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Abstract

Background

Sleep is mediated by photic input from photosensitive retinal ganglion cells via the optic nerves
which form part of the retinohypothalamic tract to the suprachiasmatic nuclei, which act as an

endogenous circadian pacemaker. Previous studies have shown increased circadian dysfunction
in ocular disorders and blindness; however, no large-scale studies demonstrating the impact of

optic nerve disorders (OND) on sleep have been performed.
Hypothesis

It was hypothesised that individuals with OND would have poorer sleep quality and timing than

individuals with normal visual function.
Aims

The aim of this research was to investigate the nature of the relationship between OND and

sleep quality and timing.
Methods

A general literature review of the physiology of normal and abnormal human sleep and OND
was undertaken. A systematic review of published research specific to sleep in OND was also

carried out.

An observational study of sleep quality and timing in OND based on the SOMNUS study was
conducted. In the prospective component of this study, participants were recruited from
ophthalmology clinics and completed standardised questionnaires including the Pittsburgh
Sleep Quality Index (PSQI); the Epworth Sleepiness Scale (ESS); The Morningness-Eveningness
Questionnaire (MEQ) to evaluate chronotype; the SF-36 Questionnaire to evaluate quality of
life (QOL); and the Hospital Anxiety and Depression Scale (HADS) to assess mood. A pool of
normally sighted control subjects was also recruited. In the retrospective component, data
from patients with autoimmune and demyelinating optic neuropathies was descriptively

analysed.



Summary of Findings

In the prospective study, 122 participants with OND were compared to 302 control
participants. Poor sleep was present in 65.6% of individuals with OND and in 39.7% of controls
(p<0.0001). Sleep timing was worse in OND (p=0.02). Daytime sleepiness (ESS), chronotype and
anxiety were comparable between groups, but HADS depression score was worse in OND
(p=0.04). QOL scores for all parameters except for emotional wellbeing were worse in OND
(p<0.05). Data were retrospectively analysed from 34 participants with neuromyelitis optica
spectrum disorder, which revealed prevalence of poor sleep in the presence of depression,

sphincter dysfunction, pain, psychiatric medication and glucocorticoid use.
Conclusions

In the prospective component of this study, participants with OND had poorer sleep quality and
timing than those with normal visual function. In the retrospective component, subjects with
autoimmune and demyelinating OND had systemic associations which may contribute to poor
sleep. This supports the consideration of sleep quality and timing in the holistic management of

patients with OND.
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Definitions of Abbreviations

AAION Arteritic anterior ischemic optic neuropathy
ACE Angiotensin converting enzyme

ACTH Adrenocorticotrophic hormone

AD Alzheimer disease

ADEM Acute disseminated encephalomyelitis
ADH Antidiuretic hormone

ADHD Attention-deficit hyperactivity disorder
AHI Apnoea/Hypopnoea index

AION Anterior ischaemic optic neuropathy
AIS Athens Insomnia Scale

ALDH Aldehyde dehydrogenase

A-POAG Advanced primary open angle glaucoma
APSD Advanced phase sleep disorder

AS Asperger syndrome

ASD Autism spectrum disorder
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BCVA Best corrected visual acuity

BDI Beck Depression Inventory

BDI-Il Beck Depression Inventory-I|

BLT Bright light therapy

BMD Humphrey visual field mean deviation of the better eye

16



BMI Body mass index

BVA Best visual acuity of the better eye
BPD Bipolar disorder

BVF Visual field of the better eye

CBD Cannabidiol

CBT Core body temperature

CF Counting fingers

CFS Chronic fatigue syndrome

CHRRPE Combined hamartoma of the retina and retinal pigment epithelium

Cl Confidence interval

CIS Clinically isolated syndrome

CNS Central nervous system

CP Craniopharyngioma

CRION Chronic relapsing inflammatory optic neuropathy
CRN Clinical Research Network

CSF Cerebrospinal fluid

csv Comma separated values

CT Computed tomography

CVI Certification of visual impairment

DCC Deleted in colorectal cancer, a netrin receptor
DI Diabetes insipidus

DLMO Dim light melatonin onset

DOA Dominant optic atrophy
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DPSD Delayed phase sleep disorder

EBM Evidence-based medicine

ECG Electrocardiogram

EEG Electroencephalogram

EMG Electromyogram

ENT1 Equilibrative nucleoside transporter type 1
EOG Electrooculogram

EPR Electronic patient record

ERG Electroretinogram

ERGO Eye Research Group Oxford

ESS Epworth Sleepiness Scale

ETDRS Early Treatment Diabetic Retinopathy Study
FOSQ Functional Outcomes of Sleep Questionnaire
FR Free-running

FRD Free-running disorder

FQ Fatigue Questionnaire

GABA Gamma aminobutyric acid

GAD Generalised anxiety disorder

GCA Giant cell arteritis

GCL Ganglion cell layer

GH Growth hormone

GHQ General health questionnaire

GSlI Glasgow Sleep Impact Index
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GTP Guanosine triphosphate

GVF Goldmann visual field

HADS Hospital Anxiety and Depression Scale

HADS-A Hospital Anxiety and Depression Scale Anxiety Component
HADS-D Hospital Anxiety and Depression Scale Depression Component
HLA Human leukocytic antigen

HM Hand movements

HON Hereditary optic neuropathy

HPA-axis Hypothalamo-pituitary-adrenal axis

HRQOL Health-related quality of life

HVF Humphrey visual field

ICP Intracranial pressure

IFN-y Gamma interferon

IlH Idiopathic intracranial hypertension

IOP Intraocular pressure

IOVS Investigative Ophthalmology and Vision Science (Journal)
IPL Inner plexiform layer

IVI Impact of Vision Impairment

JLD Jet lag disorder

LGN Lateral geniculate nucleus

LHON Leber hereditary optic neuropathy

MA Methamphetamine

MAOI Monoamine oxidase inhibitor
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MAR Missing at random

MCTQ Munich ChronoType Questionnaire

MDD Major depressive disorder

MEN Multiple endocrine neoplasia

MEQ Morningness Eveningness Questionnaire

MeSH Medical Subject Headings

mfERG Multifocal electroretinogram

mfVEP Multifocal visual evoked potential

MNAR Missing not at random

MNST Melatonin suppression test

MON Monosymptomatic optic neuritis

MPFC Medial prefrontal cortex

MRI Magnetic resonance imaging

MS Multiple sclerosis

MSLT Multiple sleep latency test

mTBI Mild traumatic brain injury

MWT Maintenance of Wakefulness Test

nAChR Nicotinic acetylcholine receptor

NAION Non-arteritic anterior ischaemic optic neuropathy
NEI-VFQ-25 National Eye Institute 25-ltem Visual Function Questionnaire

NEI-VFQ-25-NOS National Eye Institute 25-ltem Visual Function Questionnaire 10-ltem Neuro-

Ophthalmic Supplement
Neuro-QOL Quality of Life in Neurological Disorders

NFMA Non-functioning pituitary macroadenoma



NMDA N-methyl D-aspartic acid

NMOSD Neuromyelitis optica spectrum disorder

NPL No perception of light

NOS Neuro-ophthalmic supplement
NREM Non rapid eye movement

NRM Nucleus raphe magnus

NSAID Non-steroidal anti-inflammatory drug
OA Optic atrophy

OCC Optic chiasm compression

OCD Obsessive compulsive disorder
OCT Optical coherence tomography
ODD Optic disc drusen

ON Optic neuritis

OND Optic nerve disorder

ONG Optic nerve glioma

ONH Optic nerve hypoplasia

ONSM Optic nerve sheath meningioma
OPN Olivary pretectal nucleus

OSA Obstructive sleep apnoea

PA Pituitary adenoma

PACG Primary angle closure glaucoma
PAG Periaqueductal grey matter

PD Parkinson disease
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PERG Pattern electroretinogram

PFC Prefrontal cortex

PHQ Patient Health Questionnaire

PL Perception of light

PLM Periodic limb movement

PLR Pupillary light reflex

PNS Peripheral nervous system

POAG Primary open angle glaucoma
PPMS Primary progressive multiple sclerosis
pPRGC Photosensitive retinal ganglion cell
PROM Patient-reported outcome measure
PSG Polysomnography

PSPS Post-stimulation pupil size

PSQI Pittsburgh Sleep Quality Index

PTSD Posttraumatic stress disorder

RAPD Relative afferent pupillary defect
RBD Rapid eye movement (REM) sleep behaviour disorder
REM Rapid eye movement

REML REM latency

RGC Retinal ganglion cells

RHT Retinohypothalamic tract

RLS Restless leg syndrome

RNFL Retinal nerve fibre layer
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ROP Retinopathy of prematurity

RRMS Relapsing-remitting multiple sclerosis
SAD Seasonal affective disorder

SC Synthetic cannabinoid

SCN Suprachiasmatic nuclei

SCRD Sleep and circadian rhythm disorder
SDQ Sleep disorders questionnaire

SE Sleep efficiency

SF-36 The Medical Outcome Study 36-Item Short Form Health Survey

Sl Sight impairment

SJL Social jetlag

SL Sleep latency

SMON Subacute myelo-optic neuropathy

SNP Single nucleotide polymorphism

SNRI Serotonin-noradrenaline reuptake inhibitor
SOD Septo-optic dysplasia

SPMS Secondary progressive multiple sclerosis
S-POAG Stable primary open angle glaucoma
SRQOL Sleep-related quality of life

SSI Severe sight impairment

SSRI Selective serotonin reuptake inhibitor
STAI State-Trait Anxiety Inventory

SWA Slow wave activity
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SWS Slow wave sleep

T1DM Type 1 diabetes mellitus

TBI Traumatic brain injury

TCA Tricyclic antidepressant

THC Delta-9-tetrahydrocannabinol
TM Trabecular meshwork

TON Traumatic optic neuropathy
TSH Thyroid stimulating hormone
TST Total sleep time

VA Visual acuity

VEGF Vascular endothelial growth factor
VEP Visual evoked potential

VF Visual field

VFD Visual field defect

VI Visual impairment

VLPO Ventrolateral preoptic area
VRQOL Vision-related quality of life
WASO Wake after sleep onset

WS Wolfram syndrome
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Chapter 1: Introduction

“You lack the season of all natures, sleep(3).”

So said Lady Macbeth to a sleepless and tormented Macbeth whose mental and physical health
was growing worse(4). Most humans spend approximately one third of their lives asleep, and it
provides a state that is essential for our physiological and psychological health and wellbeing. A
lack of sleep can be detrimental to our physical and mental health, and published literature has
shown that it is associated with an increased risk of cardiovascular and metabolic disease(5).
Psychologically, poor sleep leads to increased depression, anxiety, and reduced concentration,
resulting in an increased likelihood of accidental injury at home and at work, when driving

vehicles and when operating machinery(6).

In ancient mythology, the Greek Hypnos, and his Roman counterpart Somnus are
personifications of sleep. Hypnos lived in a cave at the meeting of night and day. The onset of
dark typically coincides with sleep timing in humans, and this tends to occur at a predictable
time, with waking also taking place at a regular expected time corresponding to light onset and

the beginning of a new day.

The eye is known as “the light of the body”(7). In Ancient Egypt, the Eye of Horus was a
representation of the most illuminated bodies in the skies: the sun and moon(8). In mammals,
sleep is regulated by entrainment of the body’s internal circadian pacemaker, the
suprachiasmatic nuclei (SCN), which are located in the hypothalamus of the brain, by light(9).
Photic input to the eyes is detected by photosensitive retinal ganglion cells (pRGCs) in the
retina and relayed via the retinohypothalamic tract (RHT) to the SCN, which lies just superiorly
to the optic chiasm(10). The optic nerves form part of this pathway. The hormone melatonin is
a prime mediator of sleep and is produced by ocular structures and the pineal gland in the

brain in low-light conditions(11, 12).

Circadian rhythms can be normally entrained to 24 hours, in which an individual’s peak activity
and low melatonin levels are concurrent with daylight hours. Some individuals, however can be
abnormally entrained to a 24-hour cycle, exhibiting either an advanced phase, in which an
individual has a tendency towards onset of daily activities and low melatonin levels beginning

before daylight hours, and ending prior to the onset of darkness; or delayed phase, in which

25



there is a propensity for increased activity levels and onset of low melatonin several hours later
than light onset, with increased melatonin levels and decreased activity levels several hours
after the onset of darkness. A free-running (FR) circadian rhythm, or free-running disorder
(FRD), is one in which the intrinsic circadian rhythm is no longer entrained to the 24-hour
schedule. This occurs when there is loss of photic entrainment of the SCN, so that circadian
regulation is largely internalised. In this instance, there is often a tendency for the internal body
clock to operate at a period of longer than 24 hours, so that over a number of days, the internal
pacemaker can become increasingly out of synchronisation with the light and dark cycle.
Eventually, the internal circadian phase will continue to advance so that the circadian phase
and day and night re-align, and this oscillatory cycle will then repeat itself. In some individuals

with disordered sleep wake there is no discernible circadian period at all(13).

Published literature to date indicates that individuals with visual impairment (V1) are more
likely to experience poor quality sleep in comparison to normally sighted people(14-16).
However, there are few studies to date solely examining circadian dysfunction in relation to
optic nerve disorders (OND), an essential component of the wiring of the circadian pathway

circuitry in mammals.

Other contributors to sleep include anxiety and depression, particularly in cases of new or
sudden onset profound visual loss, with associated loss of independence, reduction in social
interaction, altered relationships, and impact on employment and career prospects. Loss of the
ability to drive has been found to be particularly frustrating, as has increased dependence on
friends and family and restriction of lifestyle choices preceding onset of visual loss(17-19). New-
onset visual loss, in the setting of chronic disease has been found to have a measurable
negative impact on vision-related quality of life (VRQOL)(20), and a new diagnosis of a chronic
disease in itself, such as multiple sclerosis (MS) or neuromyelitis optica spectrum disorder
(NMOSD) can also contribute to additional anxiety and depression(21, 22). With increased time
since diagnosis and increased disability, depression may predominate, although anxiety may

still be prevalent(21, 22).

Age at onset of visual loss may determine psychological comorbidity and quality of life.
Acquired and new-onset visual loss in adolescence and young adulthood may have a greater
negative impact on self-esteem than in congenitally blind individuals, or in childhood onset,

where adaptations and coping strategies have been consolidated(23), although in chronic
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conditions leading to VI in childhood and early adulthood, such as in NMQOSD, the psychological
impact can be profound(24). Middle-aged adults can be negatively affected with new-onset
visual loss, the burden encompassing social interaction, career prospects and psychological
wellbeing(25). Low vision has been associated with worse self-esteem than blindness in young
adults(26), although new-onset chronic disease in children has been found to have a marked
impact on quality of life, anxiety and depression(27). In the elderly, depression has been found
to correlate with visual loss, in conjunction with poorer quality of life (QOL)(28, 29). Some OND
can present with sudden onset profound visual loss in otherwise healthy individuals, which is
often the case in Leber hereditary optic neuropathy (LHON), which can cause marked
psychological morbidity. Diagnostic uncertainty and the shock at receiving a new clinical

diagnosis may contribute to anxiety and depression(30).

Sleep quality can depend on environmental setting, with sleep at home reported to be of
better quality and duration than in a hospital, with multiple occupancy rooms, light,
temperature and clinical interventions contributing to sleep disturbance(31, 32). Poor sleep
quality has been found to correspond to poor immune function and increased length of

hospital stay which in turn prolongs of sleep impairment(33).

1.1 Problem Statement

The consequences of poor sleep are manifold and impact the social, psychological and physical
functioning of an individual. This may be heightened in individuals with visual impairment, as
visual impairment itself has been shown to have a negative impact on these functions(34-36). It
is important and relevant for clinicians and the public to have an awareness of potential sleep
disruption in the visually impaired population. In this study, | investigated sleep quality and

timing in individuals with visual impairment, specifically OND.

Due to the functional relevance of the SCN in circadian regulation of sleep and wake, and the
fact that it receives input almost wholly from pRGCs via the optic nerves which forms the
retinohypothalamic tract (RHT)(37), | have confined my study to disorders of the optic nerves
(from the optic disc to the optic chiasm). Components of the visual pathways which lie

posterior to the optic chiasm comprise the optic tracts, lateral geniculate nuclei (LGN), optic
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radiations and visual cortices which are not primarily involved in circadian regulation and are

beyond the scope of this study(37, 38).

1.2 Hypothesis

| hypothesised that individuals with damage to the optic nerves have poorer sleep quality and

timing than individuals who have normal visual function and intact optic nerves.

1.3 Aims and Objectives

The aim of my research was to investigate the nature of the relationship between OND and

sleep quality and timing.

My specific objectives were to:

1) Review published literature evaluating the relationship between OND and sleep quality and
timing

2) Collect subjective sleep quality and timing, general health, QOL and mood data from

individuals with OND (with details of ocular history, time since diagnosis and visual function)

and from a normally sighted control group

3) Statistically analyse data collected from individuals with OND and controls to determine

whether OND and other health and lifestyle factors have an impact on sleep quality and timing

4) Discuss the relevance of my findings to practice and policy with regard to holistic
management of patients with OND, taking into consideration their general health, QOL,

lifestyle and mood.
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1.4 Materials and Methods

1.4.1 Study Design

1.4.1(a) General Literature Review

To couch this study, | undertook a general literature review of the structure and physiology of
normal sleep, and the pathophysiology of sleep disorders. | also reviewed OND using the
categories of congenital, autoimmune and inflammatory, demyelinating, those resulting from
increased intracranial pressure, compressive, vascular, traumatic, toxic and glaucomatous. |
discussed exogenous and endogenous influences on sleep wake, and how sleep wake is

measured subjectively and objectively.

1.4.1(b) Systematic Literature Review
| conducted a systematic literature review of published research evaluating the subjective sleep

wake in the context of OND. Glaucomatous pathologies, a prevalent form of optic neuropathy
were included for context, although participants with glaucoma were not included my

observational study, as they were recruited to a separate arm of the SOMNUS study.

1.4.1(c) Observational Study
My study is primary research, and can be classified as an epidemiological observational cross-

sectional study(39). This design enabled me to appraise the prevalence of sleep disturbances in
participants with OND in comparison to control participants as a snapshot in time, and also

allowed me to measure multiple outcomes from questionnaire data, as described below(40).

All data in my observational study were anonymised for analysis and formal written consent
was obtained from participants in accordance with Good Clinical Practice (GCP)(41). The study
was conducted in accordance with the tenets of the Declaration of Helsinki(42). Participants
were free to withdraw their consent at any time, with subsequent removal of their data from

the study.
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1.4.1(c)(i) Prospective Component
| prospectively collected subjective data to assess multiple aspects of sleep and general and

psychological health in individuals with OND recruited from ophthalmology clinics across five
sites. Participants with normal vision across seven sites were also recruited to form a control

group. | gathered this data using a compilation of seven questionnaires. These included:

- The Pittsburgh Sleep Quality Index (PSQl), in which a score >5 indicates poor sleep, and
PSQI>10 being a consensus for severe sleep disorder(43, 44);

- The Jupiter Medical Centre Questionnaire (JMCQ), which assesses the presence of other
forms of sleep disturbance including Restless Leg Syndrome (RLS) and Obstructive Sleep
Apnoea (OSA)(45)

- A General Health Questionnaire (GHQ), adapted from the Patient Health Questionnaire
(PHQ) to collect demographic, socioeconomic and general health information including
past medical history, drug history and psychiatric history(46);

- The Short-Form 36 Questionnaire (SF-36), to assess QOL, mood, physical, emotional and
social functioning(47);

- The Morningness-Eveningness Questionnaire (MEQ), to evaluate chronotype(48);

- The Epworth Sleepiness Scale (ESS) to assess daytime sleepiness, with a score>10
indicating excessive daytime sleepiness(49); and

- The Hospital Anxiety and Depression Scale (HADS) to assess anxiety (HADS-A) and
depression (HADS-D) in two separate subscores, with a subscore >7 indicating the
presence of anxiety and depression, respectively(50).

1.4.1(c)(ii) Retrospective Component

| retrospectively collected data from participants with OND who had been recruited to my
prospective study at Oxford University Hospital. | then analysed a subset of data from
participants with autoimmune and demyelinating OND, which was of interest due to the
prevalence of these conditions within the cohort and their predominantly systemic nature,

which can also impact on sleep quality and timing.
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1.5 Research Team Acknowledgements and Role in this Project

The SOMNUS study was set up by Professor Susan Downes, Chief Investigator, in collaboration
with Professor Russell Foster of the University of Oxford. It was supported by a Wellcome Trust
grant and National Institute for Health Research (NIHR) funding. Eye Research Group Oxford
(ERGO) assisted in the data collection. ERGO is a research team which includes Ophthalmology
Consultants, a Research Nurse Manager, Research Nurses, a Research Coordinator, a Clinical
Research Analyst and Administration Staff. | analysed data generated by this study
independently, but advice and support was available within the team as required, with further

statistical consultation from Dr. lona Alexander and Mr. Colm Andrews.

1.6 Impact

This study raises awareness of disorders of sleep quality and timing in patients with OND.
Raising awareness of the presence of poor sleep in a population who have sight loss is
extremely important: This group may already have considerable health issues due to systemic
disease associated with OND impacting on their QOL. Increased understanding and prompt
recognition of sleep disorders, including poor sleep quality and timing could effect early
intervention and could markedly improve holistic health outcomes. Melatonin, light therapy, or
a combination of the two, as well as other novel interventions may have a role to play in
improving QOL in this group of patients, particularly in those in whom circadian dysfunction is

identified.
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Chapter 2: Background

2.1 Introduction

Sleep is defined as “a reversible behavioural state of perceptual disengagement from, and
unresponsiveness to, the environment”(51), and is essential for wellbeing(6, 52, 53). Sleep
duration of less than six hours per night increases the risk of cardiovascular and metabolic
disease and can lead to accidental injury as a result of reduced concentration(5). Whilst
excessive sleep, known as hypersomnolence, of nine hours’ or more duration per night may
also be related to disease(54-57), sufficient sleep may be neuroprotective(6). My aims in this
chapter are to examine the physiological processes concerned with sleep quality and timing,
with specific reference to circadian physiology. | describe pRGCs within the optic nerve and
RHT, how optic nerve and RGC function and sleep can be measured, and influences other than

OND and circadian physiology that impact on sleep in a real world setting.

| commence this chapter by discussing the structure of normal human sleep, followed by
circadian physiology. Following this, | consider the structure and function of the optic nerve as
a key component of the RHT and clinical assessment of its function. | then discuss circadian
rhythm disorders and other non-circadian disorders of sleep. | then consider the
pathophysiology of OND relevant to this study and my systematic literature review and
exogenous influences on sleep wake (including caffeine, smoking, alcohol and prescribed
medications). | then examine endogenous influences on sleep wake (including psychological
factors, and factors relating to systemic neurological disease). | then discuss demographic and
relational factors influencing sleep wake and how sleep is measured subjectively and

objectively.

2.2 Normal Human Sleep

Normal human sleep occurs during the night. The average duration of a night’s sleep is 7.6
hours, although variations in age and sex exist. Normal sleep tends to occur in a reclined
position, with low muscle tone and the eyes closed, and during which an array of biological

mechanisms occur, including immune modulation and restorative metabolic processes(51, 58,
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59). Normal sleep is composed of cyclical episodes of rapid eye movement (REM) and non-rapid

eye movement (NREM) as described below(51).

2.2.1 Structure of Normal Sleep

Aserinsky and Kleitman(60) in their seminal study of electrooculography (EOG) and
electroencephalography (EEG) in sleeping subjects observed sleep intervals characterised by
rapid, short-arc rotational eye movements (REM) and those where eye movements were
slower and of a wider arc of rotation (NREM). Normal sleep commences with 80-100 minutes
of NREM sleep followed by cycling through REM and NREM stages approximately every 90

minutes(51).

REM episodes are depicted by a low-voltage, sawtoothed EEG pattern(61), and have been
accompanied by atonia of the rest of the body(62), although normal tonic activity has been
reported(63). REM is strongly associated with vivid dreams, which can be recalled, whereas
“hypnagogic reveries”, with more abstract images and sensations are found in NREM sleep(64,
65) although a continuum of dreaming corresponding to mentation during sleep stages is likely

to exist(66-68).

NREM sleep has been subdivided into four stages with regard to EEG findings(60, 61, 64), which
correspond to the sleep states first described by Loomis et al(69). NREM stage 1 is
characterised by irregular, low electrical voltage activity, and comprises alpha waves, and slow,
large range horizontal eye movements. NREM stage 2 contains sleep spindles of 12-14c/sec and
K complexes, which are biphasic waves with superimposed sleep spindles of high wavelength
and amplitude(70). Delta waves, which characterise “slow wave sleep”(SWS) begin to appear in

NREM stage 3, and NREM stage 4 classically contains large delta waves(66, 71).

NREM stage 0 depicts wakefulness with eye closed, and is typically composed of alpha
waves(61). During wakefulness, increase in fatigue correlates with increase in power density of
theta waves, which appear to be associated with waking intensity, in addition to alpha and
delta waves(72-74). NREM stages are usually short duration of fewer than ten minutes, with

REM lasting up to 40 minutes.
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NREM and REM occur at different frequencies during the night between individuals(75), and
have similar auditory awakening thresholds(76). EEG recordings of sleep have been found to be
consistent between males and females(77), although there appears to be reduced
consolidation of NREM sleep, particularly SWS, associated with ageing, possibly due to

decreased circadian influences(78).

2.3 The Two-Process Model of Sleep

The two-process model of sleep (Figure 1) describes how the physiological processes involved
in sleep are under both homeostatic and circadian control in mammals(79, 80). Sleep pressure,
or “Process S”, is a homeostatic drive for sleep that builds up during wake time(81). EEG
changes have shown increase in theta wave activity during prolonged wake periods, followed
by increased slow wave activity power and increased slow wave activity (SWA) in early sleep
following prolonged waking(82), indicating that “the longer we are active, the deeper we
sleep”(81). At a cellular level, accumulation of extracellular adenosine during waking hours or
during sleep deprivation activates adenosine Al receptors and drives the SWA needed for sleep
homeostasis. Adenosine is then metabolised by adenosine kinase in glial cells, causing
deterioration in SWA, and decay in Process S(81, 83). Caffeine, a widely used stimulant
antagonises adenosine A1, A2A and A3 receptors and can reduce sleepiness, as will be

discussed later in this chapter(84-86).

“Process C” refers to the circadian sleep timer(81), which describes a rhythmic fluctuation in
sleep tendency(87), and is consistent with the paradigm “the longer we are active, the shorter
we sleep”(81). Circadian function is influenced by photic input from the eyes and has an
influence on the sleep-wake cycle via the optic nerves and RHT to the SCN, the internal
circadian pacemaker of the body(11). Sleep timing is modulated by the hormone
melatonin(79), which is produced by a number of structures, the principal being the pineal
gland in response to low light conditions transmitted through the eye(12). Ocular structures

including the retina, ciliary body and lens, also produce melatonin(88).
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Figure 1: The Two-Process Model of Sleep Regulation for a Diurnal Mammal

A 24-hour signal (C, grey bars) arising from the SCN and a homeostatic driver (S, dotted line) interact to
determine the timing, duration, and structure of sleep

Modified from: Russell G. Foster, Leon Kreitzman(2017)(79). Reproduced with kind permission.

2.4 Circadian and Homeostatic Misalignment

Misalignment of the circadian and homeostatic systems may occur in shift work and jet lag. In
these instances, sleep and wake in relation to circadian phase is displaced and can impair
physical and cognitive ability. The chronic effects of circadian misalignment as a result of
frequent transmeridian travel and shift work which disrupt photic entrainment include
dysfunction of lipid and glucose metabolism and regulation, insulin resistance, and disordered
secretion of hormones including melatonin, growth hormone (GH), cortisol, and hunger- and

appetite-regulating leptin and ghrelin, leading to a predisposition to diabetes, cardiovascular

35



disease and cancer(79, 89). | will discuss circadian rhythm disorders (SCRD) in more detail later

in this chapter.

2.5 Circadian Physiology in the Animals and Humans

Photic entrainment of the endogenous circadian pacemaker is driven solely from light detected
by the eyes in mammals(9). This is not the case in other species. For example, amphibians
possess both circadian clocks and photoreceptors within extraretinal structures, such as a
frontal organ, and lizards possess a parietal eye. Furthermore, birds possess photoreceptors
deep within the hypothalamus that are used to regulate circadian timing through deep brain
stimulation directly from ambient light(90). Within species, there may be heterogeneity of
circadian patterns(91), which may be affected by factors such as sex, age, season and

environment(92).

The key cell for non-visual (or non-image-forming) photoreception is the pRGC(93, 94). pRGCs
are a small and distinct population of retinal ganglion cells (RGCs) which relay directly to the
SCN via the RHT and contain the photopigment melanopsin(79, 95, 96). pRGCs are alternatively
know as intrinsically photosensitive retinal ganglion cells (ipRGCs) and melanopsin retinal
ganglion cells (MRGCs). For consistency, the term pRGC will be used throughout this review.
Melanopsin (OPN4) is sensitive to blue light and was first proposed as an agent in circadian
timing by Provencio et al(97) in which African clawed frogs were found to express melanopsin
in directly photosensitive tissue, dermal melanophores; iris tissue, and brain tissue. In humans,
pPRGCs are found in greatest density 2mm eccentrically from the fovea, with decreasing density
but increased proportion relative to the total ganglion cell population peripherally, and
corresponding increase in size and overlap of dendritic field (98). PACAP, a neuropeptide co-
stored with melanopsin in pRGCs has been found in the SCN, LGN, pregeniculate nucleus,
pretectum, brachium of the superior colliculus and the superior colliculus in macaque
monkeys(99). Similarly, studies of mice have found melanopsin projections through the optic
nerves with dense SCN terminals bilaterally, and additional optic tract routes to the LGN and

pretectum in the region of the olivary pretectal nucleus (OPN)(100).

Five morphologically distinct types of pRGC have been found in murine and human retinae,

classed as M1-M5(101, 102). M1 and M2 pRGCs have been most widely studied, and project to
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the SCN and OPN(101, 103). M1 are morphologically smaller with more dendrites, are acutely
sensitive to light and lie in the outermost lamina of the inner plexiform layer (IPL), whilst M2
have lesser sensitivity to light, and are found in the innermost lamina of the IPL(101-103). M3
PRGCs are similar in size to M5, and are of intermediate light sensitivity, their dendrites being
found in both inner and outer IPL laminae. M4 are the largest class of melanopsin pRGC, and
are found with M5 in the inner IPL lamina, with both having a low response to light(101). M6
cells have been described in murine models by Quattrochi et al(2013)(104), which have
projections to the OPN, which lies in the midbrain and forms part of the pupillary light response
circuitry(105), and intergeniculate leaflet, which lies in the lateral thalamus, and is necessary
for entrainment of the circadian rhythm to a skeleton photoperiod(106), although less known
about M6 function(107). As yet the precise projections and physiological and light responses of

melanopsin pRGCs are yet to be defined (see Figure 2).
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Figure 2: Melanopsin-Immunoreactive Retinal Ganglion Cells

Classification Based on Soma Localization and Dendritic Stratification

Images a, f and j: Melanopsin-ir subtypes was 3D-reconstructed from stacks of digital images which
was costained red using ChAT immunoreactivity to identify localization of melanopsin-ir dendrites in
the IPL. Each subtype of melanopsin-ir cells and dendritic processes was then identified using the
tracing module in IMARIS® and pseudocoloured in the same program.

Images b—e: These illustrate in XY and XZ plane a gigantic M1 cell (green in b, c) and a classical M1 cell
(red in b and d) and a displaced M1 cell (yellow in b and e). (g) shows a M2 (green), a M4 (red), and a
displaced M1 cells (pink and yellow).

Image h: The M2 and M4 cells are for clarity illustrated alone, which also shows slightly deeper
stratification of M4 dendrites in the IPL compared to M2 dendrites.

Images i-m: This illustrates a displaced M1 cell with dendrites in the outermost layer of the IPL. A
gigantic displaced M1 cell (GDM1) with its relatively straight dendritic processes is illustrated (yellow)
together with a large M4 cell (red) in (k). For clarity, the individual cell is also separate in (l) and (m).
Note the relatively weak melanopsin immunostaining of M4 cells in (a) and in (j).

Image n: This illustrates the variation of soma diameter between the different subtypes of
melanopsin-ir RGCs, the gigantic M1 cells and M4 cells being the largest.

Key: GCL=Ganglion cell layer; INL=Inner nuclear layer; IPL=Inner plexiform layer; irsimmunoreactive;
RCGs=Retinal ganglion cells.

Scale bars: a—e; 100 mm, f—i; 80 mm, j—m; 50 mm.

Modified from: Jens Hannibal, A.T. Christiansen, S. Heegard, J. Fahrenkrug and J.F. Kiilgaard
(2017)(108). Reproduced with kind permission.
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Rods and cones (image-forming or visual photoreceptors) are not essential for
photoentrainment in mammals but they do contribute to the system, and have
demonstrated a weakened circadian response to light stimulation (94, 109). Similarly, there
may be some overlap in conscious visual perception, with some evidence of retrograde

transmission of visual stimuli via melanopsin-expressing cells(99, 110).

Individuals with VI or no vision have been reported to be more likely to experience poor
quality sleep in comparison to sighted people(14, 15). However, these previous reports
studied a heterogenous group and disease-specific information was not taken into
consideration. Importantly, for studies in circadian biology in the visually blind, a non-
recordable or flatline electroretinogram (ERG) is ideal as it indicates complete absence of
rod, cone or ganglion cell responses(111), whereas individuals with no conscious perception
of light, may still have functioning pRGCs and an ERG signal(112). Individuals who are
registered blind must have a Snellen visual acuity (VA) of less than 3/60 with a full visual
field (VF), or above 3/60 in the presence of severe visual field defects (VFD)(113), indicating
the possibility of visual and non-visual photoreception. There is currently no standard way
of assessing non-visual photoreception in humans, and whilst studies investigating the
differential impact of disease severity on circadian biology are being carried out, sample
sizes are often small, and there is no standardised way of comparing pRGC function across
disease types. A further limitation is that factors unrelated to pRGC integrity, such as pre-
existing sleep disorders or sleep modifying medications are rarely accounted for. In addition,
results are often conflicting, and whilst the role of OND has been investigated in circadian

disruption(114-116), to my knowledge there has been no overall review of this area.

2.6 The Optic Nerve

The optic nerves, which transmit sensory information from the retinae to the brain, are not
histologically true cranial nerves but rather extensions of cerebral white matter tracts
composed of oligodendrocyte-myelinated axons of RGCs (with the exception of their
unmyelinated prelaminar portions)(117). Contents of the optic nerve additionally comprise
astrocytes and microglia, blood vessels arising from the central retinal arterial and ciliary

system, the central retinal vein and its tributaries(118). Each optic nerve carries 1.2 million
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axons, which originate in the retina. RGCs, transmitting visual impulses that arise from rod
and cone photoreceptors via bipolar cells, traverse the optic chiasm to the LGN of the
thalamus, which then project to the visual cortices, where processing of visual information
occurs(119). pRGCs are able to detect light, but are non-image forming, and form functional
pathways involved in regulation of circadian rhythm, sleep and alertness, and pupillary
responses. pRGCs conduct this photic information along the optic nerves, which are
components of the RHT, and relay this to multiple intracranial nuclei, including the SCN(38,

120-126).

Each optic nerve is approximately 50mm long and has four anatomical segments, the most
anterior being the intraocular portion, which is Imm in length and forms the optic nerve
head, which is visible on fundoscopy, and comprises the retinal nerve fibre layer (RNFL) at
its most anterior followed by a prelaminar layer. It is then divided by the porous connective
tissue septum, the lamina cribrosa, at the level of the sclera, posterior to which it forms the
postlaminar portion, acquires a meningeal covering of pia and dura mater, is surrounded by
CSF and is myelinated(38). This is followed by the intraorbital portion, which is the longest
at 25mm and courses through the orbit; the intracanalicular portion of approximately 9mm
length which traverses the optic canal, pierces the sphenoid bone and then becomes the
intracranial portion, which is 16mm in length. Both intracranial optic nerves then unite to

form the optic chiasm(119).

The optic chiasm lies superior to the sella turcica, the saddle-like concavity within the
superior surface of the sphenoid that houses the pituitary gland, and its covering layer of
dura, the diaphragma sellae. The optic chiasm is the site at which nasal fibres from each
optic nerve decussate to join the contralateral optic tract and lies 2-6mm posterior to the
tuberculum sellae, the bony prominence located at the front of the sella turcica. The
posterior border of the optic chiasm forms the anterior wall of the third ventricle, which
contains CSF, with the pituitary stalk passing posterior and inferior to the chiasm. The
cavernous sinuses lie laterally and inferior to the chiasm and conduct the internal carotid
arteries and internal carotid plexus, the cranial nerves involved in movement of the eye
(oculomotor, trochlear and abducens nerves) and the ophthalmic and maxillary branches of

the trigeminal nerve. The anterior cerebral arteries and anterior communicating artery lie
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superior to the chiasm, the internal carotid arteries lie laterally, and the basilar artery

posteroinferiorly(124, 127, 128).

The optic nerve lies within the subarachnoid space and is surrounded by CSF except for its
most anterior prelaminar portion. The subarachnoid space may be compartmentalised
rather than free-flowing as CSF concentration gradients along its length have been
observed, which may explain apparent segmental compartment syndromes and asymmetric
or unilateral optic nerve swelling(129, 130). Similar to the retia and brain, a blood-optic
nerve barrier exists, formed by tight junctions and absence of fenestrations between
endothelial cells(131). It has been postulated that CSF circulation around the optic nerve is
via a glymphatic system, which is a system for removal of neurotoxic metabolites such as
soluble proteins and B-amyloid, particularly during sleep, and dissemination of nutrients,

hormones and neuromodulators(130, 132, 133).

Arterial supply of the optic nerve head is complex and anatomical configurations are highly
variable. The lamina cribrosa is supplied by an abundant network of vessels known as the
circles of Zinn and Haller, which are usually formed by the short posterior ciliary arteries, in
addition to contributions from the short ciliary arteries, recurrent choroidal arteries, arteries
of the pia mater and small intraneural branches of the central retinal artery, which arises
from the internal carotid artery in most phenotypes(134). Anterior to the lamina cribrosa,
the predominant arterial supply is typically from the choroid via the short posterior ciliary
arteries and recurrent choroidal arteries, while posteriorly, arterial supply is from the pia
mater complex externally and small branches of the central retinal artery internally(134).
The intraorbital optic nerve is supplied by the ciliary arteries and central retinal artery, while
the intracanalicular portion is supplied by a small network of branches of the superior
hypophyseal arteries, which are extensions of the intracranial and intraorbital sections of

the ophthalmic artery(135).

Venous drainage of the optic nerve is via the central retinal vein, with tributaries arising
from the choroid and optociliary veins, with some drainage from pial veins. The central
retinal vein lies in the subarachnoid space and empties into the cavernous sinus, either
directly or via the superior ophthalmic vein(134, 136). Due to its position within the
meningeal layers, the central retinal vein is vulnerable to fluctuations in intracranial
pressure transmitted by the CSF. Venous valves are absent within the optic nerve and orbit,
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and venous tributaries form a tortuous, anastamotic complex. The optic nerve is devoid of
lymphatics, although they are present in the nerve sheath and lymphatic markers have been

identified in macrophages of surrounding tissues(137, 138).

Postganglionic sympathetic fibres from the superior cervical ganglion supply the optic nerve
vasculature, with vasoconstriction being protective against elevated blood pressure, while
postganglionic parasympathetic contributions are relayed from the ciliary ganglion

(oculomotor nerve) and pterygopalatine ganglion (facial nerve)(134).

2.6.1 Functional Relevance of the Optic Nerve

The optic nerve is a component of the RHT, and as such is a key feature of the relay system
from the eye to the SCN. The optic nerves are therefore implicated in circadian regulation,
and damage to the nerve could affect transmission of photic information from pRGCs to the
SCN, leading to disrupted circadian function and impaired sleep quality and timing. In this
chapter I discuss how different optic nerve pathologies, including glaucoma can affect pRGC
function, and in Chapter 3 | present a systematic review of the published literature to
determine what is currently known regarding the impact of OND and glaucomatous
conditions on sleep quality and timing. As sleep is also affected by factors unrelated to the
circadian system, it is important to differentiate between circadian rhythm sleep disorders

and other sleep disorders, which are described in 2.7 and 2.9.

2.6.2 Measurement of Optic Nerve Function

There are several assessments of RGC and by implication optic nerve function available in
the clinical and experimental setting, as described below. These all indirectly evaluate RGC
transmission, although subjective input and compliance is required in most cases, and
motor coordination is required for automated perimetry. The practicalities of performing
these tests in the clinical setting vary, as several, including formal pupillary light reflexes
(PLR) and ERG are time-consuming but provide useful objective data. All testing modalities

for RGC function can be compromised by the presence of other ocular pathologies including
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cataract and retinal disease, which should be assessed and taken into consideration for each

patient(139).

2.6.2(a) Contrast Sensitivity
Contrast sensitivity can be measured by a simple letter chart with optotypes of reducing

contrast, and has been found to be an early sign of RGC loss, preceding VFD and reduction in
VA. It has been demonstrated to correlate with RGC count and thickness of the ganglion cell

and inner plexiform layers of the retina and is related to the size and on-off reactivity of the

RGC dendritic field in response to light and dark stimuli, which transmit impulses via

magnocellular pathways(139-141).

2.6.2(b) Chromatic Vision
Colour, or chromatic vision is not consciously detected by RGCs, but relies on RGC function

for transmission of impulses from light of differing wavelengths to the visual cortices via
parvocellular routes. Midget RGCs are most prevalent in the fovea where cones provide
direct input to RGCs regarding spectral reflectivity. RGCs are therefore implicated in
determination of hue or saturation of red, green, blue and yellow wavelength light, and are
also involved in edge detection and distinguishing the boundaries and form of objects. M1
pPRGCS have also been found to respond to specific contrasts of blue and yellow light
associated with sunrise and sunset, which may be implicated in circadian timing. In the
clinical setting, colour plates can be used as a simple test of colour vision, in addition to

panel tests of hue(139, 142, 143).

2.6.2(c) Pupillary Light Reflex
pRGCs mediate the PLR with projections to the lateral geniculate nuclei of the thalamus and

Edinger-Westphal nuclei in the rostral midbrain. They are most responsive to blue light of
wavelength 470-480nm, and are less sensitive than rods, which produce early, short-lasting
pupil contraction, but are able to sustain pupil contraction, and do not display fatigue with
repeated stimulation. The post-illumination pupil response is most specific to pRGC

function, which evaluates pupil contraction at 1.7s post initiation of light. pRGCs are also
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implicated in regulation of pupil size, and the presence of a relative afferent pupillary defect
(RAPD) may denote damage to structures in the afferent arc of the pupil reflex, which
comprises pRGCs. Clinically, pupil size and the presence of a RAPD are tests that can be
swiftly carried out as part of a routine assessment(139, 144, 145). Automated bedside
pupillometers can be used to evaluate pupil responses and size, however formal testing of
full-field chromatic (red and blue light) PLR requires a protocol of several minutes of dark

adaptation, and specialist equipment such as a Ganzfield screen and eye tracker(146).

2.6.2(d) Visual Fields
RGC dendritic fields cover the whole retina and overlap on average three-fold, with

properties of size-selectivity and a balance of on- versus off-centre RGCs maximising the
precision of spatial resolution, which gives rise to the field of vision(139, 147, 148). Damage
to RGCs in OND and glaucoma cause VFDs, and assessment of visual field (VF) is a key part of
assessment of RGC and optic nerve function, with standard automated perimetry (such as a
Humphrey visual field (HVF)) being the gold standard for assessment of visual function in
glaucoma, with correspondence to RNFL thickness(149, 150). VFs in neuro-ophthalmological
conditions can also be measured using kinetic Goldmann perimetry, which requires
interaction with a skilled perimetrist and has the advantage of evaluation of the peripheral
visual field, defining the shape of scotomas with greater precision and reducing variability of
repeat readings in patients with low vision, but has the disadvantage of being more
dependent on the skill of the assessor, and a standardised method of numerical comparison
of HVF and Goldmann visual field (GVF) in research studies has not been clearly defined(151,
152). Finally, confrontation VFs provide a rapid bedside test of central and peripheral vision,

although this is less sensitive to smaller defects, and is more examiner-dependent(153).

2.6.2(e) Electroretinography
ERG produces a valuable objective measurement of RGC function. It is time-consuming and

requires specialist equipment including corneal and skin electrodes, a curved screen and
monitoring apparatus and in scotopic, or dark-adapted conditions, requires an adjustment
period. The pattern electroretinogram (PERG) uses a reversing checkerboard grid to

neutralise photoreceptor activity so that RGC function can be detected and has been found
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to anticipate structural PRG damage on optical coherence tomography (OCT), with improved
function detected following reduction in intraocular pressure (IOP) in glaucoma(154). The
PERG N95 wave is a reflection of RGC function, and abnormalities can indicate the presence
of OND; however the preceding p50 wave may be attenuated in the presence of macular or

retinal atrophy(139, 155).

Photopic negative responses follow the ERG b wave. These are negative potentials that
indicate peaks in RGC activity and correspond to findings on automated perimetry, with
reliable correlations with extent of RGC damage found in compressive optic neuropathies
and idiopathic intracranial hypertension (IIH)(156, 157). Visual evoked potentials (VEPs) can
detect aberrant optic nerve conduction, with findings including slower peaking, reduction in
amplitude and altered shape of the p100 waveform in optic nerve compression, with wider-

field multifocal VEPs (mfVEPs) corresponding to VF loss(139, 156).

2.6.2(f) Visual Acuity
VA is not a sensitive test of RGC function, as it is an assessment of the function of neuronal

integrity at the fovea, which comprises a tiny portion of the total RGC field, and peripheral
damage can be missed(158). VA can also be spared in OND relative to other functions such
as colour vision, contrast sensitivity and pupil reactions, and macular damage can exist in
glaucoma in the absence of reduced VA(159, 160). Central RNFL loss does correspond to VA,
and test reliability can be improved using ETDRS or LogMAR charts as Snellen charts do not
have a uniform decrease in size of optotypes, leading to a skewed distribution of data. Low-
contrast, high-pass optotypes have also been found to be more sensitive in identifying

central RGC loss in glaucoma(158, 160-162).

2.7 Types of Circadian Rhythm Sleep Disorders

Normal circadian rhythms are entrained to 24 hours, with a corresponding alignment of
sleep/wake to the light-dark cycle. Abnormal circadian rhythms, in their pathological state
are known as sleep circadian rhythm disorders (SCRD) and are classified as entrained to 24-
hours, or non-entrained to 24-hours, and have been frequently observed in individuals with

low vision, including that associated with OND(13-15).
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SCRDs entrained to 24 hours include advanced phase sleep disorder (APSD), which is
characterised by sleep onset and melatonin peak occurring earlier than environmental
night, leading to sleeping and waking several hours earlier than social norms. Delayed
phase sleep disorder (DPSD), denotes sleep onset and wake time that occur several hours

later than social norms, with peak melatonin levels occurring later into the night(163, 164).

Non-24-hour sleep wake disorders are those in which a stable, regular rhythm of sleep wake
cannot be maintained and in which circadian rhythms are not entrained to a 24-hour
period(165). Non-entrained SCRD includes the “free-running” disorder (FRD). A FR circadian
rhythm is one in which photic entrainment is absent. Without photic input the endogenous
rhythm of the SCN drives internal entrainment. This is typically longer than a 24-hour
cycle(166), and means that over a number of days, the sleep period becomes increasingly
out of synchronisation with the environmental light and dark cycle. Entrainment appears to
occur when the internal day and external light-dark cycle temporarily attain a stable phase

relationship.

In some cases, individuals exhibit an irregular sleep-wake rhythm with no discernible period.
A fourth subset of SCRD, comprises individuals who have no discernible rhythm, known as
irregular sleep wake disorder (ISWD), in which sleep episodes may be shortened (although
total sleep time may be orthodox), and may occur at arbitrary intervals during the day and
night. ISWD may also be classified as a non-24 hour sleep wake disorder(163, 164). (See
Figure 3).
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Figure 3: Normal versus Abnormal Patterns in Sleep Timing

Black horizontal bars represent periods of sleep on consecutive work days and at the weekend.
Weekends and night time are indicated. From: Russell G. Foster, Leon Kreitzman (2017)(79).
Reproduced with kind permission.
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2.8 Jet Lag and Shift Work

There are multiple reasons for the occurrence of sleep wake disorders. In a 24-7 society, jet
lag and shift work have been identified as major causes of circadian disruption. Jet lag

disorder (JLD), is also known as “transmeridian desynchonisation”(167), and occurs



following rapid traversal of time zones, causing a self-limiting circadian misalignment. Shift
work disorder (SWD) is induced by work done during standard sleeping hours, such as night
shifts and irregular working hours. This results in difficulty sustaining sleep of sufficient
duration, particularly when sleep must occur outside the endogenous sleep-wake timing (for
example, during daylight hours), and increased sleepiness at work(167). Risk factors for SWD
include age, sex, and inappropriately timed daylight and bright light exposure(168).
Persistent insufficient sleep (of 4-5 hours total duration) can lead to a cumulative “sleep
debt” and can affect mood, psychomotor vigilance, memory and cognitive and emotional
processing(169) as well as lead to other health problems(4). Insufficient sleep has also been
implicated in major industrial incidents and non-alcohol related road traffic accidents(170,
171), and advanced sleep phase, sleep fragmentation and early morning waking is predictive

and characteristic of depressive conditions, and is associated with anxiety (172, 173).

Roenneberg et al(174) developed the Munich ChronoType Questionnaire (MCTQ), which
explores the relationship between the solar clock, the social clock and the biological clock,
calculating mid-sleep times and sleep duration of individuals with tendencies towards
earliness (morning larks) and lateness (night owls). The results revealed that sleep timing
changed over the lifetime, with a tendency for young adults toward lateness. They also
showed that individuals with a tendency to lateness, irrespective of age, experienced loss of
sleep during the working weeks, with compensation of the “sleep debt” during free days. By
contrast, early types, who tend to lose less sleep during work days, may struggle to adapt to
social pressures causing delayed sleep times on free days. This chronic difference between
the biological circadian clock and social demands on work and free days is known as “social
jetlag” SIL(175). SJL largely affects individuals with a late tendency, which is common in
adolescence(176), in which the biological clock typically shifts to a later cycle, and may
determine eating patterns, affecting educational outcomes as the school day does not shift
back to reflect this biological delay(177). It may contribute to diabetes, psychiatric
disturbances and mood disorders, taking up smoking, and caffeine and alcohol consumption
(to compensate for difficulty waking and sleeping respectively)(175). Burnout has been
associated with SIL in late-shift workers, and has been found to be more marked in late
types, with expression of circadian genes NR1D1, NR1D2 and PER3 varying with social

requirements of sleep and wake(178, 179).
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2.9 Other Disorders of Sleep

There are multiple factors that can give rise to sleep disruption, which can be incorrectly
categorised as a SCRD. Disorders of sleep which have the potential to be misdiagnosed as
SCRD include OSA which is associated with glaucoma and optic neuropathy, periodic limb

movement (PLM) and narcolepsy(180-182), among others(183).

2.9.1 Obstructive Sleep Apnoea

OSA is characterised by an upper airway obstruction occurring during sleep that is
associated with increased tissue volume in the tongue, soft palate and pharyngeal walls,
with consequential snoring, apnoeic episodes and daytime sleepiness. Obesity, increased
neck girth, snoring, smoking, and alcohol consumption are risk factors due to their effect on

the musculature of the throat and pharynx, and males are predominantly affected(184-186).

OSA classically comprises cyclical desaturation, arousals and re-oxygenation which has a
negative impact on the cardiovascular system effected by oxidative stress, sympathetic
activation, sudden-onset hypertension and widespread inflammatory changes. OSA is
associated with coronary artery disease, cerebrovascular accidents and increased mortality,
and may have corresponding ocular sequelae(185, 187). Individuals with OSA have been
found to be at higher risk of non-arteritic ischaemic optic neuropathy (NAION), central
serous retinopathy, floppy eyelid syndrome and retinal vein occlusion(188-190). OSA is also
prevalent in normal tension glaucoma(191, 192), and primary open-angle glaucoma,
although this may be due to common risk factors rather than the presence of a causal

association(193, 194).

2.9.2 Restless Leg Syndrome

RLS is a neurological sensorimotor disorder which relies on clinical diagnosis, occurring in an

estimated 2-3% of the population. It includes a cycle of unpleasant crawling sensations in
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the legs, particularly during periods of rest, causing a compulsion to move the limbs, which
provides some relief. RLS is common in pregnancy, and other associations include iron
deficiency, renal failure, diabetes, myelopathy and Parkinson disease (PD)(195, 196). RLS
generally presents in individuals over 35 years of age, is twice as common in women, and is
not associated with increased daytime sleepiness(196). PLM is associated with 90% of RLS
cases, and refers to sudden limb or bodily movements, which can occur at night, but also
during the day. PLM is thought to be a manifestation of sympathetic hyperactivity, and

together with RLS is linked to a common gene variant BTBD9(197).

2.9.3 Parasomnias

Parasomnias are atypical behaviours during sleep and transition between the states of sleep
and wake that comprise abnormal motor, sensory and behavioural phenomena due to
impaired dissociation of NREM sleep, REM sleep and waking states, with a prevalence of
2.2-4.2% in adults(198, 199). These include confusional arousals, night terrors, sleepwalking,
bruxism (jaw grinding), motor agitations, hallucinations, and rarely, violent behaviours

which put the individual and their bed partner at risk(200, 201).

REM sleep is typically characterised by muscle atonia and paralysis: however, in REM sleep
behaviour disorder (RBD), abnormal muscle tone, motor activity, vocalisations and vivid
nightmares are present, and may occur in combination with dream enactment. It is most
common in males over 40years, and can be present idiopathically, or in association with

cognitive impairment, Lewy body dementia and PD(202).

Sleep paralysis is a disorder of REM sleep in which there is inhibition of skeletal muscle
movement, with continuance of respiratory functioning and ocular movements. It occurs
most frequently at the beginning and end of sleep and may coincide with vivid
hallucinations which are often frightening for the sufferer. Sleep paralysis has been found to
occur more frequently in narcolepsy, hypertension and epilepsy, and in individuals with
disordered circadian functioning, for example in shift work or jet lag(203). Psychiatric
disorders and use of anxiolytic medication are also risk factors(204). Hypnagogic

hallucinations usually occur in the REM sleep phase, and may comprise highly vivid
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experiences of visual, auditory and tactile phenomena. They are frequently found in

conjunction with sleep paralysis and have been found in association with narcolepsy(205).

Confusional arousals are a NREM parasomnia found in 4.2% of the population(198), and
occur when there is a dissociation between sensorimotor function and other brain activities.
Abnormal jerking movements of the limbs, talking, slow mental processing and amnesia
after the event occur. They occur at higher incidence in individuals with psychiatric

disorders and those taking psychiatric medications(199, 206, 207).

Sleepwalking, or somnambulism, is considered to be a disorder of unstable NREM sleep and
occurs with a peak incidence of 13.5% in childhood, which decreases to 2-4% in adults. The
sleepwalker has impaired consciousness and decision-making ability and tends to be in a
SWS state, with no recollection of the episode. In children, this is generally benign, but in
adulthood the sleepwalker can unconsciously put themselves or others in danger.
Occasionally, violent behaviours can occur during sleepwalking episodes(208, 209).
Somnambulism appears to have hereditary and environmental influences, and may be

found in conjunction with sleep-disordered breathing, RLS or PLM(209, 210).

As in sleepwalking, sleep terrors, which are intense, fear-inducing dreams, occur during
fragmented slow wave NREM sleep and are present in approximately 2.2% of people. There
may be partial or total amnesia of dream content, and it is not uncommon for them to exist
concurrently with sleepwalking. In comparison to RBD, dream content in sleep terrors is less
aggressive, less complex and involves accidents and misfortunes, with varying degrees of
dream enactment, which may be related to somnambulation activities. Night terrors can

occur in association with psychiatric medication and psychiatric conditions(198, 211-213).

Somniloquy (sleep talking) is not classified as a parasomnia per se, but vocalisations and
talking during low arousal states, with reduced recall, forms part of other parasomnia
disorders, although it may also occur in normal, undisturbed sleep. It is most common in
NREM sleep stages 1 and 2, and during REM sleep. Somniloquy has been reported to have a
prevalence of 4.9% in Chinese children, and 5.3% in adults in the United States(199, 214-
216).
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2.9.4 Narcolepsy

Narcolepsy affects 1 in 2000 individuals, is a neurological disorder of rapid eye movement
(REM) sleep, and is considered to have an autoimmune basis(180, 217). Narcolepsy can take
the form of dramatic daytime cataplexic episodes with paralysis of voluntary (except
respiratory) muscles, often despite good quality night-time sleep, leading to difficulties in
school and work, and potential accidental injury. Type 1 narcolepsy is associated with loss of
orexin A- and B- producing hypothalamic neurones, generally with a positive multiple sleep

latency test (MSLT).

Type 2 narcolepsy clinically resembles Type 1, although it may be less severe, with normal
orexin-A levels, absence of cataplexy, and more variable results on MSLT. Narcolepsy may
be difficult to differentiate from other causes of daytime somnolence, such as OSA and PLM

without further investigation(180).

Both genetic and environmental factors are thought to contribute to the development of
narcolepsy; the presence of human leukocyte antigen (HLA) DR2(218) is confirmatory, and
there is association of the chromosome 4p13-g21 locus(219). Similarly, polymorphisms at
immunologic loci such as T-cell receptor alpha, the tumour necrosis factor superfamily
4(TNFS4), cathepsin H (CTSH), purinergic receptor genes (P2RY11), and DNA
methyltransferase (DNMT1) are implicated(217). In combination with cataplexy, narcoplesy
is linked to HLA DQB1*602(220, 221), and severity of symptoms has been found to increase
with the number of HLA DQB1*0602 alleles inherited(222).

Further evidence for an immunogenic cause is provided by the increased incidence of
narcolepsy in children and young people associated with the HIN1 Pandemrix
vaccination(223-225). Symptoms of narcolepsy have been successfully managed with
modafinil, a wake-promoting agent, and in the presence of cataplexy, sodium oxybate, a

type B GABA agonist, has proven effective(226-229).

2.10 Optic Nerve Disorders

There are many causes of OND, but the underlying mechanisms all produce structural and

functional impairment of the optic nerve. This section describes an array of mechanisms of
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damage to the optic nerve and their aetiology, clinical presentations and systemic

associations.

Optic neuropathy is defined as damage to the optic nerve that affects the structure and
function of RGCs with resulting loss of visual function, which clinically may be identified as
loss of VA and contrast sensitivity, decreased colour vision, visual field defects and altered
pupillary responses. Optic atrophy may present one month following damage to the optic
nerve, with depletion of RGC axons, which may be observable as sectoral or widespread

pallor and cupping of the optic nerve head(230, 231).

Optic neuritis (ON) is defined as inflammation at any point along the length of the optic
nerve, and may cause swelling of the optic disc, known as papillitis, or may spare the optic
nerve head, producing a retrobulbar neuritis. Inflammation of the nerve may damage RGC
structure and the integrity of the myelinated optic nerve sheath, resulting in slowed
conduction of impulses, the development of optic neuropathy and subsequent optic

atrophy(232, 233).

2.10.1 Optic Atrophy

Pathological loss of axons of the optic nerve, and insult to or aberrant development of the
anterior or posterior visual pathways results in an OA which manifests as loss of VA, VFD,
abnormal pupillary reflexes and loss of colour vision(234). Fundoscopically, OA can be
observed as disc pallor and cupping, with OCT imaging revealing thinning of the peripapillary
RNFL in addition to reduction in ganglion cell layer (GCL) and IPL thickness(120, 235).
Underlying pathologies that lead to OA, include mitochondrial and other forms of inherited
diseases, structural and neurological developmental disorders, impaired development of the
optic nerve due to concurrent nystagmus, strabismus or refractive error, post-inflammatory
or infectious end-stage ON, compression of the optic nerve or chiasm, papilloedema,
ischaemic damage, trauma and neurodegeneration(234, 236, 237). OA can also be

idiopathic in childhood in a small number of cases(238).
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2.10.2 Congenital Optic Nerve Pathologies

Congenital optic nerve pathologies are disorders of the optic nerve which are present at
birth. They are a heterogenous group of disorders with multiple underlying mechanisms and
may be sporadic or inherited. Notable conditions include coloboma (incomplete closure of
the embryonic cleft), staphyloma (excavation of the peripapillary area), optic nerve
choristoma (a congenital ocular or periocular tumour), tumours of the optic nerve and
sheath (glioma, meningioma, medulloepithelioma, oligodendroglioma), morning glory
syndrome (an embryological malformation of the optic disc) and myelinated nerve fibres
(optic nerve fibres at the level of the optic disc are typically unmyelinated)(239, 240). The
following sections focus on OND relevant to my study population and systematic literature
review, and as such describe optic nerve hypoplasia (ONH), septo-optic dysplasia (SOD),
primary congenital glaucoma and buphthalmos, and optic neuropathy associated with

retinopathy of prematurity (ROP).

2.10.2(a) Optic Nerve Hypoplasia
ONH has been found to have an incidence of 10.9 per 100,000 per year and 2.4 per 100,000

per year in a population under 19 years(241). It is a generally sporadic unilateral or bilateral
congenital condition characterised by a reduction in RGC axonal fibres which may be as
much as 90%(242, 243). ONH is thought to be the result of a higher rate of RGC axonal
apoptosis during gestation, and animal studies have found an association with netrin-1 (an
axonal guidance molecule in embryogenesis), and DCC (deleted in colorectal cancer, a netrin
receptor) deficiency(241, 244, 245). Other associations are low maternal age, low

socioeconomic status, maternal diabetes, prematurity and primiparity(244, 246).

The spectrum and severity of ONH and its associated conditions is variable, and clinical
findings may include a reduced diameter of the optic disc (less than 1.4mm) and optic canal,
disc pallor or greyness, nerve fibre layer thinning, and tortuous retinal vessels. Assessment
of visual function may reveal reduced VA, nystagmus and strabismus. Reported associated
systemic conditions comprise cerebral dysplasias, endocrinological dysfunction,

developmental delay, obesity and ASD(241, 246, 247), with polymorphisms found in
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transcription factor genes HESX1, SOX2, PAX6, NR2F1, OTX2, VAX1 and ATOH7 among
others(244, 248, 249).

2.10.2(b) Septo-Optic Dysplasia
Septo-optic dysplasia (SOD), also known as de Morsier syndrome, has an incidence of one in

10,000 live births, is phenotypically heterogeneous and is characterised by at least two
features from a classic triad of ONH, which is frequently bilateral; abnormal pituitary
hormone production (which may be an isolated hormone insufficiency, multiple hormone
insufficiencies, or panhypopituitarism); and midline brain anomalies, such as dysgenesis of
the corpus callosum or septum pellucidum(249-251). Maternal and socioeconomic risk

factors are consistent with those for ONH, as described above(246).

Most cases of SOD are sporadic, although associations with heterozygous mutations of the
HESX1 gene (located on chromosome 3 at position 3p14.3) which codes for the HESX1-S170L
homeobox protein that is expressed during embryonic development of the forebrain and
Rathke’s pouch, and SOX2, a transcription factor that encodes for embryological
development of the pituitary, forebrain and eyes (located on chromosome 3 at position
3g26.3-927) have been found. Other genes implicated include SOX3 (located on the X
chromosome at position Xgq27), which is associated with hypopituitarism; OTX2
(orthodenticle homeobox 2, located on chromosome 14 at position 14g22), which codes for
forebrain development; and a splice site mutation of FLNA (located on the X chromosome)
which encodes for the filamin A protein and is pivotal in embryogenesis(252-256). Ocular

presentation and visual assessment are similar to those found in ONH, as described above.

2.10.2(c) Primary Congenital Glaucoma and Buphthalmos
Buphthalmos, meaning “ox-eye” in Greek, is a most commonly consequence of congenital

or infantile glaucoma, in which elevated IOP exerts an outward pressure on the elastic
structural tissues of the eye, most frequently due to developmental irregularities of the
trabecular meshwork and iridocorneal angle, which hampers drainage of aqueous humour,
and has an incidence of 1 in 30,000 live births(257, 258). This leads to abnormal

enlargement of the eye, including an increase in axial length and corneal diameter
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(megalocornea) which is apparent at birth or during infancy. Juvenile onset glaucoma does
not lead to buphthalmos, as it occurs later in childhood, by which time, the eyeball is less
distensible(258), although both mechanisms lead to glaucomatous optic neuropathy and

RGC damage.

Clinical presentation of buphthalmos comprises myopia and a deep anterior chamber due to
increased axial length of the eye. Thinning of the anterior sclera and iris atrophy may also be
present, and retinal rupture may occur in a minority of cases(257). Corneal clouding
develops as a result of breaks in Descemet membrane, known as Haab striae, which evolve
due to increased IOP. The Descemet membrane is the basement membrane of the corneal
endothelium, which acts as a barrier to prevent passage of water from the aqueous into the
cornea, maintaining corneal desiccation and thus its transparency, and can be breached in
the presence of high IOP(259). On fundoscopy, glaucomatous optic neuropathy can be
observed, which may comprise notches or pits in the optic disc, and a high cup: disc ratio
due to compression and atrophy of RGC axons. VA and VF loss may be present, and signs
associated with ocular surface exposure and incomplete lid coverage due to increased
ocular size may also occur, which include photosensitivity, epiphora, eye swelling,

conjunctival injection and blepharospasm(258, 260).

Genetic associations of buphthalmos tend to demonstrate autosomal recessive inheritance
and include mutations in CYP1B1, a cytochrome P450 gene located at the GLC3A locus on
chromosome 2 (position 2p21) which is also found in defects of the trabecular meshwork
(TM), one of the principal drainage systems of the eye, and the ciliary body, which is
involved in production of agueous humour; consequently both the TM and the ciliary body
contribute to the IOP(260). Other gene loci include GLC3B, located on chromosome 1
(position 1p36); GLC3C, located on chromosome 14 (position 14q24.3-g31.1) and GLC3D,
where the LTBP2 gene lies, which codes for latent transforming growth factor-beta binding
protein 2(located on chromosome 14, position 14q24). TEK, tunica interna endothelial cell
kinase, which codes for angiopoietin growth receptor and lies at the GLC3E locus on
chromosome 9 (position 9p21.1) polymorphisms show an autosomal dominant inheritance

pattern in primary congenital glaucoma and are also associated with buphthalmos(260-263).

Other conditions that may lead to increased IOP and manifest as buphthalmos include NF1,
which, as described in Chapter 2 is characterised by Lisch nodules of the iris, and in which
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there may be abnormalities of the iridocorneal angle which can impact on drainage of the
aqueous humour(258). Sturge-Weber syndrome is a rare syndrome of incidence 1 in 20,000
to 50,000 live births and is a dermato-oculo-neural condition which occurs sporadically due
to an intracranial vascular malformation. This can be observed as a facial port-wine naevus
in the distribution of the ophthalmic and maxillary divisions of the trigeminal nerve
ipsilateral to the malformation. Headaches, seizures and focal neurology may be present.
Venous backpressure from episcleral vessels can increase IOP as can abnormalities of the

iridocorneal angle, which may be present(264).

2.10.2(d) Retinopathy of Prematurity
Retinopathy of prematurity (ROP) is a visually-threatening condition associated with

preterm births, particularly when this occurs before vascularisation of the retina is
complete, with the highest risk in preterms born before 31 weeks’ gestation(265). Retinal
vascularisation commences at 12 weeks, and angiogenesis of the deep retinal vasculature is
present at 25-26 weeks gestation, with vessels reaching the peripheral retina just prior to
term(266, 267). In premature babies, the abrupt transition from in-utero development and
loss of placental support leads to hypoxia and an arrest of circulating growth factors, such as
insulin-like growth factor-1 (IGF-1), causing interruption of retinal vascularisation(268). The
metabolic demand of the retina continues, however, and this stimulates neovascularisation
at the border of between the normally vascularised retina and the peripheral retina at
which angiogenesis has been arrested. Persistence of neovascular growth leads to formation
of retinal scarring and fibrosis, which then precipitates tractional retinal detachment and
loss of vision(268, 269). Glaucoma is a notable consequence of ROP(269, 270) and ROP has
been associated with features ONH(271), while ONH itself has been found to potentiate
ROP(272). Polymorphisms of the genes LRP5, FZD4, TSPAN12 and NDP (Norrie disease

protein) have been found concomitantly with ROP(273).

2.10.3 Hereditary Optic Nerve Conditions

HON typically results in permanent, sometimes progressive, bilateral central visual loss,

(274), with the two most common forms being Leber hereditary optic neuropathy (LHON)
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and dominant optic atrophy (DOA), which are termed mitochondrial optic
neuropathies(275). Wolfram syndrome (WS) is not defined as a mitochondrial optic
neuropathy, but has some similarities with LHON and DOA, and some markedly different
features(276, 277). This section describes presenting features of LHON, DOA and WS in

addition to comparing their similarities and differences.

2.10.3(a) Leber Hereditary Optic Neuropathy
Leber hereditary optic neuropathy (LHON) typically presents in young adulthood as a

subacute simultaneous or sequential bilateral painless visual loss with progression of a
dense central scotoma over weeks or months(278, 279), with preservation of pRGCs
demonstrated by preserved PLR(280). LHON is caused by one of three main mitochondrial
DNA mutations (G11778A mutation at codon 340 resulting in an arginine to histidine
substitution in the ND4 amino acid subunit; G3460A mutation with a theonine for alanine
substitution at position 52 in the ND1 subunit; T14484C mutation with methionine-64 to
valine substitution of the ND6 subunit). LHON displays incomplete penetrance, with
phenotypic presentation in 50% of males and 10% of females, and LHON mutations being
found to have a population prevalence of 5.92 per 10,000(281-283). Risk factors for
phenotypic manifestation of LHON include smoking and heavy drinking, with penetrance
increasing to 93% in male smokers(284). LHON is primarily mediated by oxidative stress and
degeneration of RGCs particularly within the papillomacular bundle, which are highly

sensitive to dysfunctions in ATP synthesis and mitochondrial malfunction(285, 286).

Although LHON tends to present with isolated visual signs and symptoms, other systemic
manifestations can occur. In females with the G11778A mutation, 45% have been found to
have an associated MS-like condition(287), a combination known as “Harding disease”,
which has a more aggressive course(288). Nikoskelainen et al (1995)(289) described “Leber
plus”, in which patients with LHON on closer examination also had neurological movement
disorders, including postural tremor, motor ticks, Parkinsonism, dystonia, peripheral
neuropathy, MS-like features, thoracic kyphosis and brainstem involvement. At least one of

these phenomena were present in 59% of patients examined.
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2.10.3(b) Dominant Optic Atrophy
Dominant optic atrophy (DOA), also known as Kjer-type, is characterised by an

unpredictable severity and progression of bilateral temporal optic atrophy of insidious onset
in the first or second decades as a result of heterozygous inheritance of a mutated OPA1
gene (in 75% of cases), located on chromosome 3 at position 3928-q29(290), of which a
prevalence of 2.9 per 100,000 has been reported in the North of England(290). As OPA1
codes for dynamin-related guanosine triphosphate (GTP)ase in the inner mitochondrial
membrane, a mutation results in dysfunctional mitochondrial maintenance and biogenesis,
and induction of apoptosis, which predominantly affects RGCs, hence its classification as a
mitochondrial optic neuropathy(279, 291). Mutations in OPA3, which also codes for an inner
mitochondrial membrane protein, and is located at 19g13.2-g13.3, have been implicated in
a small number of patients with DOA, as have polymorphisms in SSBP1, a single-stranded
DNA binding protein located at 7933-g35, which was also associated with variable retinal
degeneration(290, 292). Other genes producing the DOA phenotype include OPA4 (18q12.2-
q12.3), OPA5 (22q12.1-q13,1) and OPA8 (16021-q22)(293).

Other clinical features of DOA include deficit of colour vision, with blue-yellow colours
commonly affected, and a centrocaecal VFD, with preservation of pupil responses(294).
High resolution OCT has revealed a reduction in retinal vascular density in DOA(295), and
the presence of microcystoid lacunae in the macular GCL and IPL in approximately one
guarter of patients, who tended to be younger(296). Like LHON, DOA demonstrates variable
penetrance, with reports of 43-88%, although penetrance was previously considered to be
near-complete(293). VEPs may be delayed or absent, and PERG may display reduction in
magnitude of the N95 wave and abnormality of the N95:p50 ratio. Associated
musculoskeletal and neurological irregularities are commonly associated with DOA, and
muscle biopsy is sometimes required to confirm a DOA mitochondriopathy as opposed to
other neuromusculoskeletal conditions(293). Systemic sequelae of DOA include
ophthalmoplegia, myopathy, ptosis and gait abnormalities, sensorimotor peripheral
neuropathy, ataxia and sensorineural hearing loss. Occasionally, endocrine, gastrointestinal,

psychiatric and haematological conditions may co-exist(297).
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2.10.3(c) Wolfram Syndrome
WS is a progressive neurodegenerative disorder, with a prevalence of 1 in 770,000 in the

United Kingdom, which typically presents within the first two decades of life(298). WS is
strongly associated with consanguinuity(299, 300) and is most frequently caused by
homozygous (autosomal recessive) inheritance of a missense mutation of the WFS1 gene.
WFS1 codes for the wolframin protein, a hydrophobic transmembranous glycoprotein found
on the endoplasmic reticulum, which functions as a protector against endoplasmic reticulum
stress(298), with autosomal dominant missense manifestations less frequently reported in
WS(299, 301). The WFS1 codon lies at position 4p16 on chromosome four, covering 8 exons
and in which over 170 different mutations have been identified(298). Wolframin is found in
high concentrations in the hippocampus, amygdala, olfactory bulb, brainstem nuclei,
thalamic reticular nuclei and B cells of the islets of Langerhans in the pancreas, heart and
muscle tissue, with WFS1-mediated pathways intrinsic to B cell functionality and survival via
endoplasmic reticulum equilibrium(302, 303). Loss of function of WFS1 may lead to
defective calcium transport between the endoplasmic reticula and mitochondria, causing
dysfunctional mitochondrial calcium ingress(276). Deficiencies in WFS1 function result in
central diabetes insipidus (DI), diabetes mellitus (DM), OA and sensorineural deafness
(DIDMOAD), and additionally psychiatric, urinary tract and PNS symptoms(304, 305).
Olfactory dysfunction, which is an indicator of neurodegeneration in early AD and PD may
be present in WS, specifically smell identification, a qualitative central process, in contrast
to smell sensitivity which is a process of the PNS(306, 307). Similarly, individuals with
heterozygous mutations in CISD2, which codes for ERIS (endoplasmic reticulum
intermembrane small protein) located at 4g22-24, display early OA, type 1 diabetes mellitus
(T1IDM) and deafness, with absence of DI, in a presentation known as “WS2”(298, 308). WS
has been found to primarily affect the RGCs and glial cells of the optic nerves, which contain
the wolframin protein, with demyelination of the optic chiasm, tracts and radiations being

reported in MRI studies(303, 309).

Ophthalmic manifestations of WS include OA with optic disc pallor in almost all cases, with
reduced VA and colour vision also characteristic. VF testing has demonstrated a range of
defects, including generalised constriction or diffuse reductions in sensitivity, arcuate
defects, and central or centrocaecal scotomas, and OCT frequently shows peripapillary RNFL

and macular ganglion cell complex and IPL atrophy with measurements in the lowest 1% of
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normal distribution(300, 310, 311). A generalised reduction in overall retinal vessel density
has been reported on OCT angiography in addition to retinal microvascular impairment at
the optic nerve head and macular superficial capillary plexus, with mild retinal degeneration
also present, usually in the absence of diabetic retinopathy. OCT imaging has also
demonstrated anomalies in lamination at of the outer plexiform layer and microcystoid
oedema in the inner nuclear layer in autosomal dominant cases(312-314). Normal pupillary
responses have been described, although and Adie’s tonic pupil has been reported in some
presentations(300, 310, 311). Recent publications describe keratoconus-like changes in
corneal morphology and a reduction in corneal sensitivity corresponding to disease
progression in WS, and other ocular manifestations include cataract and pendular, elliptical
and horizontal conjugate jerk nystagmus and strabismus including exotropias and

esotropias(299, 315, 316).

In addition to DM (23-100% prevalence), DI (39-77%), sensorineural deafness(40%) and
impaired olfaction, systemic manifestations of WS comprise neurological disorders in 23-
61% of cases which include ataxia, tremor, lower limb weakness, cerebellar and brainstem
atrophy, pituitary adenoma (PA), cognitive impairment and severe headaches. Psychological
manifestations found in 31% of cases include obsessive-compulsive disorder (OCD) and
depression. Urological presentations such as hydroureteronephrosis and an atonic bladder

have also been reported(299, 300).

2.10.3(c)(i) Comparison of Hereditary Optic Neuropathies
All HON appear to have selective preservation of pupillary responses against a background

of severe VI(275). WS had been documented as having a more rapid loss of VA and VF than
DOA, which progresses with more stability. Onset of OA in WS is also at an earlier age than
in both DOA and LHON, with more marked loss of RNFL and GCL on OCT. Additionally, MRI
shows more marked and extensive degeneration of the anterior and posterior visual
pathways in WS, which may point to active degeneration rather than dysfunctional growth.
Patterns of RGC injury in WS are dissimilar to those in mitochondrial optic neuropathies,
with degeneration commencing with axons rather than at the cell body, and increased
tendency for loss of neurones at the papillomacular bundle compared to LHON and

DOA(277). Abnormalities of optic disc and retinal vasculature also vary between WS and
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LHON, with increased vessel tortuosity at the optic disc, deep peripapillary plexus and outer
retinal telangiectasia, and depletion of other peripapillary vasculature in LHON, resulting in
an overall loss of blood supply to the optic nerve, with subsequent axonal loss and OA(317),
whereas in WS there is a generalised reduction in microvascular density in the absence of

telangiectasia or vessel tortuosity(317).

Electrophysiological evaluation in LHON has been found to shown reduction in N95/P50
ratio and reduction in P50 peak time on PERG, with reduction in amplitude density in central
rings on multifocal ERG (mfERG). PVEP have found to demonstrate minimal responsiveness,
with delay and reduction in peak times, although standard full-field ERG has been found to
be normal(318). This is in contrast to DOA, in which standard ERG is suggestive of inner
retinal layer damage, and RGC degeneration is implied from reduction in N95 amplitude on
PERG and atypical photopic negative responses prior to altered VEPs, which progress to
show aberrant waveforms on PVEP, attenuation of P50 and reduction of peak time on
PERG(319). In WS, normal ERG and flash VEP has been described, although reduction in
amplitude and increased latency of P100 waves have been detected on VEP, and barely

detectable PVEP responses with marked delay have been recorded(310-312).

Mean life expectancy is 35 years in WS, with death due to brainstem atrophy. Life
expectancy is normal in DOA and LHON in the absence of systemic involvement, which
occurs less frequently(320); however WS presents with a range of phenotypes, including the
absence of DM, DI, hearing loss or neurological sequelae, with clinical appearance

characteristic of mitochondrial optic neuropathy(299, 312).

2.10.4 Autoimmune and Inflammatory Optic Neuropathies

Autoimmune disorders usually arise due to the inability of the body’s immune system to
discriminate between autogenous or “self” tissues and foreign, or “non-self” material. This
may occur due to a genetic predisposition, epigenetic modifications in immune responses,
viral insult affecting protein expression, or exposure of tissue that is usually concealed from
the immune system(321, 322). Autoimmune disorders of the optic nerve manifest as an ON,
which may be isolated, relapsing-remitting, or chronic, and may occur as part of NMOSD or

MS(323). As NMOSD is primarily an autoimmune disorder, | will discuss it in relation to OND
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in this section and discuss demyelinating disorders in relation to OND (MS) in the next
section. This section also describes chronic relapsing inflammatory optic neuropathy

(CRION) and OND related to sarcoidosis, an inflammatory condition.

2.10.4(a) Neuromyelitis Optica Spectrum Disorder
NMOSD, also known as Devic disease has a prevalence of 0.8 per million in the United

Kingdom and is a rare autoimmune disease that primarily attacks the optic nerves (optic
neuritis) and spinal cord(myelitis)(324, 325). The majority of cases present at age 35-45
years, albeit initial manifestations in children and the elderly do exist. A female to male
preponderance of 2.3:1 has been observed(325, 326). Although demyelination is present in
its pathophysiology, NMOSD is primarily an autoimmune disorder, and therefore distinct
from MS, with seropositivity for antibodies against aquaporin-4 (AQP4), the most abundant
water channel protein in the central nervous system (CNS), which regulates water
homeostasis, present in 80% of patients(325, 327, 328). Antibodies against myelin
oligodendrocyte glycoprotein (MOG), which is involved in the attachment of the myelin
sheath, its immune relationships, and oligodendrocyte structure(329) are present in a
further 9.8% of cases(330). Neuronal damage within the optic nerves and CNS is caused by
depletion of astrocytes, aggregation of auto-antibodies and complement proteins and
subsequent incursion of granulocytes and mononuclear phagocytes, with inflammation
disturbing the integrity of the blood-brain barrier (BBB), allowing further infiltration of
immunoglobulins and further immune dysregulation(331). Other immune mediators
implicated in NMOSD include the pro-inflammatory cytokine IL-6, which may induce Th17-
helper lymphocytes, B-cell activation, and elements of the innate immune response
including degranulation of eosinophils and neutrophils, and macrophages(324, 325). An
association of the haplotypes HLA-DRB1*03 and HLA-DRB1*01 has been reported, which is
different from MS(332). Clinical diagnosis of NMOSD is made by the presence of AQP4 or
MOG antibodies, a spinal cord lesion extending over at least three vertebral segments, and
findings on magnetic resonance imaging (MRI) of the CNS that do not meet the criteria for

MS(324, 328), and may reveal optic nerve enhancement in isolation(327, 328).

NMOSD is characterised by an inflammatory autoimmune optic neuropathy, which can

produce sequential attacks of painful ON and transverse myelitis. The course of NMOSD in
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90% of cases is relapsing, and within five years 60% of sufferers lose functional vision in at
least one eye and development of severe disability, as a result of motor and sensory loss
and autonomic impairment which may comprise paraparesis or tetraparesis, and bladder
and bowel dysfunction. In the case of brainstem involvement, intransigent hiccups and
vomiting may be present, with mortality due respiratory failure caused by brainstem or

cervical lesions in approximately one-third of patients(328, 333).

2.10.4(b) Chronic Relapsing Inflammatory Optic Neuropathy
CRION was first described by Kidd et al in 2003(334) and is a rare, although likely

underreported condition that is characterised by an optic neuropathy that demonstrates a
marked response to high dose glucocorticoid therapy which has a high potential for relapse
following their tapering or discontinuation. It is frequently bilateral and painful, is more
common in females, affecting a wide spectrum of ages, with mean age of presentation
reported to be 35.7years(335). CRION appears to affect races and ethnicities equally, and
case series and reports have been published worldwide. Presentation includes reduction in
VA, colour vision, contrast sensitivity, VFD and RAPD (in unilateral or asymmetric cases).
Initially, an oedematous optic disc may be seen on fundoscopy, with progressing to a pale,
cupped disc in the absence of effective intervention. OCT of the peripapillary RNFL has
shown reduced thickness. MRI brain demonstrates high optic nerve signal and enhancement
with no associated brain abnormalities, in contrast to NMOSD and MS. VEPs have been
found to be abnormal with reduction in N95 amplitude. No disease-specific biomarkers of
CRION have yet been identified, although an overlap with MOG-associated disorder and/or
the presence MOG antibodies have been found in a subset of patients with CRION. AQP4

antibodies have been found to be positive in less than one-fifth of cases(336, 337).

Current recommendations for management of CRION include early intervention with high-
dose intravenous glucocorticoids such as methylprednisolone, sometimes accompanied by
intravenous immunoglobulins or plasmapheresis, with transfer to oral glucocorticoids and
gradual tapering and regular monitoring of visual function in the intermediate phase to
ascertain the minimum effective dose for prevention of relapse, with transition to steroid-
sparing immunosuppressants (azathioprine, methotrexate, cyclophosphamide,

mycophenolate, cyclosporine) in the long term, in addition to monoclonal antibodies (such
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as rituximab or the anti-TNFa infliximab), intravenous immunoglobulins and plasma
exchange(335), with delay in treatment and misdiagnosis of MS-related ON potentially

leading to poorer outcomes(335, 337, 338).

2.10.4(c) Sarcoid Optic Neuropathy
Sarcoidosis is an idiopathic granulomatous systemic disorder that most commonly affects

the lungs and mediastinum (in 90% of cases) but can affect many other tissues. Its onset is
typically between 20 to 40 years of age, and it is more prevalent in females and is four times
more common in African Americans than in Caucasians and Asians, with prevalence 11 to 36
per 100,000 in the United States(339, 340). Non-caseating granulomas, which are clusters of
epitheloid cells, giant cells, T lymphocytes and activated macrophages(341) are
pathognomonic of sarcoidosis, and other markers include a raised CD4:CD8 ratio, raised
serum calcium and angiotensin converting enzyme (ACE), and elevated immunoglobulins,
protein and pleocytosis, in addition to decreased glucose on cerebrospinal fluid (CSF)
analysis(339). Neurosarcoidosis is sarcoidosis of the nervous system, and accounts for 5-15%
of sarcoidosis patients. Neurosarcoidosis can affect the CNS (brain and spinal cord) and the
PNS, including the peripheral nerves and muscles. The most frequent presentation of
neurosarcoidosis (23-73% of cases) is cranial nerve infiltration. Damage to the facial nerve
(cranial nerve VII) and optic nerve (cranial nerve IlI) are most common, with VIl damage
presenting as unilateral facial weakness, and Il infiltration causing loss of VA and VF,
distorted colour vision and papilloedema(339, 340). Other neurological sequelae include
hearing loss (VIII cranial nerve damage), diplopia, limb weakness, sensory abnormalities, gait
disorders, ataxia, speech disorders, intracranial masses, hypothalamic and pituitary
dysfunction, aseptic meningitis, hydrocephalus, seizures, cognitive disturbance and
psychiatric symptoms, myelopathy, peripheral neuropathy and myopathy(341-343).
Prognosis in sarcoidosis is poor, with a mortality rate of 10-18%, and seizures being a
predictor of poor outlook(343, 344). The mainstay of treatment is glucocorticoid therapy,
with second-line treatment including immunosuppressive agents such as methotrexate,
cyclosporine, chlorambucil and azathioprine, and a minority of patients requiring anti-TNF

therapy(340, 342, 345).
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2.10.5 Demyelinating Optic Neuropathies

Demyelination is a T-cell mediated process, to which leukocytes and microglia contribute,
with inflammatory activity causing disintegration of oligodendrocytes and other myelin-
producing cells. RGC axonal dysfunction and formation of scar tissue following inflammation
can cause delay in neural transmission, which is characteristic of MS(346) and other
demyelinating disorders, including acute disseminated acute disseminated
encephalomyelitis (ADEM)(347). This section discusses OND disorders where the primary
process is demyelination, which include OND associated with MS, ON due to a clinically

isolated syndrome (CIS) and ADEM.

2.10.5(a) Multiple Sclerosis
MS affects 2.5 million people worldwide and is a chronic progressive condition which is

caused by demyelination within the CNS, mediated by inflammatory and immune processes.
The development of MS is considered to be the result of a complex interplay between
genetic and environmental factors, evidenced by a 20-40 times greater risk of development
in a first-degree relative, inheritance of the HLA-DRB1*1501 haplotype, female:male ratio of
2:1, temporal geographic latitude, and exposure to Epstein Barr and other viruses(348, 349).
Demyelination is visible on neuroimaging as focal white matter plaques, and produces a
range of neurological manifestations including ON, bladder dysfunction, motor and sensory
impairment (weakness, spasticity, gait abnormalities, sensory loss and dysaesthesiae) and
difficulties with balance and coordination, euphoria, personality changes and overwhelming
fatigue(349, 350). MS generally follows a relapsing-remitting (RRMS) or progressive course.
RRMS describes a course of acute episodes of neurological impairment, followed by phases
of remission and full or partial recovery. In progressive MS, remissions do not occur, and the
condition follows a course of increasing morbidity over time. RRMS may transform into
progressive MS at a later stage in the disease process(351).