis. In
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the most recent case, flash visually evoked potentials (VEP) was performed to distinguish ON
hypoplasia from ON aplasia and VEP was not recordable [47]. The ON is formed of axons
of the retinal ganglion cells, which form the ON that is derived embryologically from the
inner neuroblastic layer of the optic cup, and failure of development of these cells is rare [48].
When there is accompanying failure of development of mesodermal elements as well, it is
termed aplasia of the ON, which is defined as an absence of optic nerve, ganglion cells, and
central retinal vessels [28, 49]. Many previously reported cases in literature as ON aplasia are,
actually, cases of ON hypoplasia because of some overlapping features [50]. Variable oph-
thalmic features associated with ON aplasia include microphthalmos, enophthalmos, ptotic
lids, squint, microcornea, trabeculodysgenesis, iris hypoplasia, iris coloboma, aniridia, and
persistent hyperplastic primary vitreous [28, 49].

3.6. Optic nerve hypoplasia (ONH)

Unilateral ONH is a congenital disorder characterized by an underdevelopment of one of the
ONs with marked intracranial asymmetry. Clinically, the ON head looks small with a charac-
teristic “double-ring sign” (Figure 4). Visual acuity ranges from 20/20 to amaurosis presenting
variable visual field defects but the visual impairment is nonprogressive. The diagnosis of
ONH is typically clinical, but the confirmation is more accurately established by MRI [51, 52].
Several associations have also been reported between ONH and central nervous system (CNS)
anomalies: such as septo-optic dysplasia (SOD), which is a heterogeneous inconstant combina-
tion of different CNS parenchymal malformations: ONH, pituitary hypoplasia (with hormonal
deficiency), and midline malformations of the brain (absence of the septum pellucidum or thin-
ning of the corpus callosum) [52]. On the other hand, several anomalies have been reported in
fetal alcohol syndrome including optic nerve hypoplasia in 48%, and abnormal tortuosity of
retinal arteries in 49% in addition to anterior segment anomalies such as microcornea, cataract,
and iris defects in 10% [53]. The ONH is thought to occur because of the teratogenic of alcohol
on the developing optic nerve at sixth week of gestation when the first retinal ganglion cells
first appear until after birth [44]. It is recommended to perform neuroimaging when ONH is

Figure 4. Bilateral optic nerve hypoplasia in a patient with septo-optic dysplasia.

65



66 Optic Nerve

detected to rule out other associated CNS anomalies and internal carotid artery hypoplasia,
which has been recently reported advocating the theory of vascular disruption sequence at the
time of neuroembryogenesis and restriction of intrauterine blood supply as the cause for ONH
[54]. Patients with ONH should also have endocrinological work-up to rule out de Morsier
syndrome since hypothalamic/pituitary dysfunction has been found in 69% of unilateral cases
and 81% in bilateral [55, 56]. ONH has been reported in association with Down’s syndrome in
the United States [57]. Optic nerve dysplasia and vascular anomalies have also been found in
4-38% of patients with Down’s syndrome in emerging countries [58, 59]. Afifi and co-authors
also reported tilted (dysplastic) optic nerve heads in two cases out of their studied series of
Down'’s syndrome children but related their finding to an associated myopia in the same
two patients [60]. ONH is the most common congenital ON anomaly and a major cause of
blindness in the USA, and even though most cases are isolated, the new molecular diagnostic
techniques have recently raised the fact that a significant portion of ONH cases has underlying
genetic causes, typically de novo mutations [61] Also, two missense mutations in SALL4 were
found in a patient with bilateral ONH, unilateral microphthalmos, and coloboma, in addition
to cardiac septal defects and delayed growth. SALL4 is expressed in the developing lens and
regulates BMP4; therefore, authors speculated that altered BMP4 expression is the cause for
the eye anomalies [62]. Finally, it has been suggested to perform behavioral assessment in
ONH children who have mild to moderate or even no visual impairment [63].

3.7. Optic tract hypoplasia

Congenital optic tract hypoplasia is rare and most of the optic tract abnormalities are acquired
[64]. They are usually attributed to tumor, hemorrhage, aneurism, and CNS demyelinating
disease, while some are associated with anophthalmos. Isolated optic tract aplasia/hypoplasia
was reported in three cases, all of which are unilateral [65-67].

Figure 5. Tilted disc syndrome.
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3.8. Optic nerve (ON) tilt

ON tilt has been described in association with myopia and more strongly in association with
the presence of crescent regardless of the refractive error (Figure 5). Crescent was observed
approximately five times more frequently in myopic eyes when compared with nonmyopic eyes
(49 vs. 10%), and the median degree of tilt was about double (6.08 vs. 2.48). Ethnicity was also
strongly associated with tilt and crescent, with ON heads in Asian eyes having the most tilt [68].

4. Primary tumors of the optic nerve

4.1. Optic pathway glioma (OPG or pilocytic astrocytoma)

Optic pathway gliomas (OPGs) comprise tumors that arise from the visual pathway includ-
ing the optic nerve (ON) and chiasm. Tumors that only affect the ON are referred to as optic
nerve gliomas (ONGs). In general, OPGs are uncommon and account for only about 1% of
intracranial tumors [69]. However, they are the most common primary tumors of the optic
nerve, comprising about 65% of all intrinsic ON tumors [70].

More than two-thirds of OPGs are detected in the first decade of life and up to 90% before
the end of the second decade [69]. The median age of diagnosis of ONGs is 6.5 years with an
age range of 2-46 years. Whereas the median age of chiasmal gliomas is 11 years with an age
range of 0.75-50 years [71]. There is no sex predilection. Those lesions are considered hamar-
tomas by some authors. ONGs are considered by the 2016 World Health Organization (WHO)
as low-grade I juvenile pilocytic astrocytomas or grade II diffuse fibrillary astrocytomas [72].

ONGs are most often benign and slowly growing. The most common presenting findings in
descending order are proptosis (94%), vision loss (87.5%), optic disc pallor (59%), disc edema
(85%), and strabismus (27%) [69]. However, the presentation of ONGs is variable and mostly
depends on the segment of the optic nerve affected by the tumor. The “anterior” involvement
presents with signs of an anterior optic neuropathy and is more likely to be associated with
optic disc swelling. The “posterior” involvement is associated with either normal or pale optic
disc. Patients infrequently present with isolated optic atrophy. A relative afferent pupillary
defect (RAPD) is usually present in unilateral or asymmetric cases with affected visual field.
The occurrence of nystagmus represents severe visual loss. The nystagmus is monocular, ver-
tical, of low-frequency and variable amplitude. This can differentiate it from spasmus nutans,
which is known to be seen in gliomas that involve the optic chiasm [73]. Other rare presenta-
tions of ONGs include central retinal vein occlusion (CRVO), retinochoroidal collaterals, or
neovascular glaucoma (NVG) [74].

Most cases of ONGs are sporadic. However, there is a clear genetic relationship between ONGs
and neurofibromatosis type 1 (NF1). NF1 is an autosomal dominant disorder that occurs in
11in 3000 individuals. It is caused by a mutation in the gene coding for neurofibromin, a tumor
suppressor gene, situated in chromosome 17. About 8-31% of NF1 patients have ONGs. On
the other hand, 10-70% of patients with ONGs have NF1 [75]. The wide range of incidence
can be explained by referral bias, radiologic detection rate, and the used diagnostic criteria.
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The etio-pathogenesis for the development of gliomas in patients with NF1 is related to the acti-
vation of the retro-virus-associated sequence (RAS) oncogene (that is inhibited by neurofibromin
in normal individuals) and the B1 homolog of the retrovirus-associated function (BRAF) onco-
gene [73]. The end result is increased protein synthesis and glial cell proliferation. The associa-
tion between NF1 and the behavior of the glioma is poorly understood. Classically, optic nerve
gliomas in patients with NF1 have a more benign prognosis, although this concern is unresolved
[69]. Rarely, ONGs can be found in patients with neurofibromatosis type 2 (NF2) [76]. In addi-
tion, ipsilateral optic nerve glioma can occur in association with morning glory disc anomaly [77].

Regarding the radiologic findings (Figure 6), ONGs may show one of two patterns. The most
common pattern is the classic fusiform swelling of the ON. In magnetic resonance imaging
(MRI), they are hypo- or isointense in T1-weighted images, hyperintense in T2-weighted images,
enhancing after intravenous injection gadolinium. The subarachnoid space (SAS) surrounding
the ONGs is distended and thought to be occupied by trapped cerebrospinal fluid (CSF) in
some patients. However, ultrasonographic examination in such cases characteristically discloses
signs of solid component in the SAS. This indicates that the distension is most likely due to the
spread of tumor into the SAS (the “pseudo-CSF sign”) and does not represent trapped CSF [78].

The second and less common radiologic pattern is the appearance of a thickened and
kinked nerve in the portion affected by the ONG [75, 76]. Like the first pattern, enlarge-
ment of the subarachnoid space is due to extension of the tumor. It was suggested that this
pattern (i.e., thickening and kinking) is more commonly observed in patients with NF1 and
the fusiform enlargement pattern is more commonly seen in patients with sporadic ONG
[79]. Nevertheless, no pattern is indicative of a specific diagnosis as both can be seen in spo-
radic ONGs and ONGs related to NF1. In both patterns, the margin of the nerve is usually
well defined and smooth due to an intact optic nerve sheath. This is a differentiating feature
between ONG and optic nerve sheath meningioma (ONSM).

ONGs can either show an isolated involvement of the orbital portion of the optic nerve or
combined involvement of both orbital and intracranial portions. The optic foramen may still
be distended even if the ONG is restricted to the orbital or intracranial portion of the optic

Figure 6. Optic nerve glioma. The left figure is a T2-weighted axial MRI showing left orbital and intraconal mass with
high signal intensity. The right figure is a T1-weighted axial MRI showing postcontrast enhancement.
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nerve. This is caused by secondary meningeal hyperplasia traveling proximally (or distally)
and not the tumor itself. Therefore, enlargement of the optic foramen is not a proof of intra-
cranial extension of an orbital ONG. Furthermore, the optic foramen may still be of normal
diameter in the sitting of intracranial or chiasmal ONG [80]. Histopathologic examination
performed on a resected ONG, which did not reveal spread intracranially by MRI as well as
by gross examination, showed an evidence of intracranial spread [81].

Histopathologically (Figure 7), ONGs are characterized by three main patterns that may all be
present in different cuts of the same tumor: A. Transitional area, in which the tumor blends into
the normal tissue of optic nerve and shows more abundant and less arranged glial nuclei than
in the normal nerve. Increased number and size of glial cells results in enlarged nerve bundles.
B. Coarsely reticulated and myxomatous areas with microcystoid spaces perhaps representing
tumor necrosis. C. Astrocytic areas, in which spindle cell formation with Rosenthal fibers, which
are cytoplasmic and eosinophilic structures in astrocytes, are seen [80]. Immunohistochemically,
the neoplastic astrocytes stain positively for glial fibrillary acidic protein, HNK-1 (type 1 astro-
cyte precursor marker), 5-100, and vimentin. Thus, this suggests that type 1 astrocytes are the
origin of the tumor [82]. ONGs nearly always remain confined to the dural sheath, but a spread
into the subarachnoid space surrounding the nerve is not uncommon [75].

The diagnosis of an ONG is usually reached on the basis of the clinical signs and radiologic find-
ings. Biopsy of the lesion is largely not required because of the presence of high-resolution neu-
roimaging with enhanced diagnostic accuracy, biopsy of the sheath alone may show secondary
meningeal hyperplasia seen in ONGs and falsely suggesting optic nerve sheath meningioma,
and the low predictive value of the histologic appearance of the tumor in its clinical behavior
[82]. Most importantly, the procedure could be complicated by permanent visual loss [83].

There is no universally recognized management for ONGs, and it should be individualized
to the patient. ONGs are usually very slow growing tumors and some lesions will spontane-
ously regress. Therefore, observation is indicated for patients with reasonably good vision

Figure 7. Histopathological appearance of an optic nerve pilocytic astrocytoma (Original magnification x 100 hematoxylin
and eosin).
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and stable radiologic appearance on serial imaging [84, 85]. For patients presenting with
reduced vision and particularly if it is deteriorating or there is a radiologic evidence of tumor
growth, a number of treatment options exists.

Chemotherapy is evolving as an initial treatment modality for patients with severe or progres-
sive visual deterioration. It may be especially beneficial in children younger than 5 years of age.
The recommended chemotherapeutic agents include vincristine, carboplatin, vinblastine, and
temozolomide with remarkable outcomes observed in some patients [86]. Combining carbo-
platin and vincristine is the most accepted regimen [69]. Additionally, treatment with topical
nerve growth factor improved the vision in patients with known or presumed ONGs. A 10-day
course of topical murine nerve growth factor in five children with ONGs and severe optic disc
pallor showed an increase in visual evoked potential amplitudes that lasted for 90 days in all
patients [87].

Fractionated stereotactic radiotherapy is another option for some patients with ONGs and can
be used as a monotherapy or adjunctive to other treatment modalities [88, 89]. It is usually
kept for patients who are older than 5 years of age and, preferably, after puberty. Shrinkage
of ONGs, with subsequent improvement in vision and halting of progressive visual loss,
reduction in optic disc swelling, and decreasing proptosis have been reported in two studies
[90, 91]. In contrast, a third study concluded that radiation of ONGs has no significant benefit
in the overall outcome when compared to observation or surgical intervention [71]. Thus,
radiotherapy is still controversial because of questionable results and possible complications
including pituitary dysfunction and intellectual disabilities [69].

Surgical excision or debulking of ONGs may be indicated in patients with severe deteriora-
tion of visual function associated with cosmetically disfiguring proptosis [92, 93]. In some
cases, optic nerve sheath fenestration is performed to release the trapped CSF surrounding
the tumor. Surgery has been suggested to prevent progression into the intracranial optic
nerve and chiasm. However, involvement of the chiasm is rare and prevention is not proven
as the tumor was commonly found in the margins during histopathologic examination of the
resected ONGs [82].

4.2. Malignant optic nerve glioma (malignant astrocytoma)

Malignant ONGs are rare neoplasms that involve the anterior visual pathway (i.e., proximal
to the lateral geniculate nucleus). According to the WHO 2016, malignant ONGs are classified
as grade III (anaplastic astrocytoma) or grade IV (glioblastoma) [72]. In contrast to ONGs
mentioned above, malignant ONGs predominantly affects adults. The mean age of onset is
57 years with an age range between 22 and 83 years. There is no gender predilection [94].
Patients present acutely with unilateral or bilateral orbital pain and progressive vision loss.
The optic disc appearance can be either normal or pale in most cases although disc swelling
and CRVO can also occur [75, 94].

MRI scan shows diffusely enlarged optic nerve, chiasm, or optic tract with heterogenous
enhancement [69]. Histopathologically, malignant ONGs are show areas of anaplasia and
are classified as anaplastic astrocytomas or glioblastoma multiforme [78]. Treatment involves
radiotherapy, chemotherapy, or both but is rarely successful. The visual and the survival rate
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are very poor. Blindness typically occurs 2 to 4 months after onset of vision loss and mortality
from hypothalamic and brainstem involvement usually follows after 6-12 months [69].

4.3. ON medulloepithelioma

Medulloepithelioma refers to tumors arising from the cells of the primitive neural tube and
the medullary plate. These tumors are extremely rare [95]. They can arise in any part of the
central or peripheral nervous system [96, 97]. They may also arise from the globe, principally
the ciliary body. Medulloepitheliomas arising from the optic nerve are very rare. Patients
present with proptosis, progressive visual loss, disc swelling, and later disc pallor [73].

Imaging initially may show fusiform enlargement of the ON resembling an ONG [75].
At the time of surgery, the diagnosis of an ON medulloepithelioma is usually reached.
Histopathologic examination of ON Medulloepithelioma shows hyperchromatic nuclei with
high mitotic index. The neoplastic cells are arranged in tubes and cords. Hyaluronidase-
sensitive material is observed and stains positively with Alcian blue [75, 98, 99]. More dif-
ferentiated cells are arranged in rosettes [73]. Teratoid variants of medulloepithelioma have
other elements such as striated muscle or cartilage [78, 98].

The most commonly used treatment modality is resection of the involved ON. Even with
complete resection, however, recurrences and metastases can be seen. Therefore, other treat-
ment options include adjuvant radiotherapy, chemotherapy, or both [75, 99].

4.4. ON oligodendroglioma

Oligodendroglioma is a type of glioma that is believed to originate from oligodendrocytes.
Up to 12% of all intracranial tumors are caused by oligodendrogliomas [100], and there is no
gender predilection. They can affect individuals on all ages although they are more prevalent
in middle aged adults. The most common location of oligodendrogliomas is in the cerebral
hemispheres, particularly the frontal lobes. However, oligodendrogliomas of the cerebellum,
the spinal cord, and the brainstem have been reported [101].

Histopathologically, compact masses of swollen oligodendrocytes were separated by an
extremely thin stroma. Mitoses are generally rare and variable [100]. They have been reported
to be associated with orbital non-Hodgkin lymphoma [102]. Another study described a case of
a 14-year-old girl who presented with monocular progressive proptosis, vision loss, and lim-
ited extraocular muscle motility. Imaging showed a large fusiform enlargement of the orbital
portion of the ON. Microscopic examination of the resected ON proved changes indicative of
an oligodendroglioma [103].

4.5. ON ganglioglioma

As the name implies, gangliogliomas are composed of both ganglion cells and astrocytes.
They are rare tumors and classified as grade I by the WHO [72]. Gangliogliomas of the ON
have been described in few studies [104-106]. In noncontrast enhanced imaging, ON ganglio-
glioma resembles a benign ONG. However, gangliogliomas characteristically do not show
enhancement on MRI after intravenous injection of gadolinium [104]. However, the diagnosis
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of ON gangliogliomas is usually reached after microscopic examination that shows many
ganglion cells with an increased population of glial cells. Treatment involves partial or total
ON nerve resection and radiotherapy [73].

4.6. ON hemangioblastoma

ON hemangioblastomas may be sporadic or occur in the sitting of Von Hippel-Lindau disease
(VHL). It is an extremely rare tumor, which affects males and females equally with an age
of onset ranging from 15 to 44 years. Presentation includes vision loss, headaches or pain
with ocular movement, and proptosis accompanied by optic disc swelling or pallor [107].
Radiologically, they look like ONGs except that hemangioblastomas show more homogenous
enhancement. Histopathologically, these tumors are comprised of endothelial cells and peri-
cytes with variably sized vascular channels [73].

4.7. ON schwannoma

Schwannomas are benign tumors of peripheral nervous systems derived from Schwann cells.
The vestibular location of the schwannoma is more frequent, followed by the involvement
of the trigeminal nerve. In the orbit, schwannomas account for 1-6% of intraorbital tumors.
Although it is theoretically impossible for a schwannoma to develop from the sheath of the
optic nerve, which is devoid of Schwann cells, there are some exceptional cases of schwan-
noma of the nerve [108-111].

Several histopathogenic explanations have been reported. These include the presence
of ectopic Schwann cells that may have migrated at the time of embryogenesis [110, 112].
Another explanation would be a transformation of the pial mesenchymal cells [112, 113]. A
final hypothesis is that schwannoma does not develop from the sheath of the optic nerve but
from sympathetic nerves running on it [75, 110]. T1-weighted MRI typically demonstrates a
homogenously enhancing lesion. The complete excision of these tumors most often allows a
definitive cure without recurrence [114, 115].

5. Primary tumors of the optic nerve sheath (optic nerve sheath
meningioma)

The only tumor that can develop solely from the optic nerve sheath is optic nerve sheath
meningioma (ONSM) [73]. ONSMs result from proliferations of the meningoepithelial cells
covering the sheath of the intraorbital or intracanalicular optic nerve [69]. ONSMs are uncom-
mon, accounting for 1-2% of all orbital tumors [116-118]. However, ONSMs are the second
most common cause of primary optic nerve and sheath tumors, second only to optic nerve
glioma [69]. Moreover, 90% of all orbital meningiomas were secondary to intracranial exten-
sion and the remaining 10% were primary ONSMs [116].

Almost all ONSMs are unilateral although they may be bilateral especially in patients with
NF2[119]. ONSMs are typically discovered in adults during the fourth or fifth decade. Females
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are affected three times as often as males. Up to 7% of all ONSMs occur in children [69]. A
classification system of ONSMs was suggested and includes three types: type I ONSMs, in
which the tumor involves the orbital portion of the ON manifesting as fusiform, tubular, or
globular enlargement of the nerve; type II ONSMs, where the tumor extends through the
optic canal or supraorbital fissure; and type III ONSMs, with more than 10-mm intracranial
extension or involvement of the contralateral ON [120].

The classic diagnostic triad of ONSMs includes painless, slowly progressive, unilateral vision
loss associated with optic atrophy, and retinochoroidal collaterals. These collateral vessels
connect the retinal venous circulation to the choroidal venous circulation and are seen in
approximately 30% of patients [69]. Transient visual obscuration may also occur. In addition,
reduced color vision, visual field defect, an ipsilateral RAPD with variable proptosis and limi-
tation of ocular motility are observed [73]. The ON head maybe normal, swollen, or atrophic,
depending on duration of symptoms and the location of the tumor [75, 116-118].

Radiological findings of ONSMs are variable (Figure 8). Computed tomography (CT) scanning
characteristically shows fusiform or tubular expansion of the affected with a thickened and
enhanced optic nerve sheath. Calcification of the sheath gives the classic “tram-track” sign.
MRI is more accurate in soft tissue definition and proves that the ON parenchyma is of normal
diameter. The ON is hypointense in T1-weighted images with the optic nerve sheath showing
increased thickness and marked enhancement. In contrast to ONGs that show a smooth dural
outline, ONSMs show rough outlines with thin extensions from the affected sheath [116-118].

Histopathologically (Figures 9 and 10), ONSMs have a meningotheliomatous or a mixed-type
pattern. Psammoma bodies, which are hyalinized calcium deposits, are usually seen. Commonly,
meningiomas spread to the extradural space invading the orbital tissue. Rarely, optic nerve,
sclera, choroid, and retina are invaded [73, 80]. The diagnosis of ONSM primarily depends on
the clinical presentation and imaging without the need for a biopsy in most cases [72].

Figure 8. Optic nerve sheath meningioma. T1-weighted MRI showing right oval orbital space occupying lesion encasing
the mid and posterior right optic nerve.
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Figure 9. The histopathological appearance of the whorl-configuration of meningothelial cell proliferation (original
magnification x 200 hematoxylin and eosin).

Figure 10. The appearance of the typical psammoma bodies in the same case of the optic nerve meningioma above
(original magnification x 200 hematoxylin and eosin).

The only ONSMs related morbidity is visual loss from injury to the ipsilateral ON. These
tumors typically do not cause neurological dysfunction or death. Therefore, the management
of patients with ONSMs should be tailored to the individual case. Observation is suitable
if there is no significant visual loss at presentation or follow-up, and there is no significant
intracranial extension. Those patients can be observed twice per year with serial imaging [73].
ONSMs in pediatric population maybe more aggressive, and thus, they must be monitored
with increased frequency [69].

Fractionated radiation therapy is the mainstay treatment of ONSM. More than 94% of patients’
vision has stabilized or improved. However, late radiation complications include radiation
retinopathy and pituitary dysfunction [73]. Surgical excision is rarely advised because of the
potential risk of significant visual deterioration. Indications for surgical intervention include
intracranial extension of the tumor if there is a risk of contralateral ON involvement [69, 121].
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6. Secondary tumors of the optic nerve and sheath

Secondary tumors of the optic nerve are more common than the primary tumors [122].
These tumors can damage the ON by either infiltration, compression, or both. Secondary
tumors include retinoblastoma, malignant melanoma of choroid, pseudotumor of the RPE,
intracranial meningioma, metastatic carcinoma to the ON parenchyma or ONS, glioblastoma
multiforme of the brain, lymphoma, or leukemia [73]. The clinical signs and management
of secondary tumors depend on the particular tumor and the location of damage to the ON.
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Abstract

Diabetic retinopathy (DR) is a devastating sight-threatening complication of diabetes mel-
litus (DM). Besides damaging the vascular system of the retina, DM will also destruct
the tissue surrounding the retina, including the optic nerve. DR impairs the optic nerve
by damaging its conduction and integrity. There are few clinical manifestations of optic
nerve changes in DR such as diabetic papillopathy, neovascularization of optic disc, and
optic nerve atrophy. These involve metabolic alterations related to DM, production of
advanced glycation end products (AGEs), oxidative stress, and hemodynamic changes.
Diagnostic tests including visual evoked potential (VEP) and optical coherence tomog-
raphy (OCT) can detect functional and structural changes. This finding is important as it
may reflect the early loss of retinal ganglion cell axons. As the neuronal loss is irreversible,
itis pivotal to be able to screen these nervous system changes in the early stage of DR and
prevent further deterioration.

Keywords: diabetes mellitus, diabetic papillopathy, diabetic retinopathy,
neovascularization of optic disc, optical coherence tomography, optic nerve,
optic atrophy, visual evoked potential

1. Introduction

Diabetic retinopathy (DR), a devastating sight-threatening complication of diabetes mellitus
(DM), is one of the most prevalent health diseases worldwide with an incidence of 6.9% [1-3].
The number of people with diabetes is estimated to rise from 171 million in 2000 to 366 million
in 2030. A study by Jin et al. in DM type 2 population showed that within 5 years, the cumula-
tive incidence of DR was 46.9% with 13.9% population suffering from severe nonproliferative
DR (NPDR) and 4.6% from proliferative DR (PDR). Hence, more people will be at risk of
developing DR and in danger of losing their sight [4, 5].
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DM endangers sight by damaging the neurovascular system of the eye, including the optic
nerve [6, 7]. The damages include changes in angioarchitecture, blood flow and degenerative
loss of neural tissue, morphological changes, changed protein expression, and changed neuro-
transmission and neurotransmitters [6-9]. Recently, not so many studies have been conducted
to elucidate damage due to DM and DR in the optic nerve and central visual pathway. We
hypothesize that optic nerve damage occurs due to few processes in DM. Such processes are
metabolic alteration, oxidative stress, and ischemia [10]. These changes could be detected via
modalities such as visual evoked potential, biomicroscopy, and fundus photography [11-13].
These changes usually occur after persistent metabolic alterations, which may lead to late detec-
tion [2, 14]. Therefore, early detection of optic nerve involvement in DR may be beneficial to
provide timely recognition and management for patients at greater risk of DR progression [14].

2. Pathophysiology

There are few processes in DR affecting the optic nerve. Such processes are metabolic altera-
tions related to DM, production of advanced glycation end products (AGEs), oxidative stress,
and hemodynamic changes. These processes will be discussed in detail below.

2.1. Metabolic alterations

Findings from animal studies suggest that neurodegeneration in DR is caused by both dimin-
ished insulin receptor signaling and systemic hyperglycemia [15-17]. Insulin plays an important
role, as insulin receptors in the retina stimulate neuronal development, growth, and anabolic
synthesis [18, 19]. Therefore, a defect in insulin function either due to a low level of insulin or
impaired sensitivity would hamper neuroretinal cells’ survival. As diabetes progresses, retinal
neurons start to degenerate by apoptosis within weeks after the onset [20, 21]. Metabolic altera-
tion and hormonal factors might affect balance of some mediators including growth factors,
cytokines, inflammatory, and adhesion molecules [22]. These alterations result in abnormal
capillary permeability, apoptosis of capillary cells, and angiogenesis [23].

Metabolic alteration also damages neural conduction in the postretinal central visual pathway
[10]. A recent study in diabetic rats showed that there is reduction of Na'/K'/ATPase enzyme
in the optic nerve [24]. This enzyme is important for maintaining sodium potassium gradient
within cells and controls the membrane axon depolarization/repolarization. When impaired,
it suggests that the neuronal conduction and integrity are damaged.

2.2, Advanced glycation end products

Hyperglycemia induces reaction of sugar and protein via Maillard reaction and produces
advanced glycation end products (AGEs) [25, 26]. AGEs play a huge role in complications of
DM as it triggers further oxidative stress and vascular cross-linking and activates pro-inflam-
matory cytokines [20, 21]. Neriyanuri et al. reported that AGEs were independent predictors
of development of DR in addition to blood glucose and glycated hemoglobin [14].
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AGEs are long-lasting, irreversible products that can modify blood vessel elasticity [25]. High-
level AGEs in the optic disc affect elasticity of lamina cribrosa. As the intraocular pressure
increases, cribriform plates become unable to bear the strain. This condition may develop into
glaucoma in DR [27].

2.3. Oxidative stress

Hyperglycemia stimulates increased flux through the glycolytic and tricarboxylic acid cycle
pathways, hence resulting in excessive electrons within mitochondria [28]. These electrons
would react with oxygen and form reactive oxygen species (ROS). Since mitochondria as cells’
powerhouse also generate ROS on their own, they are also the first ones to be damaged by
increased ROS. This results in reduced mitochondrial energy production, later causing loss of
cellular and tissue function [29].

Oxidative stress also contributes to neural retinal ganglion cell and optic nerve injury through
the impairment of L-glutamate/L-aspartate transporter (GLAST), which increases extracel-
lular accumulation of glutamate and promotes excitotoxicity [30-32]. Glutamate is a neu-
rotransmitter that plays a role in the regulation of neurohormonal activity and is found in high
levels in the central nervous system. Upon stimulation of nerve cells, glutamate molecules are
released from the glutamatergic synaptic vesicles and cause depolarization of the postsynap-
tic neuronal membrane, which generates signal. Accumulated glutamate in the synaptic space
is then collected by adjacent astrocytes, afterward being broken down into glutamine [21].

In patients with DR, glutamate accumulates in extracellular space due to the following mecha-
nisms: (1) reduction of Miiller cell-specific enzyme glutamine synthetase, which converts glu-
tamate to glutamine; (2) decrease in the retinal ability to oxidize glutamate to a-ketoglutarate;
and (3) impairment of glutamate uptake by the glial cells [29]. The accumulation of gluta-
mate results in overactivity of ionotropic glutamate receptors, such as a-amino-3-hydroxyl-
5-methyl-4-isoxazole-propionate (AMPA) and N-methyl-D-aspartate (NMDA) receptors,
which later causes uncontrolled intracellular calcium response in postsynaptic neurons and
eventually cell death [33, 34]. Recent studies suggest that glutamate excitotoxicity results in
apoptotic degenerative lesions [25]. Glutamate toxicity also causes depletion of glutathione,
which is an antioxidant, thus contributing to oxidative stress [35].

A recent study in diabetic rats also showed marked increase in oxidative stress level shown
by malondialdehyde (MDA) level in the optic nerve and visual cortex. In addition, they also
found reduced antioxidant, glutathione (GSH), in both the optic nerve and visual cortex [24].
These results suggest significant oxidative stress in the optic nerve and visual cortex along
with impairment in neuronal conduction and integrity. Other studies have also found simi-
lar result, showing impaired retrograde and anterograde axonal transport in the optic nerve
of diabetic rats along with retinal ganglion cell axonopathy [36, 37]. A study by Sokol et al.
showed that when induced with ischemia, myelinated axons degenerated and became dis-
ordered [38]. Further changes are swollen and collapsed axons, and by 90th minute, myelin
sheaths were fragmented. Joachim et al. found axonal damage and gliosis of the optic nerve
after ocular ischemia. Renner et al. found damaged optic nerve in an ischemic rat model.
Histologic examination revealed demyelination and subsequent loss of myelin sheaths after
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ischemia [39]. In addition, they also found marked microglia activation, upregulation of astro-
cytes, reduction of myelin basic protein and myelin oligodendrocyte glycoprotein (MOG),
as well as the reduction in oligodendrocytes [40]. The optic nerve structure was also affected
as neurofilament was found to be distorted after 21 days of ischemia/reperfusion induction.
Ischemia also seemed to impair neuronal immune system as the study found destroyed astro-
glia structure, hence leaving the nerve tissue susceptible to insults, i.e., oxidative stress [40].

2.4. Hemodynamic changes

Chronic hyperglycemia damages the retinal blood vessels and causes pericyte loss due to
elevated sorbitol level. These result in involution of the vascular changes in microcirculation
and loss of normal capillary exchange [12-14]. Microvascular anomalies and chronic inflam-
mation may develop dysfunctional barriers permitting leakage of inflammatory molecules and
immune cells from systemic circulation and cause further deterioration of the tissue [12, 41].

Another process that plays a major part in DR is capillary degeneration due to weakness
and dilation of capillary walls” saccular outpouching, commonly known as microaneurysms.
Rupture of these microaneurysms leads to leakage of endovascular products, including blood
[9]. In DR, blood viscosity was significantly higher, thus resulting in reductions in blood flow.
Persistent uncorrected blood flow causes chronic mild hypoperfusion, which might lead to
ischemia and a rise in waste products [42, 43].

Accumulation of these molecules and cells leads to retinal occlusion, which later progresses
into hypoxia [44]. Hypoxia results in upregulation of vascular endothelial growth factor (VEGF)
platelet adhesiveness, erythrocyte aggregation, serum lipids, and fibrinolysis [45, 46]. VEGF
promotes new blood vessel growth resulting in abnormal neovascularization [47].

3. Clinical manifestation

There are few clinical manifestations of optic nerve damage related to DM and DR that can be
observed. Those are diabetic papillopathy, neovascularization of optic disc, and optic nerve
atrophy [48]. Those will be discussed further below.

3.1. Diabetic papillopathy
3.1.1. Definition

Diabetic papillopathy (DP) is an ocular manifestation of both type 1 and type 2 DM character-
ized by unilateral or bilateral hyperemic disc swelling with minimal or no optic nerve dysfunc-
tion, which generally resolves without medical intervention [49, 50]. Patients with DP are often
asymptomatic, but may sometimes experience transient decrease in visual acuity [50]. It is
usually self-limiting and tends to resolve over a period of 2-10 months with the average time
of 3.7 months, leaving minimal sequelae [51, 52]. Visual acuity generally recovers to better than
20/30 in most patients [53].
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DP typically affects young people with type 1 DM, but it has also been reported to occur in
elderly patients with type 2 DM. The prevalence of DP in both types of DM is 0.5% and the
percentage of DP patients presenting with nonproliferative diabetic retinopathy (NPDR) is
higher than in the proliferative diabetic retinopathy (PDR) [49].

3.1.2. Pathophysiology

The pathophysiology of diabetic papillopathy remains poorly understood and several theories
have been suggested [49]. Some researchers suggest that DP is a subtype of anterior ischemic
optic neuropathy (AION), but there are different features between DP and AION that others
argue that itis a completely different pathological process [49, 50]. For instance, DP is an asymp-
tomatic optic disc edema, whereas AION is an acute optic disc infarction [54, 55]. Researchers
support the argument that the pathophysiology of DP is distinguishable from AION [50]. A
study evaluating fluroangiographic aspects by Brancato et al. showed robust leakage of fluo-
rescein, suggesting that DP is a local nonhypotensive vasculopathy [56]. These findings are
supported by Bayraktar et al. and Regillo et al., who showed notable telangiectatic vasculature
and fluroangiographic hyperfluorescence [54, 57]. Meanwhile, case studies of AION by Hayreh
et al. and Shin et al. demonstrated notable filling defects in fluroangiography [55, 58]. These
findings of AION contrast with the hyperfluorescence that has been noted in cases of DP.

In patients with DP, the degree of DR tends to be mild. Regillo et al. observed that DP might
be a separate entity rather than extension of DR [57]. Otherwise, a case series by Ostri et al.
reported that three out of four patients with DP who already had DR before proceeded to
develop high-risk PDR. This condition is called “early worsening phenomenon of DR “ where
progression of retinopathy and papillopathy was accelerated, while adaptation was remark-
ably slow in the very first year [59]. Bayraktar et al. also reported two cases of nonproliferative
diabetic retinopathy (NPDR), which later on were also diagnosed as having DP. A 3-month
follow-up showed that retinopathy worsened and developed into proliferative diabetic
retinopathy (PDR) [54]. Lubow et al. found that two of three patients with DP subsequently
developed PDR and vitreous hemorrhage [60]. Hayreh et al. reported similar findings and
observed three patients with DP, who later on were also diagnosed as having PDR [55].
Hence, DP should be considered as a risk factor for progression to PDR and patients should
be observed closely taking into account this possibility [54].

Early DP study by Appen et al. hypothesized that DP patients sustain a local vasculopathy
of the optic disc, presumably in relation to diabetes [61]. This vasculopathy induces transient
leakage of fluid, which results in disc edema. The authors also suggest that the presence of
edema causes axoplasmic flow turmoil. An earlier study by Freund et al. showed that pro-
longed hyperglycemia and anoxia due to the failure of glucose utilization cause damages to the
optic nerve [62]. Recent study by Slagle et al. suggested that clinically visible interstitial edema
of the optic nerve head due to vascular hyperpermeability initiates the pathology of DP [50].

Slagle et al. elucidate that tissue perfusion depends on two main factors: (1) the ability of the
blood to reach the tissue through patent vessels and (2) the dispersion of nutrients to the tissue
via fluid movement through the capillary bed. There are four primary forces that determine per-
fusion: (1) capillary pressure, (2) interstitial fluid pressure, (3) plasma colloid osmotic pressure,
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and (4) interstitial fluid colloid osmotic pressure [50]. The authors hypothesized that impair-
ment in the transportation and reabsorption of fluid through the capillary walls causes capillary
vasostatic perfusion pathology. Diabetes causes damages to vascular endothelium, which leads
to initial vasculopathy characterized by increased vascular permeability [53]. Along with loss of
pericytes, this causes hemodynamics and autoregulation derangements [53, 63].

In the early stage of diabetic vasculopathy, the hyperpermeability of diabetic capillaries causes
excessive protein to spill from the plasma into the interstitium. This leads to the offsets of
physiological osmotic gradient, creating deficiency in fluid reabsorption on the venule end of
the capillary bed. Edema occurs when the lymphatic system is unable to correct this imbalance
[50]. The typical transient initial edematous course of DP suggests that optic nerve capillaries
are susceptible to this vasculopathy. Edema compresses vessels leading to ischemia as well as
stagnates and prolongs cellular exposure to toxic effects from free radicals and cellular waste.
In addition, edema might also compress nerve fibers causing axoplasmic flow derangements
[61, 62, 64]. These hypotheses would explain the reported fluroangiographic hyperfluores-
cence in DP, its relatively benign nature compared to AION, and its transient course [50].

In the later stage of DP, ischemia may result from leukostasis-derived capillary occlusion due to
retinal leukostasis effect and thickened capillary basement membranes, which affect retinal cap-
illary endothelial function, perfusion, angiogenesis, and vascular permeability [64]. This results
in a clinical picture resembling more like traditional AION sequelae with optic atrophy [50].

3.1.3. Clinical features

The main features of DP are painless visual loss, macular edema, disc hyperfluorescence on flu-
roangiography, and significant visual improvement after treatment [49, 54]. Differential diag-
noses include infection, inflammation, metastatic infiltration, hypertension, and papilledema
[52, 57, 65].

3.1.4. Diagnostic studies

Certain diagnostic criteria have to be met in order to recognize diabetic papillopathy. The
current accepted diagnostic criteria include (1) confirmed diagnosis of diabetes; (2) unilat-
eral or bilateral presence of optic disc edema; (3) normal intracranial pressure; (4) absence of
inflammation, infiltration, or infection in the optic disc; and (5) a lack of substantial optic nerve
dysfunction [50, 51]. Supportive examination to confirm DP includes fluorescein angiography
(FA), orbital magnetic resonance imaging (MRI), and blood tests ranging from serum angio-
tensin-converting enzyme (ACE), antinuclear antibody (ANA), vitamin B12, folate, erythrocyte
sedimentation rate (ESR), C reactive protein (CRP) to fluorescent treponemal antibody test [49].

3.1.5. Treatment

There is no evidence that the resolution of DP and the prevention of permanent visual loss can
be promoted by definitive treatment. As stated before, in most cases, the edema resolves within
a few months (average of 3.7 months) to no visual impairment [49]. Because of its self-limiting
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nature, the most common management is serial examinations. However, due to potential
visual sequelae noted in certain cases, more efforts have to be made to identify at-risk patients
and effective treatment to prevent this sequela.

Although originally thought to be related to glycemic control, systemic glucose manipulation
has not shown any benefits in DP [51]. Hence, how diabetes treatment should be titrated to
protect visual function in DP remains uncertain [59]. Current treatment aims to reduce disc
edema in DP, including intravitreal anti-VEGF, which has been shown to increase visual acu-
ity and decrease disc edema, and also periocular corticosteroids, which stabilizes the blood-
ocular barrier at the disc [65-69].

3.2. Neovascularization of optic disc
3.2.1. Definition

Diabetic retinopathy is often associated with neovascular proliferation due to ischemia in
the retina and release of angiogenic factors. These conditions cause neovascularization of the
optic disc (NVD), also neovascularization elsewhere (NVE) [70, 71]. Patients with NVD have
a poor visual prognosis due to high incidence of complication, such as vitreous hemorrhage,
fibrous proliferation, and traction retinal detachment. NVD occurring in DR can be accom-
panied by NVE and NVI (neovascularization of the iris), which later on may develop into
neovascular glaucoma (NVG), which is an optic neuropathy defined by changes in the optic
nerve and associated with visual field defects and elevated intraocular pressure [70]. Recent
studies have shown that PDR is the leading cause of neovascular glaucoma [72].

3.2.2. Pathophysiology

In DR, capillary occlusion and reduced perfusion in retina provoke cascade events related to
hypoxia and lead to angiogenesis. Normally, pro-angiogenic factors (VEGF and angiopoietin-2)
and antiangiogenic factors (pigment epithelium-derived growth factor) are in equilibrium [71].
Imbalance between those factors might trigger activation, proliferation, and migration of endo-
thelial cells and pericytes and lead to neovascularization [71-73]. VEGEF is produced in a vari-
ety of neuroretinal cells and plays a major part in promoting intraocular neovascularization.
Inflammatory cytokines interleukin-6 (IL-6) is also correlated with the degree of neovascular-
ization patients. Other potential pro-angiogenic factors include basic fibroblast growth factor
(bFGEF), transforming growth factor-beta 1 and -beta 2, nitric oxide, and endothelin-1 [73].

The new vessels at the disc can bleed spontaneously or with minimal trauma. The blood spills
into the retina and between the retina and vitreous causing vitreoretinal hemorrhage. This
condition attracts fibroglial elements and finally resulting in separation between inner layers
of the retina and the underlying retinal pigment epithelium, which is known as tractional
retinal detachment [3]. NVD and NVI do not always develop into NVG, although neovas-
cularization always develops prior to intraocular pressure increase. This is primarily due to
fibrovascular membrane that develops on the iris and iridocorneal angle, which later causes
anterior synechiae, angle closure, and intraocular pressure elevation [49, 74].
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3.2.3. Clinical features

In early stages of neovascularization, patients may be asymptomatic or may present with
low vision. Ocular findings can be subtle in early stage, so case history and complete ocular
examination are important to make early diagnosis [71-73].

3.2.4. Diagnostic studies

Fundus examination might trace the new vessels of the optic disc and reveal glaucomatous
optic nerve damage [73-75]. In fluorescein angiography (FA), leakage from damaged vessels
could be detected before development of visible neovascularization. Even though FA can aid
early detection, the test is not always available [73, 76]. Using OCT angiography (OCTA), neo-
vascularization around the optic disc at the level of the vitreous cavity might be observed in
a faster and safer way [75]. Electroretinography and retinal angiography can be necessary to
determine the origin of neovascularization in the retina. Meanwhile, gonioscopy is a low-cost
and fast test, which can reveal NVI [73, 76].

3.2.5. Treatment

Early diagnosis will enable early treatment and prevent blindness due to optic nerve neo-
vascularization. Tight glycemic control is also important [75]. Medical intervention to pre-
vent further visual loss related to NVG is associated with lowering the IOP levels using
topical p-adrenergic antagonists, a-2 agonists, and carbonic anhydrase inhibitors. Topical
corticosteroid can also be used to reduce inflammation [73]. The main treatment for prevent-
ing NVD and NVE in DR is laser photocoagulation. Panretinal photocoagulation laser ther-
apy in early stages is beneficial by inhibiting and reversing neovascularization [74]. Use of
anti-VEGF, cyclophotocoagulation, cryotherapy, and surgery are among other therapeutic
options.

3.3. Optic nerve atrophy
3.3.1. Definition

Optic nerve atrophy is the end result of any disease that causes optic nerve damage anywhere
along the path from the retina to the lateral geniculate. Degeneration of axon will manifest as
changes in color and structure of the optic disc. It is associated with variable degrees of visual
dysfunction, including congenital, vascular, metabolic, inflammatory condition, trauma, and
neoplasm [77, 78].

3.3.2. Pathophysiology

Optic nerve atrophy could result from many processes related to DM and DR. Such pro-
cesses include neurodegeneration, oxidative stress, and ischemia. It may also develop as a
result of optic nerve abnormalities mentioned above. Further study should be carried out to
distinguish whether optic nerve atrophy occurs as a result of DR or complications of laser
photocoagulation [10, 24, 36].
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3.3.3. Clinical features

The main symptom of optic atrophy is vision loss. In optic nerve atrophy, axon loss and myelin
shrinkage will show the pallor-appearing disc, widening of the optic cup, and decreased
Kestenbaum index (less than 6) [78].

3.3.4. Diagnostic studies

Optic nerve atrophy is easy to diagnose, but finding the etiology is challenging. Further
diagnostic test is necessary to identify the etiology of optic atrophy. Imaging study, such as
ultrasonography, CT, and MR, is used depending on the disease process. Other diagnostic
tests are visual acuity testing, color vision testing, contrast sensitivity test, visual field testing,
electroretinography, optical coherence tomography, and visual evoked response [78].

3.3.5. Treatment

No proven treatment is able to return the function of atrophic optic nerve. Experts believe that
treatment initiated before the development of optic nerve atrophy can be very useful to save
the remaining function. The goal of primary intervention is to prevent axon degeneration by
finding and treating the cause of optic atrophy. In diabetic patients, tight glycemic control
and early detection of DR are very important. If the main problem is found and well-treated,
further damage can be prevented [78].

4. Diagnostic approach for detecting optic nerve changes in diabetic
retinopathy

Various examination methods have been used to detect functional and structural optic nerve
changes in patients with diabetic retinopathy.

4.1. Visual functional test
4.1.1. Visual acuity

As has been known, neurodegeneration is a progressive loss of structure and function of
neurons. The quality of visual acuity (VA) depends on the normal condition of visual path-
way. Visual acuity test is the standard test of visual function. There are two commonly used
tools for evaluating VA, including the Snellen VA chart and the Early Treatment Diabetic
Retinopathy Study (ETDRS) VA chart. The Snellen VA chart is a frequently used chart for mea-
suring VA. This consists of different type, size, and number of letters in each row. In contrast,
ETDRS-VA chart has an equal number of characters per row with relatively uniform legibility.
Some studies agree that ETDRS-VA chart has more advantages over the Snellen VA chart.
Moreover, besides VA tests, some experts suggested that psychophysical tests, such as visual
field and contrast sensitivity test, should also be evaluated in DR patients with optic nerve
complication. They found that those examinations were more sensitive than VA test only [13].
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4.1.2. Contrast sensitivity

Contrast sensitivity is a test of the inner retina, with different spatial frequencies in specific neu-
ral pathways [13]. There is no algorithm to define the pattern of contrast sensitivity alteration in
the early stage of DR. Adachi, Jochim, and Renner. observed reduced contrast sensitivity only
at single low spatial frequency in cases of non-insulin-dependent diabetes mellitus without DR
[79-81]. Meanwhile, Joltikov et al. and Safi et al reported decline in contrast sensitivity at all spa-
tial frequencies early in the course of diabetic retinal sensory neuropathy [14, 82]. Joltikov et al.
suggested that contrast sensitivity might be the most sensitive test for detection of subtle func-
tional impairment in diabetic patients with or without retinopathy. In addition, contrast sensitiv-
ity test is more practical than electroretinography [13]. However, longitudinal study showed that
reduced contrast sensitivity in the earlier stage of the disease might be reversible [82].

4.1.3. Visual fields

Another visual function affected by neurodegeneration is visual fields. A common test for
evaluating the visual field in diabetic retinopathy is perimetry. Various perimetry methods
have been applied including white-on-white standard automated perimetry (SAP), frequency
doubling technology perimetry (FDP), short-wavelength automated perimetry (SWAP), and
rarebit perimetry (RBP) [83, 84]. Bengtsson et al. suggested that SAP and SWAP are more
sensitive to neuroretinal impairment than ETDRS-VA chart [85]. Safi et al. reported that by
using microperimetry, it might detect a reduction of foveal sensitivity in diabetic patients
with preclinical stage of DR [82].

4.1.4. Color vision test

Many color vision tests have been assessed in diabetic patients with and without retinopathy
diabetes, including Lanthony desaturated D-15, Farnsworth-Munsell 100-Hue, and chromatog-
raphy tests. However, studies recommended that Farnsworth-Munsell 100-hue test has higher
sensitivity than the other tests. This test has been recommended as a screening test for DR
patients [82].

4.1.5. Visual evoked potential

Visual evoked potential (VEP) is a noninvasive test that evaluates the visual pathways by
recording the electric signal in response to a bright flash of light [86, 87]. Changes of ampli-
tudes and latencies in VEP reflects impairment in ganglion cells and optic nerve [88]. Clinical
conditions that cause a delay in VEP latencies include papillitis, neuritis, toxic optic neuropa-
thies, multiple sclerosis, glaucoma, and conditions affecting conducting media [89].

Khatoon observed that the pattern of VEP responses may provide early diagnosis of optic
nerve involvement in DR and define the prognosis [88]. Onset of diabetes blood glucose
control might affect the result of VEP [89]. In diabetic patients, VEP amplitude was reduced
progressively with an increase of latency as the years pass [87]. Farisa et al. showed that
P100 latency was prolonged among diabetic patients compared to nondiabetic subjects [88].



Optic Nerve Changes in Diabetic Retinopathy
http://dx.doi.org/10.5772/intechopen.81221

Progressive delay in VEP latency reflects damage of ganglion cell, even before the first oph-
thalmoscopically noticeable signs arise. VEP should be done as a screening tool for detecting
optic nerve involvement in DR. Thus, early and proper management can be done to prevent
further ocular damage [88].

4.2, Structural test
4.2.1. Fundus photography

Fundus photography is a noninvasive examination for documenting clinical signs and moni-
toring the progression or improvement of retinal diseases over time. One of the purposes of
fundus photography is screening DR in diabetic patients. This method is useful for illustrat-
ing normal and abnormal morphology of the retina [90, 91]. Some signs of neurodegenera-
tion in DR patients could be screened by fundus photography, including papilledema and
macular edema. However, the result of fundus photography is a two-dimensional image;
thus, it is difficult to accurately assess the detailed morphology of the retina leading to a high
false-positive rate. In addition, in the condition of vitreous hemorrhage or low-quality image,
some part of the retina could not be evaluated [10, 48].

4.2.2. Fundus fluorescein angiography

Fundus fluorescein angiography (FFA) is an invaluable imaging method demonstrating an
interaction of fluorescent within the anatomic structure of ocular fundus. FFA is the gold
standard in evaluating retinal vascularization. FFA has early and late phase. Early phase
demonstrates following the injection until complete filling of retinal arteries, arterioles, and
capillaries, while the late phase demonstrates filling of veins until gradual elimination of the
fluorescent from the retinal vasculature. Hypofluorescence occurs due to a vascular filling
defect or a secondary condition of a blocking effect, while hyperfluorescence may occur due
to fluorescein leakage, staining, or pooling [10, 24, 36].

4.2.3. Optical coherence tomography

Optical coherence tomography (OCT) is a high-resolution imaging modality to measure reti-
nal morphology, including vitreoretinal interface, neurosensory retina, and subretinal space
[48]. We can measure the retinal layer thickness and segmentation [92, 93]. OCT provides an
accurate assessment with low specificity value [48]. OCT is divided into two types: spectral
domain (SD) and time domain (TD) [2]. TD-OCT is mostly used in neuro-ophthalmology to
measure peripapillary retinal nerve fiber layer (RNFL) thickness. Peripapillary RNFL thick-
ness increases in disc edema and decreases in optic nerve atrophy [94]. The results of OCT can
be used as a guide for making therapeutic decision.

4.2.4. Optical coherence tomography angiography

Optical coherence tomography angiography (OCT-A) is a three-dimensional noninvasive cho-
rioretinal vascular imaging to observe the microvascular structures of new vessels, including
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NVD and NVE [95]. OCT-A can analyze blood flow in the vessels without dye injections. In
FFA, it sometimes showed artifacts due to dye leakage effect. OCT-A is superior to FFA in
determining the number, course, size, and extension of NVD [96].

5. Conclusion

Changes in the optic nervous system may start prior to classic clinical manifestation of
DR. The development of an integrated multimodal approach for detecting optic nerve
involvement in DR is important for early diagnosis in preclinical stage DR and reducing
diabetic complications.
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Abstract

The aim of our research is to assess and compare the peripapillary retinal nerve fiber
layer (pRNFL) thickness diagnostic capability with those of three macular parameters—
macular RNFL (mRNFL) thickness, GCL+ (ganglion cell layer with inner plexiform layer
thickness), and GCL++ (mRNFL and GCL+) in primary open-angle glaucoma patients
with spectral-domain optical coherence tomography (SD-OCT).

The 414 participants (483 eyes) aged 45-84 years in this prospective study were recruited
from Eye Clinic at the University Hospital “Alexandrovska” (Sofia, Bulgaria). They were
divided into 6 groups: controls, ocular hypertension, preperimetric glaucoma (PPG), and
three groups of perimetric glaucoma stages—early, moderate, and advanced. OCT was
performed using Topcon 3D OCT 2000 device, as eight parameters from two protocols
(Circle and Glaucoma Analysis—Macula) were analyzed. The results showed that the
RNFL highest diagnostic capability parameter is Total mRNFL (AUROC 0.879 in PPG
and 0.929 in early glaucoma stage). The macular highest diagnostic accuracy parameter
was found GCL++ without any significance from mRNFL diagnostic possibilities.

The results of current research showed that mRNFL possesses high diagnostic accuracy
in comparison analysis with other pPRNFL and macular OCT parameters in early glauco-
matous changes. Macular RNFL and its highest diagnostic possibilities could be success-
fully used as an individual diagnostic parameter separated from the whole ganglion cell
complex in the early glaucoma changes.

Keywords: primary open-angle glaucoma, retinal nerve fiber layer, inner macular
layers, optical coherence tomography
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1. Introduction

According to the American Academy of Ophthalmology the medical term glaucoma is used
for a group of diseases that damage the optic nerve (ON) as distinctive type of optic neuropa-
thy characterized by structural (cupping of optic nerve head —ONH, changes in connective
tissue structural elements and number of the nerve fibers in ON) and functional changes
(typical visual field defects). Increased intraocular pressure (IOP) is one of the most common
risk factors associated with developing and progressing of the disease, but its presence or
absence does not change the above-mentioned glaucoma definition [1].

Epidemiological studies found that the glaucoma at the end of twentieth century covered
more than 60 million people around the world. Prognostic studies show an increasing trend
of the number of affected patients, and in 2020 it is going to be approximately 80 million peo-
ple, and in 2040 approximately 112 million [2-4]. Cataract and glaucoma are leading causes
of blindness worldwide. Because of the reversibility of the vision after cataract extraction, the
glaucoma remains the leading cause of irreversible blindness. The large number of glaucoma
patients, irreversible vision loss and the impact on the life quality of the affected people are
just part of the reasons for making glaucoma one of the diseases with big social influence.

Glaucoma is characterized by irreversible loss of ganglion cells, which axons form the
ON. Ganglion cells are localized in three retinal layers—inner plexiform layer or IPL (their
dendrites), ganglion cell layer or GCL (their bodies), and retinal nerve fiber layer or RNFL
(their axons). Therefore exactly the above-mentioned layers are those, which glaucoma affects
accompanying typical visual field defects [5]. Chronic and progressive loss of neuroretinal tis-
sue is cardinal feature of glaucomatous optic neuropathy (GON) and criterion for diagnosis [6].

1.1. Anatomical aspects of the RNFL

All afferent pathways in the ON start from a layer of photoreceptors (cones and rods), which
is located in the retina on area more than 1000 mm? In ONH all fibers are concentrated on
surface with approximately 2-3 mm? area [7, 8]. From the body of each ganglion cell comes
out a nerve fiber or axon, which moves toward the ONH. So that it can be called conglomerate
consisted of all converging axons, which are as mentioned above part of the retina and form
a layer —RNFL [9]. Nowhere else the ganglions’ nerve fibers are not so much compact as they
are in ONH, and this is what determines the importance of peripapillary RNFL thickness in
diagnosis and follow up of patients with GON.

These are some characteristics of RNFL [9, 10]:

1. Papillomacular nerve fiber bundle —it starts from ganglion cells in the foveolar region. The
nerve fibers from nasal foveolar area move straight toward the temporal border of ONH,
and those from the temporal part make a slight arc around the nasal nerve fibers and then
join to the straight bundle.

2. Superior and inferior retinal arcades—they are created by later formed nerve fibers and
ganglion cells originating temporal to the fovea. They arc around the macula and papil-
lomacular bundle to enter the ONH.
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3. Temporal raphe or seam—it extends from the fovea to the temporal part of the retina and
consists of very few axons, because by rule the nerve fibers from the upper half of the
retina do not pass the horizontal meridian to the arcuate course of the nerve fibers from the
lower part of the retina, and vice versa.

4. An extremely large collection of nerve fibers in the superior and inferior quadrant of the
ONH —namely these two regions are set to be more vulnerable for glaucomatous damages.

5. Nasal nerve fibers—they move radially toward the ONH.

6. Exact location of the nerve fibers in the ONH according to their position in the fundus —the
more peripheral retinal location the more central ONH localization.

Basic features, used to make an assessment of RNFL images [9]:

1. Striations of RNFL—normally RNFL can be seen as striated bright and dark lines in the
areas of superior and inferior temporal blood vessels in healthy eyes. If atrophy is pre-
sented (<50 um RNFL thickness) the striations of the background disappear and bright
lines cannot be seen because of the RNFL loss [11] (see Figure 1).

2. Defects of the background brightness—they can be diffuse loss and localized defects
(wedge-shaped and cleft-shaped). The width in the cleft-shaped defects is the same along
the full length, however the width in wedge-shaped defects is different, peripherally they
are wider and become narrower toward the ONH. This could be explained with conver-
gent course of the nerve fibers. Diffuse defects have an impact over the complete RNFL
thickness in the fundus and also their diagnosis is more difficult from localized defects.

3. Visualization of the blood vessels—normally RNFL covers retinal blood vessels. That's
why small and medium-sized blood vessels have unclear contours and look misty. When
RNEFL atrophy appears, then blood vessels can be seen clearly because of the less covering
from the nerve fiber layer.

All nerve fibers are arranged in a specific way in the ONH not only in each and every human
being but also in each and every of the human eyes. Equal quantity nerve fibers may look in a
different way in the borders of ONHs with dissimilar disc area, depth of the lamina cribrosa,
and height of the scleral canal [12]. Equal functional capacitate could be presented by different
looking structures and vice versa—equal looking structures could have different functional
activity [13-15].

The RNFL thickness depends on: age, ethnicity, number and thickness of the nerve fibers,
quantity of the glia, quantity of the blood vessels, disk area of the ONH, axial length of the eye
(Ax). The thickness of the measured RNFL depends also on: the stage of peripapillary atro-
phy/conus myopicus, vitreoretinal tractions. The excavation (cupping) depends on: disc area,
number and thickness of the nerve fibers, quantity of the glia [14]. Normally in the course of
time the RNFL thickness decreases with age normally with 4000-5000 axons per year [16-19]
and this is approximately 2.0 um/decade or 0.2% per year at mean thickness 100 um [20]. The
ON consists of 700,000-1.4 million nerve fibers and the RNFL thickness in healthy people has
a wide variety of a norm. The usage of absolute values restricts the process of distinguishing
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Figure 1. RNFL striations in superior temporal area of the fundus in healthy eye of 52 years old female.

healthy from glaucoma patients [20]. Therefore some authors talk about “modulation of
RNFL thickness” —it shows the relative loss of nerve fibers as difference between the biggest
and smallest measured value of RNFL thickness in a retinal region of interest [21].

1.2. RNFL and glaucoma

When assessing glaucomatous damages it is appropriate to measure the RNFL thickness,
because thinning of this layer correlated directly with ganglion cells loss, which is the basic
pathophysiological event [22]. Evaluation of the RNFL thickness is important for early glau-
coma diagnosis before appearing of the clinical manifestations of the disease. It is proven that
40-50% of the nerve fibers are should be dropped out before developing of the visual field
defects [23]. Clinical evaluation of the RNFL with red-free photography shows that thinning
of the layer can be seen in 60% of the pictures 6 years before appearing of clinical manifesta-
tion of the defects in visual field [24]. These facts show that structural changes occur before
the functional ones. Typical visual field defects in glaucoma are nasal step, arcuate scotoma,
paracentral scotoma, generalized depression, and progressive worsening of the indices of the
standard automated perimetry (SAP) [25].

Sometimes in glaucoma visual field defects can be seen without appearance of structural
glaucomatous changes. It is possible also in equal RNFL loss to be obtained a different
clinical finding according to initial RNFL thickness. This could be explained with the fol-
lowing: visual field defects appear after 40% loss of the nerve fibers. Each man is born with
different quantity nerve fibers. If a person owns very thick for human population RNFL,
the loss of 40% nerve fibers probably will not give any significant results in optical coher-
ence tomography (OCT)—the line thickness will be in the middle of the green zone, the
zone shows lack of disease. Then this individual is going to have functional defects with
normal RNFL thickness. If another person is born with thin RNFL, the loss of 40% nerve
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fibers will give significant results —OCT line thickness will be close to the yellow zone or
in the zone. Then this individual is going to have functional defects with pathological thin
RNFL [14, 15].

In the early glaucoma stage it is considered that the affected ganglion cells decrease their
functional processes before they die and this leads to decreasing of the visual functions with-
out an obvious structural changes. This is the reason why a patient has functional manifesta-
tions of glaucoma in combination with normal RNFL thickness [14].

The most distant nerve fibers from ONH originate exactly from these farthest parts of the
ganglion cells in the retina and they are located deeply in the RNFL. They pass closely to
the scleral edge and most peripherally in the ON [26]. These nerve fibers that originate from
the closest to the ONH parts of the retina are located superficially in the RNFL and pass
centrally in the ON. It is thought that the nerve fibers, which are located superficially in the
RNFL, are more vulnerable in glaucoma, and their damage is associated with an enlarge-
ment of the blind spot.

It is also believed that chronically increased IOP leads to compression of the circulation of
the Elschnig’s border tissue and its atrophy. Then lamina cribrosa starts posteriorization. It is
considered therefore that it is a reason for stretching and rupturing of the nerve fibers which
are closest to the scleral edge. Only nerve fibers in prelaminar region can drop out conse-
quently, because they are separated and not in bundles. The affecting of the nerve fibers is
from peripheral to central region [26, 27]. Unordered affecting of the nerve fibers can be seen
in acute angle closure glaucoma.

2. Retinal nerve fiber layer and inner macular layers evaluation
in primary open-angle glaucoma with spectral-domain optical
coherence tomography

2.1. Purpose

The aim of our research is to assess and compare the peripapillary RNFL (pRNFL) thickness
diagnostic capability with those of three macular parameters —macular RNFL (mRNFL) thick-
ness, GCL+ (ganglion cell layer with inner plexiform layer thickness), and GCL++ (mRNFL
and GCL+) in primary open-angle glaucoma patients with spectral-domain OCT (SD-OCT).

2.2. Material and methods
2.2.1. Material

All participants (healthy volunteers and patients) included in current clinical study were
examined in the university eye clinic of Alexandrovska Hospital, Sofia, Bulgaria for total
period of time—a year and 3 months. This is a prospective observational study of 414 partici-
pants (483 eyes) aged 45-84 years (mean 66.7 + 8.7), male—132, and female—282. All patients
were distributed into six groups:
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It group (Controls)—150 eyes, 150 healthy volunteers, mean age 63.0 + 9.

II" group (Ocular hypertension (OH))—50 eyes, 31 patients, mean age 60.1 +9.2.

II group (Preperimetric glaucoma (PPG))—62 eyes, 49 patients, mean age 66.3 +7.5.
IVt group (Early perimetric POAG)—96 eyes, 80 patients, mean age 69.7 +7.9.

V* group (Moderate perimetric POAG)—40 eyes, 34 patients, mean age 70.4 + 8.5.
VI* group (Advanced perimetric POAG)—85 eyes, 70 patients, mean age 69.5 £ 9.8.
The following inclusion and exclusion criteria were defined for the groups:

Inclusion criteria for the control group: healthy participants without congenital or acquired
general or eye diseases exception of early age-related cataract; people without family his-
tory and other risk factors for glaucoma; best corrected visual acuity (BCVA) = 1.0; refraction
error in +4.00 dsph and +1.00 dcyl; IOP under 21 mmHg measured with Goldmann tonometer
according to central corneal thickness (CCT) values; open anterior chamber angle class III-IV
Shaffer Angle Classification System; ocular fundus without glaucomatous damages—vital
optic nerve head (ONH), ISNT rule in norm, C/D Ratio < 0.5 PD and interocular asymmetry
in C/D Ratio < 0.2 PD; normal SAP (Glaucoma Hemifield Test—within normal limits, p > 0.05
for MD and PSD indices).

Inclusion criteria for OH group: patients with OH and any other coexisting ocular and general
pathology; BCVA = 1.0; refraction error in +4.00 dsph and +1.00 dcyl; permanent elevation
of IOP more than 21 mmHg measured with Goldmann tonometer without treatment and
corrected according to the CCT values and daytime pressure curves; open anterior chamber
angle; lack of pathological changes in the fundus; normal SAP.

Inclusion criteria for Preperimetric glaucoma group: BCVA = 1.0; refraction error in already
shown limits; permanent elevation of IOP more than 21 mmHg; open anterior chamber angle;
fundus glaucomatous changes: interocular asymmetry in C/D Ratio > 0.2 PD, vertical elon-
gated excavation, thinning of optic disc rim, local thinning of neuroretinal rim, violated ISNT
rule, defects in RNFL thickness (diffuse or local), normal SAP.

Inclusion criteria for perimetric glaucoma groups: BCVA = 1.0 for early stage glaucoma group
and BCVA > 0.2 for moderate and advanced stage of POAG; refraction error in already shown
limits; permanent elevation of IOP more than 21 mmHg; open anterior chamber angle; fun-
dus glaucomatous changes: interocular asymmetry in C/D Ratio > 0.2 PD, vertical elongated
excavation, thinning of optic disc rim, local thinning of neuroretinal rim, violated ISNT rule,
defects in RNFL thickness (diffuse or local), ONH hemorrhages; typical for glaucoma visual
field defects in SAP corresponding with changes in ONH; glaucoma perimetric stage was
defined as changes in SAP based on Hodapp-Parrish-Anderson classification.

Exclusion criteria: best corrected visual acuity < 0.2; age < 45 years and > 85 years; refraction
error beyond already shown limits; normotensive glaucoma, angle closure glaucoma; macular
pathology, diabetic retinopathy, nonglaucomatous opticopathy; previous eye surgery (excep-
tion cataract refractive surgery with intraocular lens implantation); coexisting neurological
pathology which can influence on the visual field results.
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2.2.2. Methods

All patients underwent full ophthalmological examination including: a complete case his-
tory for eye and general diseases; family history; refraction and best corrected visual acu-
ity; slit-lamp examination; indirect fundus biomicroscopy; contact ultrasound pachymetry
(OcuScan RxP - Alcon, Forth Worth, Texas, USA); Goldmann tonometry; indirect gonioscopy
(Goldmann three-mirror gonioprism/Shaffer classification, 1960); SAP - SITA Standard 24-2,
HFA II (Carl Zeiss Meditec, Dublin, CA, USA) with near correction if necessary. Only reliable
perimetry results with total error rate (loss of fixation and false-positive and false-negative
results) lower than 25%. The stage of POAG changes was determined using Hodapp-Parrish-
Anderson classification.

Optical coherence tomography: All patients underwent SD-OCT of both eyes with dilated
pupils by one examiner using Topcon 3D OCT 2000 (FA plus) (Topcon Corporation, Japan),
software version - 8.11.

The following programs were used:

¢ Circle program evaluated peripapillary RNFL thickness. From Circle protocol we analyzed
the following parameters: (1) Total pPRNFL —showed the average thickness in 360°; (2) Sup
PRNFL —showed the thickness in the superior 90°; (3) Inf pPRNFL —showed the thickness in
the inferior 90°; (4) Nas pRNFL —showed the thickness in the nasal 90°; (5) Temp pRNFL —
showed the thickness in the temporal 90° (see Figure 2, right).

* 3D Macula (V) program is used for the internal macular layers thickness evaluation in
area of 7 mm?® The following parameters were analyzed: (1) Sup mRNFL (Sup mRNFL)—
mRNFL thickness in the upper half; (2) Inf mRNFL (Inf mRNFL)—in the lower half;
(3) Total mRNFL (Total mRNFL)—in the whole macular area (see Figure 2, left).

Only OCT protocols with scan quality over 50%, no artifacts from eye or body movements,
blinking, and lack of macular pathology (edema, drusen, holes) were included in the analysis.

Statistical methods: For statistically significant were considered the differences with P values
<0.05. We used descriptive, dispersion and ROC-analysis to evaluate diagnostic accuracy,
specificity, and sensitivity. A comparison was made between Ist group and IInd, Ist and
IlIrd and so long. With comparison analysis we searched for statistical significant difference
between some of the parameters’ values in specificity and sensitivity.

2.3. Results

The descriptive statistics can be seen in Table 1, and mean values of the all RNFL parameters
in Table 2. In Table 3 can be seen the ROC analysis and the diagnostic capabilities of the
eight OCT parameters in each group. The RNFL parameter with highest diagnostic potential
in the groups—PPG (AUROC = 0.879), early (AUROC = 0.929), moderate (AUROC = 0.989)
and advanced glaucoma (AUROC = 1.000) is Total mRNFL followed by Inf mRNFL and Inf
PRNFL. The RNFL parameters with lowest diagnostic potential in all glaucoma stages are
Nas pRNFL, Temp RNFL. A single RNFL parameter (Total mRNFL) was measured with
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Figure 2. Glaucoma analysis—Macula protocol (left) and Circle protocol (right).

highest diagnostic accuracy for glaucoma in all of its stages - from PPG to advanced glau-
coma. In the current investigation, it is shown for the first time the higher diagnostic ability of
macular RNFL from those of peripapillary RNFL. In OH group, we found that Inf mRNFL has
the highest diagnostic possibilities but without any clinical significance, because none of the
RNFL parameters change significantly in patients with OH in comparison with control group.

AUROC values allowed us to create ROC curves in all groups as we included the five RNFL
parameters with the best results (Figures 3-6).

After that we used comparison analysis to demonstrate if statistical significant difference exists
between diagnostic possibilities of RNFL parameters in all groups. In Table 4 can be seen only
two significant differences in AUROC values between Sup mRNFL (0.907) and Total mRNFL,
and between Total mRNFL (0.929) and Inf pRNFL (0.867). Although, we found the highest
diagnostic potential in all glaucoma groups for Total mRNFL, our comparison analysis showed
that these possibilities are not statistical significant with exception of the above-mentioned two
examples. For instance, in the stage of PPG, we were not able to find any statistical significant
differences between the best five diagnostic RNFL parameters (Table 4), so they have equal
abilities to diagnose glaucoma patients in this particular stage. In the stage of early POAG,
we found significant difference in diagnostic abilities between Inf pRNFL and Total mRNFL,
so that it would be better if the clinician uses not the first five but the four best diagnostic
parameters from Table 3.
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Group Sex Number Age (years)
Mean SD Min Max
Controls Men—m 30 61.7 9.7 48.0 81.0
Women—f 120 634 8.9 45.0 84.0
All 150 63.0 9.0 45.0 84.0
OH m 10 594 10.6 45.0 76.0
f 21 60.4 8.6 45.0 72.0
All 31 60.1 9.2 45.0 76.0
Preperimetric glaucoma m 20 68.6 6.9 51.0 81.0
f 29 64.7 7.6 45.0 74.0
All 49 66.3 7.5 45.0 81.0
Early glaucoma m 30 71.7 6.0 58.0 81.0
f 50 68.5 8.7 45.0 82.0
All 80 69.7 79 45.0 82.0
Moderate glaucoma m 11 70.5 10.2 45.0 82.0
f 23 70.4 7.9 57.0 81.0
All 34 70.4 8.5 45.0 82.0
Advanced glaucoma m 31 67.7 11.5 45.0 83.0
f 39 70.7 8.2 45.0 84.0
All 70 69.5 9.8 45.0 84.0

Table 1. Descriptive statistics.

We evaluated also sensitivity, specificity and cut-off values for the same RNFL parameters.
In PPG group there are two parameters with highest and almost equal values of the sensi-
tivity and specificity —Total mRNFL (sensitivity —0.83, specificity —0.77) and Inf mRNFL
(sensitivity —0.82, specificity —0.79). These two parameters keep their high and close
values of sensitivity also in the group of early perimetric glaucoma: Total mRNFL—0.93
n Inf mRNFL—0.90. The parameter with highest value of specificity in the same group
is Total pRNFL—0.89, and after it are these parameters: Total mRNFL—0.81 and Inf
mRNFL—0.79. In the PPG group with highest values is Total mRNFL (sensitivity —0.97
and specificity —0.95), and after it is Inf mRNFL (sensitivity —0.94 and specificity —0.85).
It is observed very small differences in the values between investigated parameters, which
decrease in advanced glaucoma group. With highest sensitivity (1.00) and specificity (1.00)
in advanced glaucoma group is Total mRNFL, and after it is Inf pRNFL (1.00; 0.99) and Inf
mRNFL (0.99, 0.99).

In Table 5 can be seen the AUROC values of the macular parameters—Total mRNFL, Total
GCL+ (ganglion cell layer/GCL + inner plexiform layer/IPL) and Total GCL++ (GCL + IPL +
mRNFL) from protocol Glaucoma Analysis—Macula (see Figure 3, left). Lowest diagnostic
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Parameter Controls OH Preperimetric ~ Early Moderate Advanced
(um) glaucoma glaucoma glaucoma glaucoma

Mean + SD Mean + SD Mean + SD Mean + SD Mean = SD Mean + SD

MD [dB] -0.24+1.30 -0.05+1.15 -0.60 +1.13 -2.73+1.85 -8.65+1.77 -21.44 +5.81
PSD [dB] 1.72+0.38 1.59+0.32 1.82+0.33 3.72+1.73 7.84 +2.66 9.26 +3.15
Sup mRNFL  36.09 +4.30 36.46 +5.77 30.58 +3.75 28.90 +4.90 24.60 + 6.85 16.78 + 6.58
Inf mRNFL 39.22+5.27 38.16 +4.69 31.34+5.01 29.44 +5.81 25.05+7.04 14.20+6.33
Total mMRNFL  37.67 +4.23 37.30 +4.67 31.05 +4.06 29.21+4.37 25.00 +4.75 15.48 +5.58
Sup pRNFL 122.31+£12.09 128.70+14.86 111.34+17.17 101.47+14.18  90.38 +20.29 77.47 +£16.26
Inf pRNFL 136.86 +14.46  137.66 +14.65 115.74+18.14  108.05+22.62  90.53 +23.59 69.22 +15.03
Nas pRNFL 90.55+14.73 9224 +1847  81.98+19.99 82.23 +18.00 74.58 +19.36 66.99 +16.63
Temp pRNFL  81.62+11.76 85.92+16.12 7426 +14.88 72.98 +15.62 69.28 +17.88 60.35 +15.76

Total pRNFL  107.84 +7.95 111.14 £10.25 95.92+12.26 90.81+12.48 81.15+15.28 68.46 +12.32

Table 2. Mean values and standard deviation (SD) of RNFL in all groups.

Parameter OH Preperimetric Early glaucoma  Moderate Advanced

glaucoma glaucoma glaucoma
AUROC AUROC AUROC AUROC AUROC

Sup pRNFL 0.364 0.694 0.866 0.903 0.983

Inf pRNFL 0.472 0.820 0.867 0.957 0.999

Nas pRNFL 0.486 0.627 0.643 0.731 0.874

Temp pRNFL 0.428 0.678 0.687 0.719 0.893

Total pRNFL 0.412 0.791 0.900 0.947 0.993

Sup mRNFL 0.514 0.839 0.886 0.907 0.996

Inf mRNFL 0.563 0.864 0.907 0.951 0.997

Total mRNFL 0.535 0.879 0.929 0.989 1.000

Table 3. ROC-analysis.

accuracy for glaucoma in all investigated stages possesses the parameter —GCL+. The highest
area under the curve has GCL++ (0.919, 0.932) in PPG group, Total mRNFL in the moderate
glaucoma group (0.989), and the both parameters reach maximal possibilities for diagnosis
in advanced glaucoma group (1.000). We also applied comparison analysis to find signifi-
cance in diagnostic capabilities (AUROC values) between macular parameters. The results
from this analysis could be seen in Table 6. Significance can be seen in the values between
Total mRNFL and Total GCL+, and between Total GCL++ and Total GCL+. We did not find
a difference between Total mRNFL and Total GCL++. This mean that the whole ganglion cell
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AUROC comparisons Controls vs.

PPG Early glaucoma  Moderate glaucoma Advanced glaucoma

P P P P
Sup mRNFL Inf mRNFL 0.587 0.486 0.280 0.806
Sup mRNFL Total mRNFL 0.339 0.136 0.019 0.238
Sup mRNFL Inf pRNFL 0.680 0.571 0.178 0.469
Sup mRNFL Total pRNFL 0.329 0.673 0.327 0.603
Inf mRNFL Total mRNFL 0.702 0.410 0.115 0.275
Inf mRNFL Inf pRNFL 0.315 0.204 0.832 0.601
Inf mRNFL Total pRNFL 0.125 0.796 0.884 0.451
Total mRNFL Inf pRNFL 0.172 0.041 0.050 0.339
Total mRNFL Total pRNFL 0.062 0.296 0.068 0.132
Inf pRNFL Total pRNFL 0.558 0.326 0.694 0.245

Table 4. Comparison analysis in AUROC values in all groups.

Parameter Controls vs.
PPG Early glaucoma Moderate glaucoma Advanced glaucoma
AUROC AUROC AUROC AUROC

Total mRNFL 0.879 0.929 0.989 1.000

Total GCL+ 0.839 0.858 0.939 0.993

Total GCL++ 0.919 0.932 0.987 1.000

Table 5. AUROC values of the GCL map parameters.

layer (consists of three sub-layers), which is presented by GCL++ parameter, has an equivalent
diagnostic potential of those of Total mRNFL, which presents only one of the macular sub-
layers (the most inner layer consists of the nerve fibers). The less accurate diagnostic potential
from macular OCT parameters we found for GCL++. Therefore we exclude this parameter as
an accurate in glaucoma diagnosis.

2.4. Discussion

In the current research we found that the Topcon OCT parameter —Total mRNFL has the high-
est diagnostic accuracy in the very early stage of glaucoma, in which only structural changes
could be seen (PPG). It is important to know its diagnostic possibilities compared with those
of other OCT parameters, because it allows the clinicians to precise the early diagnosis, appro-
priate treatment and the most important for the patients—prevention of the vision loss. The



120 Optic Nerve

AUROC comparisons Controls vs.
PPG Early glaucoma  Moderate glaucoma  Advanced glaucoma
p p p p

Total mRNFL Total GCL+ 0.336 0.022 0.024 0.034

Total mRNFL Total GCL++ 0.268 0.897 0.819 1.000

Total GCL+ Total GCL++ 0.036 0.018 0.028 0.034

Table 6. Comparison analysis between macular parameters” AUROC values.

results showed that this parameter also has the highest diagnostic possibilities in all perimetric
glaucoma stages. These conclusions we made only after comparative analysis in diagnostic
accuracy between all OCT parameters (peripapillary and macular) had been applied.

There are not many researches, which investigate macular RNFL as a separate parameter not
as a part of whole ganglion cell complex. Not enough data was collected about characteristics,
correlations and diagnostic possibilities of mRNFL.

In 2005 for the first time was created software algorithm for automated segmentation of retinal
layers in Stratus OCT (OCT III). It helped authors differentiate four macular layers —macular
nerve fiber layer (mNFL); inner retinal complex (IRC) consisting of ganglion cells, inner
plexiform layer and inner nuclear layer; outer plexiform layer (OPL); outer retinal complex
(ORC), consisting of outer nuclear layer, inner and outer photoreceptor segments. When the
authors investigated diagnostic accuracy they found the highest values in mNFL+IRC (0.97),
and lowest in OPL (0.56). Diagnostic accuracy of OPL and ORC was significantly lower from
mNFL, IRC, mNFL+IRC and circumpapillary nerve fiber layer (cpNFL) (p < 0.01). They found
that AUROC values of IRC, mNFL+IRC and cpNFL were significantly higher from whole
retinal thickness (p < 0.049). It was not found significant differences between parameters with
best diagnostic possibilities—mNFL, IRC, mNFL+IRC and cpNFL (p = 0.15). The two param-
eters—ORC and OPL were found also to have almost permanent thickness in patients with
glaucoma in comparison with healthy volunteers [28].

In the beginning of the era “OCT diagnostics in glaucoma” was found that the whole retinal
thickness decreases. Later with the initiation of spectral domain OCT (SD-OCT) in the clini-
cal practice inner macular layers (mRNFL, GCL, IPL) were called a complex (ganglion cell
complex—GCC), which consists of the bodies, dendrites and axons of the ganglion cells [29].
A self-evident fact is that GCC has significantly higher possibilities for glaucoma diagnosis
than the thickness of the whole retina.

Mwanza et al. investigated diagnostic accuracy of GCIPL (ganglion cell + inner plexiform
layer), RNFL ONH parameters [30]. They found that GCIPL diagnostic possibilities are
between 0.918 and 0.956, and there values are comparable with the best diagnostic param-
eters—RNFL (between 0.933 and 0.939) and ONH parameters (0.910 and 0.962) without
statistically significant difference between them.

There are two conceptions of ganglion cell loss in glaucoma. In the first—the dendrites
die before the bodies, and the most resistant part of the cell of glaucoma damage are their



Evaluation of Retinal Nerve Fiber Layer and Inner Macular Layers in Primary Open-Angle Glaucoma...
http://dx.doi.org/10.5772/intechopen.79102

axons. Therefore, it is reasonable to investigate the thickness of GCL + IPL separately from
mRNFL. On the other hand IPL consists of the dendrites not only the ganglion cells but also
the bipolar cells, and it is believed as more correctly to measure the thickness of mRNFL+GCL
together.

2.5. Conclusion

Peripapillary RNFL is a proved glaucoma diagnostic parameter and also ganglion cell com-
plex. Predominantly of the glaucoma comparisons in diagnostic accuracy are between pRNFL
and GCC in different OCT devices.

The current research investigate a new SD-OCT macular parameter —mRNFL and its diag-
nostic possibilities for different stages of POAG. It proves that mRNFL could be used in every
day clinical practice of the ophthalmologist as independent parameter with very high diag-
nostic possibilities for early stages of glaucoma when only structural changes are visible.

Now we are working on creating of staging system based on Total mRNFL values (cut-off
values) in each glaucoma group. It could give possibilities for the ophthalmologists to use
the values of this parameter in everyday clinical practice to make diagnosis and follow-up of
the glaucoma patients. This grading system will be the only of the OCT structural systems
created up to date. Total mRNFL has the potential to be one of the best OCT diagnostic
parameters and we as researchers must find how to use it in the diagnosis of very early
glaucoma changes.
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Abstract

There is a close relationship between the visual pathway and other neuro endocrine struc-
tures. Tumours and other compressive lesions could often present with visual impairment
and/or finite visual field changes. Careful clinical assessment could aid in accurate diag-
nosis and treatment. Pituitary gland lies in the fossa located in the sphenoid bone. Growth
hormone, adreno cortico tropic hormone, and prolactin secreting adenomas could present
with respective endocrine features. Optic chiasmal compression by pituitary adenoma
is an indicator of suprasellar extension. Meningioma and vestigial remnant craniopha-
ryngioma arise in the parasellar region and can compress on different parts of the optic
chiasma often giving rise to classical radiological appearances and visual field changes.
This includes atheroma and aneurysm of the internal carotid artery impinging on the
temporal chiasma exerting direct pressure and counterpressure on the contralateral side.
Others are aneurysms of the precommunicating section of the anterior cerebral artery and
those of the posterior communicating artery. Compressive lesions of the visual pathway
require a multi-disciplinary approach involving neurosurgeon, endocrinologist as well as
the ophthalmologist.

Keywords: pituitary, adenoma, parasellar, tumours, visual, pathway

1. Introduction

The visual pathway is the anatomic channel of communication from the retinal photoreceptors
where vision signals commence to their termination at the visual cortex. The photoreceptors
synapse with bipolar cells (which constitute the outer nuclear layer) at the outer plexiform layer.
The bipolar cells synapse with the ganglion cells at the inner plexiform layer. The ganglion cells
constitute the retinal nerve fibre layer (RNFL) that enters the optic disc and collectively with

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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the addition of apparent pupillary fibres forms the optic nerve. The ganglion nerve fibres pass
through and constitute the optic nerve that has about 2.4 million afferent axons [1]. The optic
nerve has an intra-ocular, intra-orbital, intra-canalicular and intra-cranial components measur-
ing 1, 25-30, 6 and 10 mm, respectively. The optic canal entrance is about 5.5-6.5 mm and a dif-
ference of >1 mm between the two sides is unusual. The optic chiasma is about 6 mm wide and
12 mm long; it is tilted about 45° with the anterior portion being lower than posterior. In most
instances (80%), the chiasma lies directly over the sella turcica. The sella is a bony cavity that
houses the pituitary gland. The anterior and posterior clinoid processes bound the entrance
and a piece of dura matter called the diaphragm sellae covers it. Posteriorly, the chiasma is
related to the anterior part of the third ventricle (optic recess). On either side lies the extra
cavernous part of the internal carotid artery. Chiasma is related above to the anterior perfo-
rating substance. Retinal nerves on reaching the optic chiasma are arranged such that fibres
from the temporal half of the retina continue and join the optic tract on the same side without
crossing. Inferior nasal fibres that serve superior temporal visual field cross in the anterior
part of the chiasma. Such crossing fibres loop into the proximal part of the contralateral optic
nerve (forming a Wilbrand’s knee) before ascending the optic tract. The superior nasal fibres
(that sub-serve the inferior nasal field of vision) cross the chiasma posteriorly before ascending
the contralateral optic tract. Macular fibres cross throughout the chiasma. Crossed nerve fibres
terminate at layers 1, 4, 6 of the lateral geniculate body while uncross fibres terminate at layers
2, 3, 5. From the lateral geniculate body arise the geniculocalcarine nerve fibres that form the
optic radiations that terminate in the visual cortex. As the fibres proceed more posteriorly,
those from corresponding retinal points are brought close together thus ensuring binocular
single vision and stereopsis.

2. Intra-orbital and intra-canalicular optic nerve compression

The optic nerve can be compressed in the intra-orbital portion by inflammatory conditions
of the orbit such as idiopathic inflammatory pseudo-tumour and thyroid-related orbitopathy
(TRO). TRO is associated with increased orbital volume from extra-ocular muscle enlargement
particularly the medial rectus and such occurrence is predictive of compressive dysthyroid
optic neuropathy (DON) [2]. DON could precede, occur simultaneously or even after control of
symptoms of hyperthyroidism. In the presence of toxic hyperthyroidism, the ocular signs such
as lid lag/retraction, proptosis and the typical open staring facies are present in addition to the
systemic features. Increased orbital volume leads to restrictive myopathy and pupillary dila-
tion unresponsive to light stimulation is a pointer to optic nerve damage with eventual optic
atrophy. This can present with marked reduction in vision even in the absence of exposure
keratopathy. After clinical and hormonal evaluation, treatment involves graded and tapered
doses of steroids and orbital decompression. Rapamycin, a fibroblast and T cell inhibitor, has
been shown to be effective in improving visual acuity, colour plate test and visual fields when
dysthyroid orbital inflammation is refractory to steroid and orbital decompression [3].

Intra-canalicular optic nerve may be compressed by optic nerve glioma, meningioma or
schwannoma. Although quite rare, isolated optic nerve glioma poses a special challenge in
ensuring vision preservation at the same time achieving tumour control [4]. The tumour
could present in child or adulthood with progressive painless vision loss and axial proptosis.
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There could be a demonstrable apparent pupillary defect and a scotoma on the affected side.
The contralateral eye may be normal. Children with sporadic optic pathway glioma have a
poorer visual prognosis than those with neurofibromatosis (NF-1) [5]. Diagnosis is based on
clinical neuroradiological assessment. Serial scanning is required to detect changes in size
and or extent. Chemotherapy is an option to be considered. Pattern visual evoked potential
(VEP) and pattern electroretinograms (ERGs) provide early objective indication of optic nerve
dysfunction even in the presence of unchanged neuroradiological features [6]. Figure 1 is a
CT scan coronal section of right optic nerve glioma.

2.1. Compression of the optic chiasma by pituitary tumours

The pituitary gland lies in the pituitary fossa, a bony cavity in the sphenoid bone. In most
instances, the optic chiasma is positioned directly above the sella turcica. The pituitary gland
has an anterior and a posterior portion. The anterior portion has a variety of cells that secrete
different hormones. The acidophil cells produce growth hormone (GH), basophil cells pro-
duce adrenocorticotropic hormone (ACTH), while the chromophobe “C”-cells produce pro-
lactin. Tumours secreting luteinizing hormone (LH) and thyroid stimulating hormones (TSH)
are extremely rare to deserve a mention. Pituitary tumours have both endocrine and oph-
thalmological manifestations. Pituitary adenomas represent 15% of primary brain tumours
and visual disturbances arising from local mass effect on the visual system are common clini-
cal manifestation [7]. In some instances, more so with younger patients, vision lost is more
frequent (39%) followed by endocrine abnormality (21%), and headache (15%). Bitemporal
visual field defects were the most prevalent (41%) [8]. Common neuro-ophthalmic manifesta-
tions include blurred vision, impairment in colour vision, relative afferent pupillary defect,
optic atrophy headache and bitemporal field defect [9]. A study showed that the size of the
pituitary adenoma has bearing on its effect as those larger than 2 cm cause defects in vision
while those 2 cm or smaller do not cause significant visual impairment [10].

A growth hormone secreting adenoma manifesting before closure of the epiphyseal plate is
characterised by gigantism and after puberty it causes acromegaly. Such patients often notice

Figure 1. Coronal CT scan showing optic nerve glioma.
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their shoe, hat, clothes and ring do not fit. Other features include skin (hyperhidrosis and
hirsutism in females), hoarseness of the voice and malocclusion due to jaw enlargement. The
clinical features are quite obvious in most instances.

ACTH secreting basophil adenoma is characterised by fat mal-distribution giving rise to
hump back and swollen “moon-shaped” face. Other features include skin striations and sign
of fluid retention, easy bruising and slow wound healing. In the presence of elevated serum
cortisol, the entity is described as Cushing’s syndrome. Such patients are prone to developing
diabetes mellitus, hypertension and osteoporosis. A paradoxical rise in GH level is observed
in response to oral glucose tolerance test in contrast to normal individuals in whom there is
suppression of the hormone to below 2 mU/L.

Chromophobe adenomas are the most common primary intra-cranial tumours and when pro-
lactin secreting is named prolactinoma, the tumour present in early adulthood or middle age.
The tumour causes infertility, amenorrhea and galactorrhea in females. Males could present
with loss of libido, impotence, infertility and breast signs similar to females.

2.2. Craniopharyngioma

Craniopharyngioma arises from the vestigial remnants of Rathke’s pouch along the path of the
pituitary stalk. The tumour present in children with delayed sexual development and dwarf-
ism, and in adults, visual impairment and field defects are common. Craniopharyngioma
often causes visual loss due to the tumour’s close relation to the anterior visual pathways
[11]. The tumour compresses the chiasma from above and behind affecting the superior nasal
fibres and giving rise to bitemporal hemianopia dense inferiorly and progresses clockwise in
the left eye and anticlockwise in the right eye. The tumour gives raise to supra sella calcifica-
tion and may have cystic areas.

In general, some hormone-secreting pituitary tumours may present with endocrine features
in the early stages before headache and signs of chiasmal compression manifest. Patient may
present with visual impairment which could be progressive in nature. As the tumour expands,
it reaches the diaphragma sellae. The dura structure has pain sensing fibres and stretching
results in non-specific headache. With further growth, the tumour breaks through the dia-
phragma and the headache stops. Presence of headache indicates supra sella extension of
pituitary tumour. Pituitary tumours compress the chiasma at its anterior portion. Therefore,
the inferior nasal fibres are affected first and subsequently the superior nasal fibres. Visual
filed assessment would reveal a bitemporal hemianopia dense superiorly and progressing
anticlockwise in the left eye and clockwise in the right eye as shown in Figure 2. Diagnosis
is aided by clinical evaluation, perimetry, hormonal assay and radiological investigations.

MRI is the radiological investigation of choice although in resource-scarce sub-Saharan Africa, it
is not accessible to most clinicians. Therefore, digital X-ray and CT scan are more readily avail-
able and affordable. MRI demonstrates presence of a mass lesion and its relation to the optic
chiasma. Coronal section demonstrates contents of the sella turcica, while sagittal sections can
be obtained through the chiasma and optic nerve (before and after gadolinium injection which is
known to enhance pituitary adenomas), and axial scans. Radiological features with the presence
of identifiable and quantifiable space occupying mass which may erode the sellae floor or clinoid
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Figure 2. Bitemporal hemianopia dense superiorly.

processes cause widening of the inter clinoid space and may cause supra sellae calcification.
Calcification in pituitary adenoma is rare (a report indicates occurrence in 5.6%); therefore, pre-
operative radiological calcification should not be a decider regarding surgical intervention [11].

On MR, craniopharyngioma shows an isodense lesion on T1 images, while cystic compo-
nents appear hyperintense. It also causes oedema that spread along the optic tracts [12]. For
most of the tumours irrespective of the imaging technique use to evaluate the patient, there is
a direct link between visual defect and chiasmal compression [13].

2.3. Meningioma

Meningioma that accounts for one-third of primary intracranial tumours [14] typically affects
middle-aged women and could arise at the tuberculum, the sphenoid ridge or olfactory
groove. Sphenoidal ridge meningioma compresses the optic nerve early if positioned medi-
ally. When present in the sphenoid bone and mid-cranial fossa, the vision is affected later and
patient may have temporal fullness as a result of reactive hyperostosis.

Tuberculum meningioma (Figure 3) compresses proximal part of the ipsilateral optic nerve
giving rise to ipsilateral scotoma and a crescent-shaped junctional scotoma in the contra
lateral eye due to its effect on the looped crossed inferior nasal fibres (Wilbrand’s knee) as
illustrated in Figure 4. Olfactory groove meningioma affects both vision and sense of smell.
CT scan may show new bone formation due to reactive hyperostosis.

2.4. Treatment of pituitary and other parasellar tumours

The type, size, site, nature, presentation and associated clinical complexity of the tumour
determine the best modality of treatment. Treatment of growth hormone secreting adenoma
is necessary due to associated mortality from metabolic [15], circulatory impairments and
cancer [16] apart from visual pathway compression. IGF-1 lowering medications can be used
although surgical options like trans-sphenoidal trans-cranial surgery have been in practice.
Stereotactic radio surgery (SRS) has been found to be a definitive treatment option for patients
with persistent or recurrent acromegaly after surgical resection [17].

129



130 Optic Nerve

Figure 3. CT scan showing tuberculum sellae meningioma with areas of hyperostosis.
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Figure 4. Ipsilateral scotoma with contralateral junctional scotoma.

ACTH secreting pituitary adenoma is amenable to trans-sphenoidal surgery as the first line of
treatment. Some patients may not achieve cure, while others have recurrence warranting use
of medication such as the recently approved pasireotide, a somatostatin receptor ligand [18].

Traditionally, prolactin-secreting pituitary adenoma is treated with bromocriptine, a dopa-
mine agonist, though the drug has been implicated in predisposing the patient to pituitary
apoplexy. This complication is less with cabergoline therapy. Trans-sphenoidal surgery can
be performed to relieve visual impairment [19].

Gross total resection of craniopharyngioma is the aim of treatment [20]; failure of which
requires adjunct radiotherapy. Intra-cavity radiotherapy using phosphorus-32 (*P) colloid
has been tried in cystic craniopharyngioma [21]. There is a reported case of vision recovery
after endoscopic transplanum transtuberculum resection of a craniopharyngioma [22].

Meningioma can be an asymptomatic benign disease. Tumour growth is experienced in two-
thirds of patients and a third may eventually require neurosurgical interventions. Gamma knife
surgery (GKS) can control the tumour clinically and radiologically [23]. Radiotherapy remains
one of the most relevant therapeutic options for the treatment patients with meningioma [14].

2.5. Vascular chiasmal compression

The internal carotid artery (ICA) on emerging from the cavernous sinus ascends upwards in
close relation to the underneath of the proximal part of the optic nerve. ICA curves posteriorly
and upwards on the lateral edge of the optic chiasma. The pre-communicating branch of the
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anterior cerebral artery crosses the chiasma close to its junction with the optic nerve. The poste-
rior communicating artery passes backwards under the optic tract to join the posterior cerebral
artery. An atheroma of the internal carotid artery can compress the chiasma laterally and also
impinge it on the contralateral giving rise to binasal hemianopia and the defect is not often
symmetrical as illustrated in Figure 5. Aneurysm of the ICA, pre-communicating segment of
the anterior cerebral and posterior cerebral arteries, could give rise to binasal hemianopia [24].

2.6. Visual field defects in retrochiasmal pathway lesions
2.6.1. Optic tract

Brain tumours and aneurysm can affect the retrochiasmal visual pathway giving rise to varied
visual field defects [25, 26]. The optic tract arises from the posterior aspect of the chiasma and
extends posteriorly around the cerebral peduncle to reach the lateral geniculate body (LGB). It
consists of crossed nasal fibres and ipsilateral temporal fibres. Compression results in bilateral
hemifield loss opposite to the side of the lesion. The homonymous hemianopia may be com-
plete or incomplete but incongruous as nerve fibres from corresponding retinal points are not
closely related. Compression of the LGB similarly results in asymmetrical hemianopic visual
field defect. The optic tract contains both visual and pupillomotor fibres. The visual fibres
terminate at the LGB, while pupillary fibres leave the tract anterior to the LGB pass through
the brachium to reach the pretectal nucleus at the level of the superior colliculus. Tract lesion
can give rise to afferent pupillary defect, thus the pupil contracts when the unaffected side
of the retina is stimulated with light, but not so when the affected hemiretina is stimulated
(Wernicke’s hemianopic pupil). In clinical practice, this is difficult to demonstrate due to scat-
tering of light shone on the retina unless a pinpoint source of light is used. The ganglion
cells from the retina terminate at the LGB; therefore, tract lesion can result in optic atrophy.
In this instance, the ipsilateral disc manifests atrophy of the superior and inferior aspects
(due to effect on temporal fibres), while the contralateral disc shows atrophy of the nasal and
temporal neuroretinal rim “bow tie atrophy” due to effect on the nasal retinal fibres. Typical
homonymous hemianopic field loss is shown in Figure 6.

Figure 5. Binasal hemianopia in vascular chiasmal compression.
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Figure 6. Homonymous hemianopia.

2.6.2. Optic radiations

The geniculocalcarine fibres arise from the LGB to the striate cortex located on the medal
aspect of the occipital cortex above and below the calcarine fissure. As the fibres spread pos-
teriorly, nerves from corresponding retinal points are brought close together so that incom-
plete hemianopia caused by lesions in the posterior radiations is more congruous than those
located anteriorly. The middle and posterior cerebral arteries provide dual blood supply to
the optic radiations and visual cortex.

2.6.3. Main radiations

The main radiations are related to the occipital horn of the lateral ventricle and the trigone.
Compression at this location results in complete homonymous hemianopia. Optokinetic nystag-
mus (OKN) involves smooth pursuit movement followed by a saccade in the opposite direction
of the initial movement as the eye fixate on the next target. In homonymous hemianopia, due
to parietal lobe lesions, the smooth pursuit movement towards side of the lesion is defective.

2.6.4. Temporal radiations

The visual defects observed in lesion of the temporal radiations are homonymous superior
quadrantanopia (described as “pie in the sky”) illustrated in Figure 7. There may be associated

K

Figure 7. Superior quadrantanopia—“pie in the sky”.
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hemiparesis and sensory loss on the affected side due to close relation of the radiations with
sensory-motor fibres of the internal capsule.

2.6.5. Anterior parietal radiations

The superior nasal fibres that sub-serve the inferior temporal visual fields pass through the
parietal lobe; therefore, lesions of the anterior parietal radiations result in contralateral con-
gruous homonymous inferior quadrantanopia (described as “pie on the floor”) as shown in
Figure 8.

2.6.6. Striate cortex

Peripheral visual fields are represented anteriorly (supplied by posterior cerebral artery),
while central macula vision is posteriorly located lateral to the tip of the calcarine cortex and
supplied by a branch of the middle cerebral artery. Anteriorly located lesions of the striate
cortex will result in congruous homonymous hemianopia. If the cause has a vascular compo-
nent, the macular vision is spared as shown in Figure 9.

Figure 10 shows congruous macular homonymous hemianopia typical of lesions of the tip of
the occipital cortex.

LE ‘ Laoda RE

Figure 8. Inferior quadrantanopia— “pie on the floor”.

Figure 9. Congruous homonymous hemianopia with macular sparing.
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2.6.7. Conclusion

Compressive lesions affecting the visual pathway could present with variety of visual impair-
ments. Hormone-secreting adenoma can present with endocrine features in addition to visual field
changes. Figure 11 is an illustration of some of different causes and the associated visual fields.

Figure 10. Congruous macular homonymous hemianopia.
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Figure 11. A diagram of the visual pathway showing location of some of the lesions and the associated field changes.
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Abstract

Optic nerve head drusen (ONHD) represent congenital anomaly, which is a form of
calcium degeneration of optic nerve head axons. They are initially asymptomatic but
may causes progressive optic neuropathy. They are presented as acellular, hyaline
deposits of globular appearance in front of the lamina cribrosa (prelaminar segment).
They are formed due to altered axonal transport, small diameter of scleral canal, direct
compression, or ischemia. Frequent complications: progressive visual field scotoma,
ischemic optic neuropathy, central retinal artery or vein occlusion, and neovasculariza-
tion adjacent to the optic nerve head. Useful diagnostic tools ophthalmoscopy, angiog-
raphy, standard automated perimetry, B-scan ultrasonography, CT, OCT, HRT, GDx,
and electrophysiological examination. Therapeutic procedures are medical, laser, and
surgical. Pilot studies confirmed benefit of topical hypotensive drugs even when drusen
are not associated with glaucoma. By reducing intraocular pressure, the compression
to the optic nerve axons decreases, thus improving perfusion of the optic nerve head.
The paper presents young female patient with bilateral optic nerve drusen and progres-
sive visual field defects (scotomas), which implies topical hypotensive therapy. After 6
months scotoma and loss of sensitivity of the visual field were reduced. Neuroprotective
drugs are investigated to reduce potential visual morbidity.

Keywords: optic nerve head, drusen, visual field, topical hypotensive drug, glaucoma

1. Introduction

Optic nerve head drusen (ONHD) represent the congenital, developmental anomaly of the
second cranial nerve. This is a form of calcium degeneration of the axons of the optic nerve
head (ONH). They are initially asymptomatic, but are not so rare and can cause lower visual
acuity. Thus, they are also considered to be one of the causes of the progressive type of optic
neuropathy with genetic etiology [1, 2].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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Their occurrence is most common in 3.4-37 per 1000 adult white people (0.34-3.7%), with a
frequent bilateral presentation in 75-85% of all cases [3, 4]. They are less common in black
people, equally represented among the sexes, while the average prevalence in the pediatric
population is 0.4% [5-7].

For the first time, they were histologically recognized by Heinrich Muller in the nineteenth
century (1858) [8, 9]. Clinically, they were described with the contribution of Liebreich in 1868,
only 17 years after the construction of the direct ophthalmoscope [10]. A detailed structure
was described by Tso in 1967. The author also postulates the pathophysiological mechanisms
of the formation and evolution of the drusen [11].

Genetically, optic nerve head drusen are inherited in autosomal dominant (AD) type of
inheritance with variable penetration. Lorentzen et al. founded that the incidence of drusen is
10 times higher among members of the family with manifest optic nerve drusen [9]. Drusen
may occur primarily isolated or associated with the eye (angioid streaks, retinitis pigmen-
tosa, open-angle glaucoma, etc.) (Table 1) or as systemic diseases (pseudoxanthoma elasti-
cum (PXE) or Gronblad-Strandberg syndrome, Usher syndrome, Noonan syndrome, etc.)
(Table 2) [7, 12]. Antclif et al. state that the inheritance of a small diameter (disk area) of the
optic nerve head is a risk factor for formation of optic nerve head drusen. The small optic disk
(ONH) and mesodermal dysplasia result in vascular dysplasia and therefore are considered
as significant causative factors. Optic disk drusen are more commonly present in vascular
and/or structural developmental anomalies of the ONH. Among the vascular anomalies, the
most frequent patterns of disorders are two and three branches of blood vessels, cilioretinal
artery, and optociliary shunt [9, 11].

Acquired myelinated nerve fibers
Aneurysm of the ophthalmic artery
Astrocytic hamartoma

Best’s vitelliform macular dystrophy
B-thalassemia

Birdshot chorioretinopathy
Combined hamartoma of the retina and retinal pigment epithelium
Congenital night blindness

Familial macular dystrophy
Glaucoma

Gyrate atrophy

Idiopathic intracranial hypertension
Idiopathic parafoveal telangiectasia
Morning glory disk anomaly

Ocular tumoral calcinosis
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Optic nerve tumors

Peripapillary central serous retinopathy

Pigmented paravenous retinochoroidal atrophy (PPRCA)
Pseudoxanthoma elasticum and angioid streaks

Retinitis pigmentosa

Severe early childhood onset retinal dystrophy (SECORD)
Tilted optic disk

Tubulointerstitial nephritis and uveitis (TINU) syndrome

Table 1. Ocular diseases associated with optic nerve head drusen.

Alport syndrome

Cystic fibrosis

Delayed language development and dyslexia
Down syndrome

Headache and seizure disorders
Psychomotor retardation

Schizophrenia

Sturge-Weber syndrome

Teeth and jaw anomalies

Trisomy 15q

Tuberous sclerosis

Table 2. Systemic diseases associated with optic nerve head drusen.

Optic nerve head drusen are acellular, hyaline deposits of globular appearance in the pre-
laminar segment of the optic nerve head, usually below the level of the Bruch membrane
of the surrounding retina. They are formed of amino and nucleic acids, mucopolysac-
charides, calcium, and iron. They represent a dynamic structure, which increases during
lifetime due to calcium deposition and consequent compression of the surrounding axons
[4, 11]. Among the etiological factors for optic nerve drusen formation are altered axonal
transport, the small diameter of the scleral canal and the ONH, direct compression, and
ischemia [4, 13].

Tso states that altered axonal metabolism causes intracellular calcification of the mitochon-
dria, degeneration and rupture of the axons with extrusion, and deposition of mitochondrial
content into the extracellular space. Seitz points out that slow antero- and/or retrograde axo-
plasmic transport initiates the disintegration of the axons with subsequent calcium deposition
and accumulation. The small diameter of the scleral canal and the specific anatomy of the
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ONH compromise the axoplasmic transport. Mechanical compression causes delay of axonal
transport (stasis) [5, 11, 14]. In the younger age, optic nerve drusen are near to the lamina
cribrosa, and they are overlapped by nerve and vascular structures and are called hidden
(buried). Optic nerve head drusen during life, become visible, and are elevated in predilected
nasal-lower sector of the ONH.

Clinical classification of ONH drusen is as follows:

Grade I: deep, hidden formations

Grade II: visible separated drusen (1-6)

Grade III: dense prominent drusen (> 6) with an unclear border ONH [4, 15]

Most patients are asymptomatic for a long time. Rarely, they can have transient visual obscura-
tions in the form of a flicker (9%) but often are associated with progressive visual field defects
(scotoma) and relative afferent pupillary defect (RAPD) in advanced cases. The incidence of visual
field defects in adults with drusen is 24-87%. Visual field scotoma can be an arcuate, peripheral
enlargement of the blind spot, a less frequent nasal step, and a constriction of the visual field. The
central visual acuity is preserved for a long time; although after a long lasting of narrowed visual
field, sudden loss of central vision is possible, thus indicating complications [11, 16, 17].

Besides visual field defects due to the compression of the retinal ganglion cells” axons, numer-
ous vascular complications due to ischemia may occur, such as non-arteritic ischemic optic
neuropathy (NAION); central retinal artery occlusion (CRAO); branch or central retinal vein
occlusion (BRVO, CRVO); intravitreal, subretinal, and flamed disk hemorrhage; maculopa-
thy; and neovascularization adjacent to the optic nerve head [4, 16, 18].

The diagnosis is made by clinical examination and additional investigation. Superficial drusen
are yellowish-oval prominent structures that give an unclear appearance of the ONH border,
and they are considered as the main cause of pseudoedema. Additional methods, photofun-
dus and fluorescein angiography, fundus autofluorescence, computerized perimetry (SAP),
B-scan ultrasonography, OCT (EDI-OCT, SS-OCT, OCT angiography), HRT, GDx, computer-
ized tomography (CT), and electrophysiological testing, are applied in the confirmation of
hidden or superficial drusen [7, 16, 18].

Differential diagnosis is significant if pseudoedema of ONH drusen is suspected in aim to
distinct numerous causes of the true edema of ONH: inflammatory, stagnant, or ischemic etiol-
ogy. Buried drusen frequently produce elevation of the optic nerve head and obscuration of
the margins, making it difficult to distinguish buried drusen from true papilledema based
solely on funduscopic examination. However, during examination, it could be noticed that in
true papilledema, the optic nerve head swelling extends into the peripapillary retina, causing
RNFL thickening and consequently obscuration of the peripapillary vasculature. In contrast,
elevation from optic nerve head drusen is confined to the optic nerve disk. In the case of pseu-
doedema, the absence of optic nerve head hyperemia, obscuration of surface arteries, exudates,
venous congestion, cotton-wool spots, and peripapillary circumferential subretinal fluid lines
(Patton’s lines) may help distinguish optic nerve head drusen from true papilledema [7, 19].

In differential diagnosis angiography could be helpful equally. While profuse leakage is
apparent in the early angiographic phases of the edematous optic nerve head, the drusen
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optic nerve should never leak. However, there is late staining of the nerve on the angio-
gram. It is important not to mistake this late staining for leakage in the early phase;
besides an autofluorescence phenomenon and OCT ONH features can help to secure this
diagnosis [20].

Therapy can be medical, laser, and surgical. There is no generally accepted and approved
therapeutic protocol that is applied in the case of the ONH. Monitoring is advised in asymp-
tomatic patients, while the application of any therapeutic modality is determined by poten-
tial complications of the drusen. A large number of studies confirm the benefit of topical
hypotensive drugs even in cases where ONH drusen are not associated with glaucoma. With
the reduction of intraocular pressure is achieved, which reduces mechanical pressure on the
axons of the optic nerve, indirectly the reperfusion as main goal is acheived. Choroidal neo-
vascular membranes (CNV) adjacent to the optic nerve are treated with anti-VEGF or laser
therapy [12, 16, 21]. The proposed surgical therapeutic modality, radial optic neurotomia, was
used to decompress the head of the optic nerve due to ischemic neuropathy. The method was
described by Opremcak (2001) in the treatment of CRVO and was also applied to progressive
scotoma caused by drusen. Also successful and unsuccessful excision of drusen was reported
but rarely applied [21-25].

The main aim is to provide recent data of etiology, epidemiology, pathology, diagnosis, and
potential treatment of optic nerve head drusen. All relevant data was collected by investigation
in small samples or individual cases and reports. There is no major controlled clinical trial on
therapeutic effects and protocol in drusen, but there are numerous individual reports of topical
hypotensive drug benefit. The author presents the case from personal clinical praxis and the effect
of hypotensive drug. The presentation is followed with the discussion of current knowledge and
recommendations that are based on individual evaluation. The largest investigation found was
in Grippo’s study on 60 patients (13 hypertensive and 47 normotensive eyes). Therefore this is
not a general therapeutic protocol, just individually based potential recommendation.

2. Case presentation

A young female (20 years old), without prior ophthalmological or systemic disease, was
referred to the ophthalmologist at the eye clinic due to changes in optic nerve of her left eye.
Clinical examination showed normal visual acuity (Snellen chart) and anterior segment:

VOD = cc -2.0 DSph =1.0; VOS = cc —2.50 DSph = 0.9-1.0; and TOU = 14-18 mmHg,.
CCT OU =616 pm (—5 mmHg factor for correction).

Indirect ophthalmoscopy of the left eye showed unclear ONH borders, globular appearance,
more prominent nasally (Figure 1).

In further observation, we performed echosonography (ultrasound A/B scanner UD-6000,
Tomey) and B-scan OU: oval ONH changes of high reflectivity. FAG: the time of the arm-
retina was regular. Blood vessels are completely and on time filled with contrast. Diffuse,
oval, partially confluent changes with autofluorescence of the optic nerve head in the left eye
(Figures 2 and 3).
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(A) {B)

Figure 1. Photofundus OD (A) and OS (B): an unclear ONH border with superficial drusen.

Figure 2. FAG OD: finding normal.

Figure 3. FAG OS: confluent autofluorescent ONH changes.

A standard automatic perimetry (Humphrey visual field analyzer, threshold test 30-2; 24-2)
was performed, and scotoma progression in the visual field of both eyes was observed in
four successive testing over 1 year. The most frequent defect is confluent, relative, and abso-
lute paracentral scotoma, up to the central 15° (in the right eye; constriction of visual field)
and inferior nasal quadrantanopia (left eye). After that finding, topical hypotensive therapy
(brimonidine 0.2%, which was replaced by latanoprost 0.005% after 3 months due to allergic
reaction) was applied (Figures 4-7).
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HRT detects marginal thinning in the nasal sector of the left eye (Figure 8).

RNFL examination OCT (Stratus optical coherence tomography); Carl Zeiss Meditec has
detected sectorial thinning of both eyes (Figure 9).
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Figure 5. SAP of the right eye (I/IV 2013) OD: constriction of the visual field (MD = —18.56 dB; CPSD =9.71 dB).

145



146  Optic Nerve

Ty S
T

i *
i = T gy v
T RAT AR
TR Ll T T L
it e | &
u
.

.
'l
= ikh

Figure 6. SAP of the left eye (VII/XI 2012) OS: blind spot enlargement, relative and absolute paracentral visual field
defects (MD = —17.28 dB; CPSD =9.93 dB).

Figure 7. SAP of the left eye (I/IV 2013) OS: narrowing of the visual field up to 10°, inferior nasal quadrantanopia
(MD = -18.96 dB; CPSD =7.48 dB).

The electrophysiological examination recorded regular answers of parameters, prolonged
latency of the P100 wave in the right eye (OD: P100 = 117 ms; OS: P100 = 113.7 ms).
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Figure 8. HRT (VIII/2012) OD: DA = 1256; mean RNFL = 0.130; OS: DA = 1778; mean RNFL = 0.034.

Figure 9. OCT (stratus 6.0.4. IV/2013) RNFL OD: Savg = 77.0, Iavg = 91.0, Navg = 66.0, and Avg thick = 71.94. RNFL OS:

Savg =73.0, lavg = 130.0, Navg = 53.0, and Avg thick = 93.93.

Computerized tomography (CT) of the endocranium and the orbit on an axial scan showed

bilateral calcification at the ONH (Figure 10).
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Six months after topical hypotensive drug administration, an improvement of the visual field
resulted in the improvement of reduced sensitivity. Depth and extensions of the scotomas
were improved and maintained during the monitoring period of at least 3 years. The finding
was also confirmed by the last visual field testing (Figures 11 and 12).

Relative and absolute paracentral and peripheral scotomas are still present, partly confluent,
more in the nasal periphery of the left eye.

Figure 10. CT (IV/2013) No pathological changes in the endocranium. Bilateral calcification at the ONH.
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Figure 11. SAP of the right eye after therapy introduction: KP(X1I/2013) OD: MD = -10.46 dB; CPSD = 7.20 dB; KP
(IX/2016) OD (MD = —6.67 dB; CPSD = 2.97 dB).
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Figure 12. KP of the left eye after therapy introduction: KP(X1I/2013) OS: MD = —13,51 dB; CPSD = 8,25 dB); KP (IX/2016)
OS (MD = -10.28 dB; CPSD = 8.39 dB).

3. Discussion

A young female patient with advanced visual field defects because of the ONH drusen is
presented. Visual field defect is one of the most common drusen complications in these cases
with preserved central visual acuity. Although a patient has myopic refraction, it was con-
cluded that the disk area is smaller (based on HRT). That was more pronounced on the right
eye (OD: DA = 1.256 mm?* OS: DA = 1.778 mm?) when compared to the normative values
of 1.69-2.82 mm?. That indicated how a small diameter of the scleral canal can compromise
axoplasmic transport. The conclusion of one of the conducted studies suggested that the
incidence of drusen is greater if DA is smaller than 1.79 mm? with a confidence interval of
p <0.001. There is also confirmation that drusen are present in more than 50% of patients with
a small horizontal diameter of the optic nerve head (1.68 + 0.18 mm). Different authors agreed
that the chronic obstruction of axoplasmic transport due to the small diameter of the scleral
canal results in drusen formation [10, 26].

There are three basic theories in explaining pathogenesis of drusen:

1. Degenerative axonal death (Seitz)
2. Protein transudation from congenitally abnormal vessels of the disk (Sacks)
3. Alteration of axoplasmic transport (Spenser)

The slowly progressive visual field loss is characteristic of the drusen (Lauber) as a result
of a direct mechanical compression followed by axonal dysfunction and degeneration. The
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incidence of scotomas, as one of the most common complications of optic nerve drusen, is
24-87% in adults with a progression rate of 1.6% per year. Visual field defect may occur even
in childhood [11, 27]. The rule in appearance, depth, duration, and the type of scotoma was
not determined. The most common are peripheral, arcuate scotoma, enlargement of the blind
spot, rarely the nasal step, and generalized constriction of the visual field. Scotomas are vari-
able depending on the grade of drusen. In severe cases, they become confluent to inferonasal
quadrantanopia to hemianopia [27, 28]. In the presented clinical case, an irregular incidence
of scotomas was observed in relation to the grade of drusen (grade I in the right eye; grade
I in the left eye). Savino et al. founded 71% of the visual field defects for visible drusen,
compared to 21% in the case of hidden ones [14].

An attempt was made to correlate distribution of scotoma with localization and number of
optic nerve drusen. In Grippo’s retrospective study in 103 eyes was found that in superficial
drusen (grade III), visual field defect was advanced, while in the case of hidden drusen (grade
I), it was the initial, which was confirmed through this presentation. The distribution of sco-
toma often does not correspond completely with the localization of visible drusen, most likely
due to the simultaneous presence of hidden ones and extensive axonal lesions [11]. Thus,
there are scotomas with irregular distribution on the right eye of our patient with hidden
drusen. Some of the reports noted 76.3% of scotomas in visible drusen compared to 46.5% in
the case of hidden drusen [29, 30]. In the remaining half of patients with the first (I) grade of
the drusen, in 5% of cases, an arcuate scotoma could be developed [31].

Any decrease in central visual acuity, rapidly progressive visual field loss, or arcuate sco-
toma in drusen requires careful consideration of the etiology in terms of glaucoma or
neuro-ophthalmology background [11]. Concomitant drusen and glaucoma can cause exten-
sive visual field damage, which can cause a diagnostic and therapeutic dilemma. It was found
that the grade of drusen and IOP level directly, independently, and significantly correlate with
the degree of damage of the visual field. The result is a unique attitude of introducing topical
hypotensive therapy in both cases in the aim to reduce the risk of further damage [1, 16, 32].

Visual field damage occurs in 90.9% of hypertensive versus 66.7% of normotensive eyes.
Higher IOP is statistically significantly associated with advanced impairments regardless of
age, sex, and grade of drusen [11, 15]. In our case presentation of a young female patient,
elevated IOP or association with glaucoma for the entire duration of follow-up period was
not confirmed, which was confirmed by testing. Flame microhemorrhages that may occur at
the RNFL in glaucoma have been observed, but not found. Hemorrhages are thought to have
no effect on the occurrence of scotomas in drusen, opposed to numerous and confluent flame-
shaped hemorrhages in the real existing edema of the optic nerve head. There are no major
controlled clinical studies of the effects of topical hypotensive drugs in drusen, but there are
numerous individual reports, as well as announcements of small sample of patients confirm-
ing the benefit of topical hypotensive drugs due to indirect enhancement of ONH perfusion
(Grippo, Poda-Wilczek, Spalding, Patel, Czajor, Moris) [1, 4, 15, 18, 33-35].

Due to the extension and depth of the scotoma, as well as their progression over the monitor-
ing period of 6 months, although the patient did not have an elevated IOP, after examina-
tion of the literature and actual reports, topical hypotensive therapy was applied. The first
therapeutic choice was brimonidine 0.2% for 3 months, but after an allergic reaction, it was
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replaced with latanoprost 0.005% (due to patient age and frequency of drug application).
There is no specific and precise recommendation about therapeutic choice. Most commonly
carboanhydrase inhibitors are used.

In these cases, the decision to use medication was made after a regular CT and the exclusion
of a potential neuro-ophthalmological disease (pseudotumor cerebri) and SAP findings (right
eye, MD = —18.56 dB; left eye, MD = —18.96 dB). After 6 months, the depth of visual field
defects was reduced (right eye, MD = —10.46 dB; left eye, MD = —13.51 dB).

An improvement in sensitivity reduction has been achieved, from the advanced to the initial
(right eye)/moderate (left eye) stage, and was confirmed by the 1-year SAP and at the last SAP
finding (IX/2016) (right eye, MD = —6,67 dB; left eye, MD = 10,28 dB).

In addition to functional, it is advisable to monitor structural damage by imaging techniques.
Retinal nerve fiber layer (RNFL) thinning is a pathological finding detected in drusen, by
using modern technologies: OCT (EDI-OCT), HRT, and laser scanning polarimetry (GDx) [9].
Roh et al. suggested OCT as a sensitive and confident method for the early detection of RNFL
thinning in drusen and/or glaucoma [36, 37].

A combination of methods that confirm anatomical lesion (OCT) and functional impairment
(SAP, electrophysiological testing) is necessary in making a right decision when and how
to treat by topical hypotensive drugs [4]. Recent studies confirmed that OCT is a significant
method in the differentiation of ONH drusen from the real edema of the ONH by means of
qualitative and quantitative criteria [10]. Both entities are presented with elevation and unclear
border of the ONH, and the qualitative criterion helps in the differentiation with a sensitivity
of 63%, because in real edema, an internal contour line of the optic nerve is a straight line as
well as the widened subretinal hyporeflective space (SHYPS), unlike in pseudoedema with
the undulating line (“lumpy-bumpy” line) and with narrow SHYPS (Savini). The thickness of
subretinal hyporeflective space (SHYPS) in edema is greater than 464 pm and in a diameter of
2 mm greater than 127 pm. Using EDI-OCT, it is possible to find out hidden drusen and their
posterior border with a depth of 500-800 pm, deeper than a conventional OCT [38, 39].

The quantitative parameter is the measurement of RNFL thickness (total and sectoral) with
a sensitivity of 90%, with a significant thinning before occurrence of scotoma in the visual
field. RNFL thinning correlates with the scotoma location, but not always with the degree of
damage of the visual field. The nasal sector is the predilection area [5]. Observed according to
grades, I and II are dominant superiorly, while III is more frequent inferiorly [36]. Opposite to
this, in ONH edema, the thickening of RNFL is observed [38]. The OCT findings of our patient
show average and sectoral thinning, at superior sector in an eye with hidden drusen and
nasally with superficial drusen, that correlates with previously mentioned observations. OCT
angiography, with superficial laminar segmentation, usually shows focal capillary attenu-
ation overlying the most prominent drusen. These findings demonstrate alterations in the
superficial retinal capillary network associated with ONH drusen [40].

Heidelberg retinal tomography (HRT) provides three-dimensional topographic analysis of
the ONH with the measurement of the height of the peripapillary RNFL that correlates with
the changes in the visual field. Thus, the area of the ONH was analyzed, and the control HRT
of our patient showed total RNFL thinning in the left eye 0.107 mm (0.18-0.31) [40, 41]. HRT
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is less sensitive than OCT in the RNFL estimation. It also shows anterior displacement of the
cup bottom, in front of the RPE versus healthy subjects [40]. Polarimetric analysis of retinal
nerve fibers (GDx) usually detects thinning, especially in the eyes with irregular and unclear
ONH border and erased cupping [41-44]. In our patient it was not performed due to technical
impossibility.

The retinal ganglion cell axons in the early phase of mechanical stress do not show immediate
degeneration but enter the stage of functional disorder, presented with abnormal latency at
the visual evoked potential (VEP) in more than 95% (Stevens). A minor clinical study of six
patients with drusen but without symptoms showed prolonged P100 wave latency [11, 45].
More sensitive is the multifocal VEP (mf VEP) that allows the measurement of the latency of
local VEP response from 60 sectors within the central 24° of visual field, which may be less
evident on the standard VEP [46]. Grippo’s analysis of patients with the drusen shows an
altered finding in 28% of patients tested with conventional VEP and 70% of abnormal findings
with mf VEP [15]. A careful review of the evoked potential of our patient shows a discretely
prolonged P100 wave, more obvious in the right eye (right eye, 117 ms; left eye, 113.7 ms).
That is a sign of initial dysfunction with normal visual acuity. In more affected eye, RAPD or
reduction of amplitude N95 can be seen [9].

Vascular complications and abnormalities in patients with drusen are frequent also. They
are caused by different mechanisms if they are associated with optic nerve head drusen.
The most common cause of sudden visual loss may be non-arteritic anterior ischemic optic
neuropathy (NAINO). Auw-Haedrich points out that people with drusen are more prone to
ischemic attacks of the optic nerve head than those with a small diameter of the scleral canal
and without drusen, because the arterial inflow becomes insufficient with their magnification.
The younger age is more dominant among them in comparison to the years of life of patients
with NAINO. CRAO, CRVO, and subretinal neovascularization adjacent to optic nerve head
may also affect the younger population [2, 9]. Our patient did not have vascular complications
because of the shorter duration of detected drusen and her age.

4. Conclusion

Young person with optic nerve head drusen is presented, the most common complications
and performed findings of the diagnostic procedures that were carried out with the sum-
marized current knowledge of epidemiology, pathogenesis, clinical presentation, diagnosis,
and therapy of the eyes with optic nerve head drusen. Currently, there is no specific strictly
indicated treatment and therapeutic protocol for the progressive damage of visual function
and complications that may arise due to drusen. A preventive IOP reduction is recommended
in order to reduce potential damage of the axons of the optic nerve [1]. The goal of the applied
therapeutic concept was to reduce the IOP with the tendency of slowing down and stopping
the progression of scotoma in the visual field, which is confirmed by the findings in this pre-
sentation and numerous pilot studies [1, 2]. Topical hypotensive drugs improve blood flow in
the optic nerve head, thus reducing potential vascular damage due to the presence of drusen.
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Following the correlation of years of life, the morphology of the optic nerve head, and the
functional changes with drusen, it has been established that during the time, drusen can cause
serious progressive optic neuropathy [47, 48]. The structural characteristics in the optic nerve
head cause individual differences in the damages of retinal ganglion cell axons caused by
intraocular pressure; therefore, lower IOP is recommended [49]. The importance of this, as
well as other medical and surgical therapeutic modalities, especially neuroprotective drugs,
is still being investigated in order to reduce potential morbidity.
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