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Abstract

Optical Coherence Tomography (OCT) provides detailed images by
assessing the scattering properties of a tissue (1). OCT is precise and easily
repeatable. It is quick to obtain and does not cause any significant discomfort to
patients. For these reasons, it is a useful clinical tool to diagnose and monitor many
conditions.
Peripapillary retinal nerve fibre layer (pRNFL) thickness measured by OCT
was recently confirmed as a biomarker of white matter (WM) integrity in various
neurological conditions (2). In epilepsy, retinal thinning is found in people exposed to
vigabatrin (3) but also in people not exposed to this antiepileptic drug (AED),
particularly in cases where drug-resistance or intellectual disability are present (4). I
have reviewed and expanded these analyses.
I tested the hypothesis that OCT is useful in identifying changes associated
with different epilepsy syndromes by identifying changes in specific retinal segments
related to retrograde trans-synaptic degeneration of areas in the brain. Though
thinning was present, it did not reach statistical significance when I analysed the
different cerebral lobes of onset.
The rate of pRNFL thinning in people with epilepsy is yet unknown. I have
identified a strong effect of age in this cohort and hypothesise that this might be
related to disease progression. Longitudinal studies starting at the time of diagnosis
are necessary to confirm this hypothesis.
I assessed if pRNFL thickness asymmetry could correlate to seizure focus
and widespread neuronal damage. This complex analysis seems to show that people
with epilepsy present with asymmetry in inferior segments of the optic nerve head
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(ONH). It is possible that this finding could become useful to help phenotype epilepsy
syndromes.
I analysed the correlation between brain volume and retinal thickness and
identified a statistically significant association with thalamic volume. This result needs
to be further explored. I also analysed the effect of AED exposure to assess whether,
as seen with vigabatrin, this correlates with changes in retinal thickness. The analysis
failed to identify any relation between drug exposure and pRNFL thickness, but the
insufficient number of people exposed to certain AEDs limited the analysis.
Keywords: retinal thickness, retinal asymmetry, MRI, OCT
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Impact Statement

Despite ongoing efforts of the scientific community, epilepsy continues to
challenge academics and clinicians as to aetiology and how best to diagnose it; how
it affects the brain and how to predict prognosis. Unlike diseases such as multiple
sclerosis, there are no unquestionable and measurable biomarkers that can ensure
the correct diagnosis is made and what will be the natural course of the condition. My
project explored how measuring retinal thickness using OCT could help in this
dilemma, by assessing its relationship with clinical characteristics of epilepsy,
assessing the effect of AEDs, attempting a longitudinal study and testing symmetry
and MRI correlations. The findings corroborate previous studies, which associated
pRNFL with drug-resistance and learning disability, but also identified a direct
correlation of retinal thickness and the volume of the thalamus. I was able to identify
asymmetry between the eyes of people with epilepsy, although this was not
associated with specific subtypes of the disease. Perhaps one of the most important
findings of this study was the identification of the need to correct for signal strength.
Though the manufacturer informs that signal strength above 5 arbitrary units makes
the OCT scan reliable, this was not confirmed in this study. Even using the
conservative threshold of 7, I was still able to identify a major effect of signal strength
in the obtained measurements. In light of this finding, I suggest that all future studies
should be corrected for this variable.
This is the largest study comparing OCT and epilepsy to date, but it is still
necessary to increase sample size to achieve adequate statistical power for the
analysis of certain variables. The findings presented in this thesis need to be explored
further, as OCT is a quick and inexpensive test to do and people are more likely to
tolerate this eye test rather than MRI scans. If future researchers confirm our
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hypothesis, it could lead to better anatomical identification of seizure onset, prediction
of prognosis and monitoring of neurodegeneration.
This study was carried out at the Chalfont Centre for Epilepsy, part of the
National Hospital for Neurology and Neurosurgery, which provides highly specialised
clinical services for people with longstanding, difficult to treat epilepsy. As this unit is
also a centre for academic research of excellence, this fruitful combination allows us
to study different aspects of the condition, receiving input from international
specialists, which should result in the elucidation of various aspects of epilepsy.
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Anatomy of the Visual Pathway

1.1 Retina and Optic Nerve
The retina is the light-sensitive layer of the eye. It derives from the ectoderm
and develops from a projection of the diencephalon during embryological
development between the third and tenth gestational week (5).
The retina has ten distinct layers (6,7). These are listed antero-posteriorly:
•

Inner limiting membrane

•

Nerve fibre layer: formed by the ganglion cell axons

•

Ganglion cell layer: containing the ganglion cell nuclei

•

Inner plexiform layer: composed of a reticulum of fibres and dendrites
of amacrine, bipolar and ganglion cells, where synapses occur

•

Inner nuclear layer: the location of amacrine, bipolar and horizontal
cell nuclei

•

Outer plexiform layer: made up of a dense synaptic network of
horizontal cells and photoreceptors

•

Outer nuclear layer: the location of rod and cone bodies

•

External limiting membrane: separating photoreceptor bodies from
their cell nucleus

•

Photoreceptor layer: containing rods and cones

•

Retinal pigment epithelium: comprising a single layer of cuboidal cells
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Figure 1: Retinal Layers, Gray’s Anatomy (8)

1.2 Formation of the Optic Nerve Head
Retinal nerve fibre layer (pRNFL) axons converge to form the ONH, a 3mm
structure located nasally, which contains about one million optic nerve fibres.
Temporally located is the macula, the region of the retina with the highest visual
resolution. Macular fibres constitute almost all of the temporal quadrant and account
for 30% of all fibres from the ONH (7). The axon density from this area is responsible
for the arcuate pathway of the fibres from other regions. Macular axons progressively
migrate from the temporal segment of the ONH to the central part of the optic nerve
(ON). Superior and inferior fibres remain approximately in the same position
throughout the ON (Figure 2) (9).
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Figure 2: Axonal pathway between macula at the right and optic nerve head at the left, from Rowe, 2006
(8)

1.3 Visual Pathway
The visual pathway can be divided into anterior and posterior (6). The anterior
part consists of the retina, optic nerve (ON), optic chiasm, optic tracts and lateral
geniculate bodies, located in the thalamus; the posterior part consists of the optic
radiation and visual cortex. Figure 3 demonstrates different segments of the visual
pathway and the retinotopic distribution of fibres (11).
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Figure 3: Visual pathway, Coubard, 2014 (11)

1.4 Anterior Visual Pathway
: visual
pathway
After
unmyelinated axons from the retina converge to form the optic nerve
head (ONH), the ON enters the cranium through the lamina cribosa (10). From there
onwards, axons become myelinated. The ON then converges to form the optic chiasm
where between 50-60% of all fibres decussate. The optic tract consists of crossed
and uncrossed fibres connecting the optic chiasm to the lateral geniculate nucleus,
where about 90% of neurons synapse onto projections to the occipital lobe (9). The
remaining neurons synapse in the superior colliculus and pretectal nuclei. Located in
the thalamus, the lateral geniculate nucleus (LGN) is a relay site for the posterior
visual pathway. It also partially processes images. It contains 6 layers, which follow a
retinotopic organisation. Layers 1, 4 and 6 relay crossed fibre information, while
layers 2, 3 and 5 relay uncrossed fibres (6).
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1.5 Posterior Visual pathway
The structure that carries information from the LGN to the visual cortex is the
optic radiation. It fans out in the parietal and temporal lobe, forming Baum's and
Meyer's loops, respectively (12). These structures keep their macular relations until
they reach the primary visual cortex (V1 area) of the occipital lobe, where visual
information is processed (13). From there, information is sent to other structures in
the occipital, parietal and temporal lobes for information processing. Nearly one third
of the occipital lobe is dedicated to the analysis of fibres originating from the macula
(14).
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Trans-synaptic degeneration

2.1 Introduction
In 1850, Waller described progressive changes in neurons after sectioning the
glossopharyngeal and hypoglossal nerves of frogs (15). By causing an interruption of
nerve signalling, a lesion induces degeneration of the distal segment. This is known
as direct anterograde axonal degeneration or, eponymously, as “Wallerian”
degeneration (16). The speed at which this occurs depends on location and age (16).
Lesions occurring in peripheral nerves and the spine have a higher speed of
regeneration compared to the CNS, as this process is driven by Schwann cells
instead of oligodendrocytes (16). There is a correlation between axonal degeneration
and a person’s age for unknown reasons.
Synapses have a trophic effect on adjacent neurons (16). The precise
mechanism by which this occurs is not yet identified, but the disruption of input/output
of the still unknown trophic factor secondary to a lesion results in cell death (16–18).
This process is called trans-synaptic degeneration and can occur in an anterograde
(in terminal direction) as well as a retrograde (in cell body direction) fashion. It rarely
expands across more than one synapse and neurons with multiple synapses tend to
be spared from degeneration in the event of a lesion (17).

2.2 Stages
Wallerian degeneration usually occurs in four stages (figure 4) (17):
-

Acute phase: There is axonal degeneration, in the form of axonal swelling and
cytoskeletal fragmentation, leading to the loss of ability to generate action
potentials, but the myelin sheath remains mostly intact. This process is
mediated by proteases stimulated by an increase in levels of intra-axonal
calcium. The full molecular mechanism is not yet understood.
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-

Sub-acute

phase:

occurrence

of

nuclear

condensation,

cytoplasm

vacuolization and myelin degeneration. Inflammatory cytokines, such as
Galectin 3, recruit Schwann cells and macrophages to phagocytose fragments.
In the CNS, oligodendrocytes have a slower response, as well as an inhibitory
inflammatory effect. The exact mechanism behind it is unknown.
-

Late sub-acute phase: This is marked by intense proteolysis. Macrophages
and inflammatory cytokines induce gliosis.

-

Chronic: there is the formation of a glial scar by reactive astrocytes and
proteoglycans, impeding axonal regeneration. Atrophy ensues.

Figure 4: Wallerian degeneration, figure from Wallerian degeneration: the innate-immune response to
traumatic nerve injury, Shlomo Rotshenker, 2011 (16)
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Historically, only direct anterograde trans-synaptic degeneration was known
to exist in the CNS. The development of retrograde trans-synaptic degeneration in
the CNS was debated until recent MRI and OCT demonstrated its occurrence in the
visual pathway of a mature brain after an insult (19).
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Epilepsy

3.1 Epidemiology
Epilepsy, one of the most frequent chronic neurological conditions, affects
approximately 50 per 100,000 people in high-income countries (20–22). It has a
higher prevalence in resource-poor countries due to factors such as poor prenatal
care, head trauma, CNS infections (such as meningitis and encephalitis) and
parasites (such as neurocysticercosis, malaria and HIV) (22–24). Geographical
location is associated with pathophysiology and seizure semiology (22). In resourcerich countries, there is a greater prevalence of focal seizures (57% in the Rochester
study) (25), while in Africa the World Health Organisation report described that 60%
of people have generalised tonic-clonic seizures (23). This discrepancy is probably
associated with the differing causes of epilepsy (such as higher rates of parasitic
infections in developing nations), as well as the inconsistency between physicians
from different countries to describe seizure semiology (26).
Morbidity and mortality are increased in the population with epilepsy,
especially within the first few years after the diagnosis (27). In this group, the risk of
injury as a result of a seizure is close to 30 cases per 100,000 people per year and
an increased odds of 15 to 19-fold of drowning (22,28). Situations such as status
epilepticus carry a fatality rate of 10-22% and have an incidence of 18-28 cases per
100,000 people per year (29). A significant proportion of these deaths is associated
with epilepsy itself, but, interestingly, also with cancer, cardiovascular and
cerebrovascular disease, for reasons which are not entirely clear (24). This risk
seems to decrease if seizure freedom is achieved (20).
The burden of epilepsy goes beyond injuries related to the seizure itself or risk
of SUDEP. People with epilepsy often present with clinical and psychiatric
comorbidities and have an increased risk of suicide (20,30).
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3.2 ILAE Definition of Epilepsy
The definition of epileptic seizure is “a transient occurrence of signs and/or
symptoms due to abnormal excessive or synchronous neuronal activity in the brain”
(31–35). The 2005 definition of epilepsy was “a disease characterized by an enduring
predisposition to generate epileptic seizures and by the neurobiological, cognitive,
psychological, and social consequences of this condition” (31). This definition was
broad and later felt to be inaccurate and give room for classification mistakes.
In 2014, the ILAE suggested a new definition of epilepsy as a disease of the
brain defined by any of the following criteria (35):
-

At least two unprovoked (or reflex) seizures occurring >24 h apart;

-

One unprovoked (or reflex) seizure and a probability of further seizures similar
to the general recurrence risk (at least 60%) after two unprovoked seizures,
occurring over the next 10 years;

-

Diagnosis of an epilepsy syndrome.
This new definition is controversial. Prediction of recurrence is still unreliable

with the investigation methods currently available. Routine non-ictal EEGs capture
abnormalities in approximately 20% of cases (36), and most people with epilepsy
have normal MRI scans (37). It is critical that new technologies are developed to
better understand epileptogenesis and to facilitate diagnostic confirmation.

3.3 Pathophysiology
Seizures occur when there is excessive synchronous neuronal depolarization
(38) due to an imbalance between excitation and inhibition in a group of neurons that
may be located in the thalamus, cortex or subcortical region (39). This triggers the
stereotypical cascade of events that culminates in a seizure. There has been a shift
in understanding of generalised seizure origin, from being a global synchronous event
to a quickly spreading focal event with a possible origin in the frontal lobe, thalamus
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or other deep structure (38). The hypothesis of a brain structure acting as a
modulatory centre would explain the variation in seizure duration and intensity (40).

3.4 Causes
People may develop epilepsy due to genetic factors, inflammation, infections,
changes of normal brain anatomy or factors not yet completely understood (21).
Epilepsy can be broadly divided into focal and generalised, lobe of onset or clinical
presentation and underlying neurological disorder (41). This distinction is helpful as
the correct identification of phenotype has implications in diagnosis, investigations,
treatment, and, most importantly, prognosis. In the table below, I will discuss
characteristics of the most commonly seen types of epilepsy in clinical practice,
subdividing according to the presumed lobe of onset (42) and classification according
to the 1989 ILAE consensus (32). Though a new classification has been suggested
in 2009 and 2017, I discuss the 1989 consensus as it was utilised in prior OCT studies.
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Table 1: Characteristics of epilepsy according to lobe of onset, adapted from the Queen Square Book of Neurology (41)

Lobe of Onset

Seizure Characteristic

Diagnosis

Pharmacological
Treatment

Surgical Treatment

Generalised

Aura: Absent

EEG

ethosuximide,

(15-20% of all epilepsies)

Absence: can be subdivided in typical and atypical

Inter-ictal: normal with generalised
discharges (spikes, polyspike-waves
³3 Hz more prominent during sleep

sodium valproate,
lamotrigine, levetiracetam,
acetazolamide,
clonazepam,

Palliative: VNS, little
evidence for it

•

typical: sudden onset and offset, significant
impairment of consciousness, automatisms,
autonomic signs. Provoked by hyperventilation,
photic stimulation or thinking
•
atypical: gradual onset and offset, longer
duration, associated with severe
symptomatic/cryptogenic epilepsy and learning
disability
Myoclonus: shock-like, brief, irregular, twitching
movement. May be single or multiple. Affects face, limbs,
neck or trunk. Variable force and amplitude. Often at
awakening. Precipitated by sleep deprivation, fatigue or
stress. Consciousness not impaired.
Generalised tonic-clonic (GTCS): generalised from
onset. May occur in isolation or after clusters of
myoclonic seizures or absences.

Absence: 4-3Hz spike and slow-wave
Myoclonus: generalised bursts of
polyspikes/polyspike-wave with
variable side emphasis and anterior
predominance

topiramate,
perampanel

GTCS: generalized polyspikes.
Presence of epileptic recruiting
rhythm in tonic seizure phase
followed by decreasing generalised
spike-wave during the clonic phase.
Postictal suppression after
termination of the seizure.
MRI: typically normal

Syndromes:
Childhood Absence Epilepsy (CAE): Usually only typical
absences, though may have myoclonic seizures.
Frequent episodes. May develop GTCS in adult life.
Peak incidence at 5-6 years of age. Good prognosis.
Juvenile Absence Epilepsy (JAE): usually typical
absences with infrequent myoclonic seizures and GTCS.
Absences are less frequent than CAE, but 1/5 of patients
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develop absence status epilepticus. Usually good
prognosis but may relapse after discontinuation of AED.
Juvenile Myoclonic Epilepsy (JME): 9% of all epilepsies,
characterised by myoclonic seizures on awakening,
GTCS and typical absences (which tend to be mild).
Triggers include sleep deprivation, fatigue and alcohol
consumption. 40% of patients are photosensitive.
Condition is life-long but improves with age.
Epilepsy with GTCS Alone: frequently (but not
exclusively) presents with GTCS within the first 2 hours
after awakening. Onset usually occurs at mid-teens.
Triggers: sleep deprivation, fatigue or alcohol. Increase
frequency with age
Frontal

Aura: Variable, usually not complex

EEG

(20-30% of partial seizures)

Seizure: frequent, brief, clustering seizures with sudden
onset and offset, often arising from sleep. Loss of
consciousness occurs at onset, typically without postictal confusion. May be accompanied by version of head
or eye. Seizure is complex, with bizarre motor
automatisms, posturing and spasms. Frequent
secondary generalisation and status epilepticus.

Interictal: often normal, not helpful in
localising

No specific AED

Resective: remission in
20-40% cases, (better if
low grade tumour: 62%)
Palliative:

Ictal: due to size and seizures arising
from deep structures, signals are
often attenuated or undetectable.
Quickly generalises. Localising in 3040% of cases

VNS: 1/3 of patients with
50% reduction of seizures
Corpus Callosotomy:
50% with significant
improvement

Post-ictal: short post-ictal
suppression.
MRI: 50% with lesions identified
(tumours, malformations, ischaemia,
etc.)
FDGPET: identify hypometabolic area
in 75% of unilateral with abnormal
MRI
Temporal

Aura: can be subdivided according to anatomical focus.

EEG Mesial:

All available AEDs

Resective:
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(60-70% of patients with
focal seizure)

Mesial: visceral, cephalic, gustatory, dysmnestic,
affective, perceptual or autonomic auras
Lateral: complex perceptual changes, visual and auditory
hallucinations
Seizure:

Inter-ictal: spikes (often bitemporal,
but more frequent in pathological
side) associated with slowing of
rhythm

Initial early response lost
after several years

Ictal: rhythmic discharge in the
anterior mid temporal lobe in 80%

Mesial: typical seizure pattern of aura, absence, oroalimentary or gestural automatisms with retention of
partial awareness; seizure is slow to evolve and often
presents with motor arrest or absence, dystonic
posturing of contralateral limb as well as autonomic
changes which may evolve to secondary generalisation;
it frequently presents with post-ictal confusion and
dysphasia. Average age of onset in
childhood/adolescence.

Post-ictal:

Lateral: similar to mesial, but motor arrest and absence
are less prominent, tonic posturing is more common, and
has more frequent secondary generalisation

Post-ictal:

Temporal lobectomy:
seizure freedom of 70%
in one year and 50% after
10 years
Palliative:
VNS: as above
DBS: stimulation of
anterior nucleus of
thalamus and
hippocampus led to a
reduction of 46-90% of
seizures in 50% of
participants.

EEG Lateral:
Inter-ictal: spikes in mid/posterior
regions.
Ictal: rhythmic discharges with a
higher frequency than mesial and are
lateralised in 50% of cases.
EEG patterns are not specific for
differentiation between the two.
MRI: often hippocampal sclerosis
(present 1/3 of refractory cases),
temporal lobe atrophy, dilatation of
temporal horn or blurring of the greywhite border. Other lesions include
hamartomas, other benign tumours,
glioma, malformations among others.
It may also be normal

Parietal
(1.4% of total seizures)

Aura: may present with psychic aura in psychoparetic
seizures.
Seizure: Somatosensory symptoms (all modalities, but
paraesthesia and pain are most frequents – may or may
not march), sensation of inability to move, sexual

EEG: frequently normal but may
present with multifocal epileptiform
discharges. The most common ictal
EEG patterns are paroxysmal fast
and repetitive epileptiform activity.
Often unhelpful for localisation.

No specific AED

Resective: 20% of nontumoural and 75% of
tumoural parietal lobe
cases may be rendered
seizure-free by resective
surgery
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sensations, illusions of change in body size/shape,
vertigo and gustatory seizures

Occipital

Aura: may present with visual aura

(8% of total seizures)

Seizure: statistic or dynamic elementary (flashes,
colours, shapes or patterns) or complex (objects,
scenes, autoscopia, palinopsia) visual hallucinations
which may be associated with adversive head turning.
May also present as visuospatial distortions (micropsia,
macropsia, shape, position) and amaurosis. Motor
seizures include eyelid fluttering/blinking/nystagmus

Multifocal

MRI: limited number of studies,
majority describe close to 75% of
abnormal scans (tumours,
malformations, gliosis, etc.)
EEG: 60% of cases present with
variable frequency rhythmic patterns,
and paroxysmal fast or repetitive
spiking in most other cases. False
localisation is common.

Palliative:
VNS: as above
No specific AED

MRI: 75% lesional (tumours,
malformations, ischaemia, etc.)

Resective: depends on
complete resection of
focus, some studies with
60% of seizure freedom,
with better outcome in
low grade tumours
Palliative
VNS: as above

Aura: variable

EEG: variable

All available AEDS

Palliative

Seizure: Variable

MRI: variable

Greater tendency to be
drug-resistant

VNS: as above
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The International League Against Epilepsy (ILAE) periodically publishes
suggested classification of the epilepsies and epilepsy syndromes. Below are the
classifications of 1989 (32). As our group previously published a study using the 1989
classification, I have utilised this as a matter of consistency.
Table 2: Classification of epilepsies according to the ILAE 1989

1. Generalised
Idiopathic
-

Benign neonatal familial convulsions
Benign neonatal convulsions
Benign myoclonic epilepsy in infancy
Childhood absence epilepsy
Juvenile myoclonic epilepsy
Epilepsy with generalised tonic-clonic seizures on awakening
Other generalised idiopathic epilepsies not defined above
Epilepsies with seizures precipitated by specific modes of activation
Cryptogenic or symptomatic generalised epilepsies (in order of age)

-

West syndrome
Lennox-Gastaut
Epilepsy with myoclonic astatic seizures
Epilepsy with myoclonic absences
Symptomatic
Non-specific aetiology:

-

Early Myoclonic encephalopathies
Early Infantile encephalopathy with burst suppression
Other symptomatic epilepsies not defined above
Specific syndromes:

-

Epilepsies in other disease states
2. Localisation-related epilepsies
Idiopathic

-

Benign epilepsy with centrotemporal spikes
Childhood epilepsy with occipital paroxysms
Primary reading epilepsy
Symptomatic

-

Epilepsia partialis continua
Syndromes characterised by specific modes of precipitation
Temporal lobe epilepsies
Frontal lobe epilepsies
Parietal lobe epilepsies
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-

Occipital lobe epilepsies

Cryptogenic
3. Epilepsies and syndromes undetermined as to whether focal or
generalised

With both generalised and focal seizures
-

Neonatal seizures
Severe myoclonic epilepsy in infancy
Electrical status epilepticus in slow-wave sleep
Acquired epileptic aphasia

Other undetermined epilepsies (not defined above) with unequivocal
generalised or focal features

-

4. Special syndromes
Isolated seizures or isolated status epilepticus
Febrile convulsions
Isolated seizures or isolated status epilepticus
Seizures occurring only when there is an acute metabolic or toxic event due to
factors such as alcohol, drugs, eclampsia and non-ketotic hyperglycinaemia

This classification was revised in 2009 (43), as the 1989 was seen to be
unclear and it was suggested the substitution of nomenclature to prevent different
interpretation of the terms. As a result, idiopathic epilepsy was to be referred as
genetic; symptomatic as structural/metabolic and cryptogenic as unknown.
The 2017 revised classification suggested the framework below (44), which
innovated by adding the combined generalised and focal subgroup:
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Figure 5: Suggested classification of epilepsy of 2017 by the ILAE, Scheffer, 2018 (44)

3.4.1 Disorders of Cortical Development (DCD)
During the third gestational week, brain development starts with the formation
of the neural crest (5,45). Migration of neurons from the ventricular zone to the cortical
plate begins in the twelfth gestational week. There is a differentiation of neurons with
organisation into a typical six-layered architecture. Factors such as nutritional
deficiencies, viral infections and genetics may affect this complex process. DCD vary
between complete lack of migration and formation of sulci to partial migration failure,
when neurons are functional, but not in their usual cortical position (46).
Below, I discuss the two most common DCD: heterotopia and cortical
dysplasia:
3.4.1.1 Heterotopia
In this DCD, neuronal migration failure leads to the formation of nodules or
bands in the white matter (deep or subcortical), periventricular regions or
leptomeninges (46–48). As seen in fMRI studies, these neurons usually function

59

normally, are well-differentiated and connected to other circuits, but show abnormal
architecture (49). The precise mechanism for developing this DCD is not completely
understood. There is evidence of genetic links, environmental and infectious causes,
but most cases are sporadic (50). It is a heterogeneous condition, ranging from being
asymptomatic to being associated with refractory epilepsy linked with malformations
and intellectual disability (50). In nodular heterotopia, severe epilepsy is frequent, but
with relatively normal physical examination and cognition (51). Seizure onset tends
to be in late childhood and early adolescence. Most people affected have complex
partial seizures, but they may present with any seizure semiology (49,50). Heterotopic
neurons and normal surrounding neurons appear to have a lower depolarisation
threshold (49). There is a loose correlation between the volume of heterotopic tissue
and clinical characteristics (46,52). Those affected with band heterotopia tend to have
more severe epilepsy, and often have motor and intellectual disabilities (46).
3.4.1.2 Cortical Dysplasia (CD):
Responsible for a significant proportion of refractory epilepsy cases, CD is
characterised by abnormal cell formation and migration, leading to anomalous cortical
architecture (46,47,53). Histopathologically, there is a loss of white and grey matter
demarcation, which can be focal or diffuse. The most common clinical feature is focal
epilepsy with childhood or adolescence onset, but onset may be as early as the
neonatal period (54). Onset and severity of symptoms are associated with site and
extension of lesion rather than pathological subtype, with the exception of type 2b,
which is associated with earlier onset (47). The pathological classification is described
in table 3. People with CD may present with motor abnormalities, intellectual disability,
and behavioural issues, including autism. Preservation of function is possible, but with
abnormal representation of sensory or motor areas and reorganisation of function in
a different cortical region. Seizure semiology varies according to the localisation of
dysplastic tissue. Up to 50% of children who undergo epilepsy surgery have this type
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of malformation on pathological examination (53,55). In adults, the percentage falls
below 20 % (53). Histological characteristics are linked to clinical and surgical
outcome (56). Surgical candidates with cortical dysplasia have lower rates of seizure
freedom than those with hippocampal sclerosis and TLE (57). In type 1, post-surgical
seizure freedom is achieved in 43% of patients, while in type 2, this is achieved in
75% (58). The reason cortical dysplasia leads to epilepsy seems to be related to
synaptic abnormalities (mainly of glutamate and GABA, leading to hyperexcitability),
glial dysfunction (and the subsequent loss of buffering mechanisms) and the
dysregulation of extrasynaptic mechanisms (51).
Table 3: Histological classification of cortical dysplasia (Najm (53,59))
Pathological
subtype

Architectural
abnormalities

Neuronal
abnormalities

Balloon
cells

Associated
pathology

Type 1a

Vertical

Microcolumnsa

No

No

Type 1b

Horizontal

Hypertrophicb

No

No

Type 1c

Mixed

Hypertrophicb

No

No

Type 2a

Grossly abnormal

Dysmorphic

No

No

Type 2b

Grossly abnormal

Dysmorphic

Yes

No

Type 3a

TLSc

Hypertrophicb

No

HS

Type 3b

Mixed. Need to
exclude tumour cell
invasion

Hypertrophicb

No

Tumour

Type 3c

Variable patterns of
cortical dyslamination

Hypertrophicb

No

Vascular

Type 3d

Variable patterns of
cortical dyslamination

Hypertrophicb

No

Scar/Inflammation

Variable patterns of
cortical dyslamination

Hypertrophicb

No

d

Type NOS (not
otherwise
specified)

a Microcolumns: at least 8 neurons vertically aligned
b Hypertrophic neurons: enlarged pyramidal cells (due to the accumulation of neurofilaments) located in
normal anatomical orientation
c Temporal lobe sclerosis: abnormalities in architecture and gliosis of hippocampal layers
d No pathological examination available
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Optical Coherence Tomography

4.1 Principle
OCT is an imaging modality that uses infra-red light and a low-coherence
Michelson interferometer to analyse the scattering properties of materials (60,61). It
compares light reflected from the studied object to a reference path producing light
interference. The mismatch between the two creates a pattern that translates the
object's characteristics. The depth of the obtained image is determined by two factors:
the object's optical properties and the wavelength used by the scan (62,63). As OCT
analyses the backscattered reflection of tissues, it is often called “optic ultrasound”
(64). By using mirrors and a beam of light divided in two, it compares tissue reflectivity
in an X and Y plane. It was first used in 1991 to assess the retina and coronary arteries
in vitro (1), and, in 1993, in vivo (65). OCT is an attractive imaging modality in several
medical specialities given its precision and real-time visualization (62,66). Its greatest
use is in ophthalmology, as the characteristics of the eye allow the light to suffer little
or no deviation until it reaches the retina (67,68).

62

Figure 6: Principle of Fourier Domain OCT. Shalabi, 2016 (69)

4.2 Advantages and disadvantages of OCT
OCT has many advantages compared to other types of imaging. It is quick,
non-invasive, inexpensive, and does not use ionizing radiation or contrast agents. It
is easily repeatable and highly accurate. Patient discomfort is minimal, and it has high
inter-examiner reproducibility (64). Although similar to the average biopsy depth, a
scan depth of 2.5 to 5mm limits its usefulness (70). In the retina, its use can be limited
in patients with opacities of the crystalline or any structure before the retina and, in
patients with significant refractive error, it loses accuracy (71).
With the increase of research groups using OCT to study many different
conditions, it is necessary a clear and concise guideline to ensure the reliability of the
imaging acquired and subsequent analysis. The OSCAR-IB (72) publication suggests
the quality criteria described below:
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Table 4: OSCAR-IB quality criteria for OCT scans, adapted from Tewarie, 2012 (72)

Item

Criteria

O

Obvious problems

S

Is the OCT signal sufficient?

C

Is the ring scan correctly centred?

A

Is there algorithm failure?

R

Is there retinal pathology which may potentially impair the RNFL reading?

I

Is the fundus well illuminated? Retinal structures visible?

B

Is the measurement beam placed centrally?

4.3 Uses of OCT in Medicine
Almost all medical specialties have found a use for OCT. In cardiology, it can
be used during angiography to assess the characteristics of coronary plaques and
the calcification of arteries with a 10-fold higher resolution than intravascular ultrasound (73). In respiratory medicine, it has been used to assess the walls of the
bronchi for lesions and to identify some types of cancer (74). In gynaecology, it can
be used to stage different degrees of cervical lesions (60). In orthopaedics, rotator
cuff lesions can be identified with OCT (75).

4.4 OCT in Neurology
OCT was first used to analyse optic nerve changes in multiple sclerosis in
1999 (76). The interest in this technique is high because it is an in vivo test that shows
the integrity of neurons and white matter. In the last decade, many associations have
been found between retinal thickness and a variety of neurological conditions (2). In
most, there is a thinning of the ganglion cell layer (GCL) and the retinal nerve fibre
layer (pRNFL), when the macula or optic nerve head (ONH) is studied. The only

64

known exception in neurology is Autosomal Recessive Spastic Ataxia of CharlevoixSaguenay (ARSACS), a rare form of ataxia (77), in which pRNFL thickness is
significantly increased due to hypertrophy of the optic nerve fibres. In epilepsy, OCT
was first used to analyse possible mechanisms associated with vigabatrin-induced
visual field constriction (3). It was later seen that people with epilepsy who had not
been exposed to this drug also presented with retinal thinning (4) . This non-vigabatrin
associated thinning was seen with drug resistance and intellectual disability (4).

4.5 Previous OCT studies in neurology
In recent years, there has been increasing interest in retinal thickness of
people with neurological conditions, as the easy access to unmyelinated fibres allow
an opportunity to analyse the integrity of the brain in vivo (78). On average, 50% of
the brain is involved in vision, from seeing the object, transporting information via
visual tracts, coordinating eye movement and analysing the image (79). Based on the
principle of retrograde trans-synaptic degeneration and other factors still not
completely understood, measures of both the ONH and the macula can be used as a
surrogate marker of cerebral white matter integrity (4,80). Below, these correlations
are explored further.
4.5.1 Multiple Sclerosis (MS) and Neuromyelitis Optica (NMO)
Definition
MS and NMO are conditions caused by an abnormal inflammatory response
to myelin (76,81–84). They follow a relapsing-remitting, primary or secondary
progressive course. The two conditions share many features and for some time were
thought to be different ends of the spectrum of the same disease. In 2005, the antiaquaporin 4 antibody was identified in people with NMO, and the two diseases were
permanently separated (85). Typical manifestations for both disorders are: episodes
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of optic neuritis (characterised by loss of vision, pain on eye movement, changes in
colour perception and afferent pupillary defect), sensory and motor disturbances and
a myriad of other symptoms, as they may affect any part of the neuro-axis containing
myelin (85–87).
Below, I discuss the main difference between the two diseases (85).
Table 5: Comparison of clinical and radiologic characteristics between MS and NMO

MS

NMO

Male: Female

75% female

90% female

Age at diagnosis

Young adults

Adults

Relatively good

Relatively poor

Frequent in Caucasians

Frequent in Asians

Mild-moderate

Severe

Oligoclonal bands (80%)

Anti-aquaporin 4 (70-90%)

Moderate

Severe

MRI brain

Periventricular ovoid lesions

Extensive, symmetric cloud-like
lesions

MRI spine

Small lesions

Longitudinally extensive
transverse myelitis

Rare

Frequent other auto-immune
diseases

Interferon, Fingolimod,
Rituximab, Natalizumab

Prednisolone, Rituximab,
immunosuppressive drugs

Prognosis
Epidemiology
Severity
Anti-bodies
Blood-brain barrier
disruption

Co-morbidities

Treatment

OCT and MS
MS was the first neurological condition to be studied using OCT (76). During
an episode of optic neuritis, there is an initial ONH swelling caused by inflammatory
cell migration, followed by thinning of the entire ONH (83). This is identified, on
average, 6 months after onset, and tends to be more prominent in the superior and
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inferior quadrants. In NMO, thinning is even more pronounced, probably due to the
presence of aquaporin 4 receptors in the Muller cell bodies in the retina (88). People
with NMO were found to have thinner ONH than those with MS (66,89). This is
congruent with the correlation between retinal thickness and disease severity, as
NMO has a more severe progression (85,89). In MS, pRNFL thinning has been
identified even in the absence of optic neuritis, most noticeable in the temporal
quadrant (78,84).
4.5.2 Stroke
Definition
Stroke is defined as a neurological deficit caused by an acute cerebrovascular
event persisting for more than 24 hours or leading to death before that period (90).
This 24-hour interval is arbitrary, as deficits lasting longer than 30 minutes but less
than 24 hours are also associated with neuronal death (90). Strokes are divided into
ischaemic (85% of cases) and haemorrhagic (15%), according to the type of vascular
injury. The main risk factors are prior Transient Ischaemic Attack (TIA), hypertension,
hypercholesterolaemia, smoking, diabetes and atrial fibrillation. Stroke is associated
with a high mortality in developed nations (being responsible for 10-12% of all deaths),
second only to coronary artery disease (91). It is also a marker of life expectancy, as
about half of the people affected will die within 12 months of the event (90).
Clinical Manifestation
Clinical manifestations vary, as symptoms represent loss of function of the
affected area. After a stroke, 8% of people develop hemianopia (92), which tends to
resolve spontaneously. Ischaemia leads to the production of free radicals and tissue
necrosis (17,91). After a few weeks, gliosis ensues and, after 6-24 months, it is
possible to assess permanent sequelae. In necropsies of people with a history of
stroke, both anterograde and retrograde degeneration are observed (93). The velocity
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at which it occurs is variable but is at its maximum during the acute phase. It continues
at a slower pace during the chronic phase.
OCT and Stroke
When analysing the retinas of stroke survivors, ONH attenuation was found
ipsilateral to lesions (temporal quadrant), or bilaterally (contra-lateral nasal quadrant)
(94,95). One element that complicates the interpretation of pRNFL measures is that
crossed and uncrossed fibres are located in all quadrants with variable density. In the
nasal and temporal quadrant, there is a greater quantity of crossed fibres. The
superior and inferior quadrants vary in the amount of each type of fibre (96).
Potential confounding factors in the study of stroke are that arterial
hypertension

(97), diabetes, cholesterolaemia and alcohol intake (98) are also

correlated with pRNFL thinning.
4.5.3 Glaucoma
Definition
Glaucoma is a group of ophthalmological conditions in which loss of
ganglionic cells leads to visual field loss and is often associated with an increase in
pressure of the eye's anterior chamber (99–101). It can be subdivided into open or
closed angle depending on the mechanism of obstruction. Open angle glaucoma
(OAG) is related to the reduced flow and blockage of aqueous humour through the
trabecular meshwork, while in closed angle glaucoma (CAG), the iridocorneal angle
is closed by the forward displacement of the final roll of the root of the iris against the
cornea, acutely obstructing drainage from the posterior to the anterior chamber (100).
OAG (90% of all cases) is usually painless and has an indolent course until the visual
field defect becomes significant. CAG (10% of cases in western countries, but up to
50% in Asian countries) is a medical emergency, as it is associated with redness,
severe sudden pain, decreased vision, fixed mid-dilated pupil, nausea and other
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autonomic symptoms (102). A 30% loss of GCL is necessary for the alteration in
visual field to become perceptible (102). It has a prevalence of 0.5% in the population
younger than 50, and of 10% in those above 80. It can be caused by changes in
pressure primary related to anatomy, other pathologies (diabetes, uveitis, vascular
disease) or secondary to drugs (such as steroids and anticholinergics) (103).
OCT and Glaucoma
OCT has been used for many years to diagnose and follow up people with
glaucoma as it can identify GNL and pRNFL thinning (especially average thickness
and also in the superior and inferior quadrants), as well as an increased cup to disc
ratio, rim appearance changes and vascular abnormalities (68,99,101,104–106).
There is intense discussion concerning the determination of the most sensitive
area for identifying early signs of glaucoma (105). The macula occupies
approximately 2% of the retinal area but contains about 50% of all ganglion cells; its
fibres also form about 30% of the ONH, so this seems the ideal area for screening
(105). When analysing time-domain OCT, macular thickness showed equivocal
results for disease progression, while ONH showed a clear correlation (99). This
changed with the advance to spectral-domain, as both areas are considered sensitive
for screening and follow up of people with glaucoma (105). Asymmetries greater than
9 μm between ONH have also been suggested as a sensitive marker for glaucoma
(65,107,108).
4.5.4 OCT and other disorders
Retrograde trans-synaptic degeneration is probably the mechanism
associated with retinal thickness changes in people with neurological diseases. It is
the most probable cause in people after stroke or surgery affecting the visual pathway
(19,109). It has also been described in patients after removal of meningiomas
(110,111). The velocity in which degeneration occurs is related to age. In older people
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with stroke, changes are visible within one year, while in younger patients, this may
take many years to become noticeable (95).
Many neurological disorders are being studied in the attempt to find pRNFL
patterns. OCT can potentially help to clarify the physiopathology and help to find or
improve ways of monitoring disease progression.
Below is a list of conditions and their respective OCT findings
Table 6: Medical conditions and OCT findings

Medical condition

Ataxia

Migraine

OCT findings
ARSACS: significant thickening of all quadrants
(77)
Other forms of Ataxia: thinning of average
(112–115)
With aura: thinning of average (116)
Without aura: none

Alzheimer’s Disease

Thinning of superior and inferior quadrants
(2,117,118)

Parkinson’s Disease

Thinning of average and temporal quadrant
(119–124)

Progressive Supranuclear Palsy

Thinning of average, more pronounced than PD
(2)

Multiple System Atrophy

Thinning of average, more pronounced than PD
(125)

Lewy Body Dementia

Thinning similar to PD (119)

Corticobasal Degeneration

Thinning similar to PD (126)

Cluster Headache

Thinning of the temporal quadrant (127)

Neurosarcoidosis

Thinning in all quadrants (128)

Systemic Lupus Erythematosus

Thinning of average, temporal and nasal
quadrants (129)

X-linked Adrenoleukodystrophy

None in asymptomatic patients (130)

ALS

None or mild (131,132)

70

Wilson's disease

Thinning in all quadrants (133)

CADASIL

Thinning in all quadrants, mostly superior and
inferior (134)

Machado-Joseph disease

Preservation of temporal quadrant, thinning in
others (112)

Idiopathic Intracranial Hypertension

May present with swelling and increased rim
area and rim thickness and decrease of optic
cup volume (135)

Sleep Apnoea

Thinning of average, superior and inferior
quadrants (103)

Hereditary Spastic Paraplegia

None in patients with a pure form of the
disease. Thinning of the inferior and temporal
quadrants in patients with complex form (125)

Ethambutol-induced optic
neuropathy

Thinning most prominent in the temporal
quadrant (68)

Schizophrenia

Thinning in the average, superior, inferior and
temporal quadrants (136)
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Methods
In this chapter, I describe the methodology used in most studies in this project.
Any particular aspect of the method will be described in the respective chapter when
present.

5.1 Subjects and Recruitment
5.1.1 Ethics
This project was approved by the Joint Research Ethics Committee of the
National Hospital for Neurology and Neurosurgery and UCL Institute of Neurology.
All participants provided written informed consent.
5.1.2 Subjects and inclusion criteria
Participants were recruited from the Sir William Gowers ward (SWG) located
at the Chalfont Centre for Epilepsy (CCE), part of the National Hospital for Neurology
and Neurosurgery (NHNN) in London, between 2008 and 2017. People were included
if they:
-

have a confirmed diagnosis of epilepsy;

-

were able to give informed consent;
It was recruited as controls employees of the CCE and NHNN, members of

the community and people accompanying patients to appointments.
Seven trained examiners performed the scan. The examiners were tested for
inter-examiner reliability. The machine was tested for inter-scan reliability.
5.1.3 Exclusion criteria
Participants were excluded if:
-

the diagnosis of epilepsy was not confirmed;
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-

were known for an ophthalmologic condition that affects retinal thickness
(such as glaucoma, optic neuritis, strabismus, or diabetic retinopathy);

-

had a history of trauma or eye surgery;

-

had significant nystagmus that caused movement artefacts in the scan;

-

had refractive errors greater than 4.5 dioptres with spherical lenses or 2.5 with
cylindrical lenses;

-

had learning disability which prevented the acquisition of the scan;

-

were unable to fixate gaze at the internal target.
Participants with prior exposure to vigabatrin were excluded from the current

analysis, but their data were still acquired for subsequent research.
During the acquisition period, we collected a total of 579 scans. I
retrospectively applied the OSCAR-IB quality criteria to select the scans. Of analysed
images, 142 were excluded due to poor signal strength, movement artefacts,
participant was later found to have previous exposure to vigabatrin, ophthalmological
disorders or not to have epilepsy. The 437 remaining scans were of 348 individuals,
in which 59 had more than one scan performed as part of a longitudinal study.
Table 7: Participants excluded according to cause

Reason for Exclusion

Number of participants excluded

Vigabatrin exposure

31 (21.8%)

Poor quality of scans

62 (43.6%)

Movement artefacts

6 (4.2%)

No certain diagnosis

29 (20.4%)

NEAD

10 (7.04%)

Other pathologies

4 (2.8%)

I assessed the number of people recruited and excluded for the duration of
this project. The table below presents these variables, as well as the initials of those
who performed the examination and OCT scan (list of examiners available in annex
9).

73

Table 8: Number of scans included and excluded per year and percentage of the total number of OCTs
acquired

Year

OCT scans
included

OCT Excluded

2008

4 (0.6%)

2 (0.3%)

LMC, JN, KC

2009

38 (6.5%)

5 (0.8%)

LMC, JN, KC

2010

61 (10.5%)

9 (1.5%)

LMC, JN, KC

2011

36 (6.2%)

9 (1.5%)

LMC, JN, KC

2012

78 (13.4%)

13 (2.2%)

APB

2013

47 (8.1%)

27 (4.6%)

SB

2014

57 (9.8%)

6 (1.03%)

APB

2015

44 (8.2%)

14 (2.4%)

APB, NS

2016

35 (6.04%)

12 (2.07%)

NS

2017

37 (6.3%)

45 (7.7%)

NS, MC

Examiners

The inclusion and exclusion criteria are in accordance to the advised protocol
for OCT study terminology and checklist (APOSTEL), which can be found in greater
detail in annex 10.

5.1.4 Subject Groups
Of the 348 participants remaining, I subdivided them according to the
suspected lobe of origin, as identified by seizure phenotype and clinical investigations,
and classification, as per the proposed 1989 ILAE classification. The analysis will
focus predominantly on anatomical lobe of origin, as I hypothesise that changes in
pRNFL thickness are related to anatomical onset of seizures rather than aspects used
for classification. As our previous study has used classification as the criteria to
subdivide and analyse groups, I have also described certain demographic
characteristics using this parameter.
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5.1.5 Demographic Data and Clinical Information
The table below shows the average age of epilepsy onset and at OCT, as well
as the duration of epilepsy, subdividing the participants according to the lobe of origin.
The division of groups according to lobe generates uneven subgroups in the number
of participants as well as age at onset and at OCT. The duration of epilepsy was
similar in the groups (with the exception of parietal and occipital, due to the small
sample size).
Table 9: Mean age at diagnosis, at OCT and duration of epilepsy in years and standard deviation
according to suspected lobe of origin and controls

Lobe

Age at Onset

Age at OCT

Duration

Generalised (n=61)

13.4 (±6.6)

34.1 (±12.7)

20.7 (±14.1)

Frontal (n=36)

12.8 (±9.1)

34.8 (±11.6)

22 (±13.1)

Temporal (n=117)

18.3 (±13.5)

40.7 (±12.9)

22.4 (±13.8)

Parietal (n=2)

10.5 (±3.5)

34 (±5.6)

23.5 (±2.1)

Occipital (n=3)

29.3 (±19.5)

43 (±20.1)

14 (±5.1)

Multifocal (n=81)

14.3 (±9.4)

34.7 (±11.7)

20.4 (±13.2)

Undetermined
(n=48)

19.7 (±12.4)

40.3 (±12.6)

20.5 (±13.4)

Controls (n-98)

N/A

42.22 ((±13.2).

N/A

The division according to classification generates more harmonic subgroups
regarding the number of participants per group. People with idiopathic epilepsy were
younger at onset, but all groups had a similar duration of epilepsy.
Table 10: Mean age in years and standard deviation at onset, at OCT and duration of epilepsy according
to classification

Classification

Age at Onset

Age at OCT

Duration

Idiopathic (n=63)

13.4 (±6.4)

34.3 (±12.3)

20.8 (±13.1)

Cryptogenic (n=122)

17.6 (±11.8)

37.1 (±13.1)

19.5 (±13.1)
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Symptomatic (n=122)

16.5 (±12.6)

40.3 (±12.6)

23.7 (±14.1)

UE (n=40)

15.6 (±11.4)

35.6 (±11.5)

19.9 (±11.4)

The effects of age will be further explored in the Longitudinal Study chapter.
The analysis identified a statistically significant effect of sex on pRNFL
thickness. For this reason, I will examine this variable in more depth in chapter 6.

5.2 Analysed Variables
All of the information was obtained from clinic letters, inpatient admission and
discharge letters. The information from controls was obtained by direct questioning.
I have collected and analysed the following variables:
•

Age at Diagnosis: Age in years at which the participant was diagnosed with
epilepsy

•

Age at OCT: Age in years when the participant had an OCT scan

•

Duration: length of time in years between age at diagnosis and age at OCT

•

MRI: this variable was obtained from medical records. Participants were
classified as: normal, hippocampal sclerosis,

disorders

of

cortical

development (DCD), post-operative and not available. Volume was
measured as described in chapter 10
•

Laterality: participants were classified according to the presumed hemisphere
of onset of seizures. I divided them into generalised, right hemisphere, left
hemisphere, bilateral (if the patient had independent foci of onset in both
hemispheres) and undetermined (patient did not have any identifiable
epileptic activity in the EEG)

•

Lobe: I classified participants according to presumed lobe of origin as
identified by seizure semiology and EEG patterns. I divided them into
generalised, frontal, temporal, parietal, occipital, multifocal and undetermined.

•

Classification: the 1989 ILAE classification of epilepsy aetiology was used,
as this was the classification utilised by Balestrini (4) in previous publication,
in which they describe:
-

Symptomatic: epilepsy secondary to a known disorder

-

Cryptogenic: epilepsy with unknown aetiology
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•

-

Idiopathic

-

Undetermined

Ethnicity: variable identified as in clinical notes. Subdivided into: white British,
Asian, Afro-descendent (African and Afro-Caribbean), any other white, mixed
background and not stated.

•

Learning Disability: information collected from medical notes and/or
psychometric assessment (IQ<70).

•

SUDEP: participants who after OCT scan acquisition were described in the
medical notes as having suffered SUDEP.

•

Drugs: information collected from medical notes as dichotomic variable, with
a minimum period criterion of one week. It was excluded if the participant only
received the AED for an acute intervention (such as treatment of status
epilepticus)

•

VNS: information collected from medical notes. It was considered as exposed
both VNS turned on and off.

•

Number of Drugs: total number of AEDs to which the patient has been
exposed.

•

Drug-resistant: as defined by the International League Against Epilepsy
Commission on Therapeutic Strategies (33), someone who has drugresistant epilepsy is any individual who:
a) has had one or more seizures (of any type) in the year preceding
the most recent follow-up
b) has trialled two appropriate drugs for their seizure type, as
recommended by NICE, in adequate dosage (up to the maximum tolerated
daily dose) for a sufficient length of time (at least the maximum duration
between seizures). Or if, at some point, a clinician has documented that
the drug was ineffective, and/or the patient continued to have seizures
during treatment.
c) has no documented seizures of a non-epileptic nature during
drug trials.
d) has no history of seizures secondary to non-adherence.

•

Epilepsy Surgery: according to medical notes. I also collected the year that
the person underwent the procedure.
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•

Seizure Type: I recorded if the patient had tonic-clonic, absence, myoclonic,
clonic, tonic, atonic, simple partial, complex partial and secondary
generalised seizures.

•

Seizure Freedom: I analysed this variable as a dichotomic variable.
Participants were considered seizure free if they had been without any
perceptible seizure for a period greater than 12 months. This variable was
further subdivided into at the time of the OCT exam and if there was a history
of at least 12 months of seizure freedom since epilepsy onset.

•

Signal strength: this information was given by the OCT analysis report. It uses
an arbitrary unit varying from 0 to 10. Participants were only included if they
had a scan with quality 7 or higher.

5.3 Clinical and demographic variables chosen:
The choice of which clinical and demographic information to analyse was
based on previous studies which correlated with:
•

the known effect on pRNFL thickness in a healthy population and a population
with a neurological disorder (age, sex, ethnic group, learning disability, drugresistance)

•

hypothesised effects that could affect pRNFL thickness due to neuronal injury
in this population which are not yet known (drug exposure, brain volume,
symmetry, epilepsy surgery, seizure freedom, SUDEP, classification and lobe
of origin)

5.4 Recruitment and OCT scan Acquisition
Participants were given the information sheet and asked to provide informed
consent (examples of these can be found in Annex 1)
5.4.1 Order of assessment

The participants were assessed in the following order:
•

1st: they received the information sheet and, if they agreed to participate,
signed the informed consent form. If needed, the researcher answered any
questions about the study.
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•

2nd: Visual acuity and colour vision were assessed with a near chart and the
Ishihara pseudoisochromatic test. If a participant was recruited for the
longitudinal study, vision was re-examined prior to scan acquisition.

•

3rd: pRNFL scans were obtained using OCT
Scans were assessed post hoc with the OSCAR-IB criteria (71). If

abnormalities were identified on examination, the participant would not have the scan
and would be referred to an ophthalmologist. The examination was performed by the
same researcher who obtained the OCT scan.
5.4.2 OCT Scan Method
Participants were positioned at the machine's chin-rest. Participants were
asked to look at the internal target and avoid eye movements or blinking while the
scan was taken. Depending on position and refractive error, it was necessary to adjust
the focus. The scan circle was placed around the completely visualised ONH. Three
scans of each eye were taken with a signal strength of at least 7 arbitrary units
provided by the manufacturer. Pupil dilatation was not required. Images were then
assessed for quality, and the one with the highest quality was analysed. If more than
one high quality scan was acquired, the most recent was selected. For the scan to be
included, the ONH had to be fully visible. Scans with blinking, missing data and
movement artefacts were excluded.
5.4.3 Manufacturers’ summary report
To assess the ONH, the Zeiss Cirrus OCT machine uses the Optic Disc Cube
200x200 protocol, providing the pRNFL Thickness Analysis Report, software version
5.0.0.326 (figure 5). The machine has an inbuilt software that identifies the ONH. If at
inspection the ONH was noticed to be displaced, the circle was centred manually
around it. The Zeiss Cirrus OCT machine does not correct for cycloversion.
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I compared information from both eyes between cases and controls, each eye
individually. I also compared the variance in thickness between the right and left eye
in cases and controls.
All continuous variables were assessed for normality. Parametric analysis was
used in all data that followed the normal distribution, and non-parametric in which it
did not. I considered a result as statistically significant if the p-value was less than
0.01. This was adjusted in multiple analysis using the Bonferroni correction.
The same machine was used to perform the scan in cases and controls.
The summary report provides pRNFL measures of the total, quadrants, and
30-degree sectors of the ONH (Figure 6). The quadrants are divided into superior,
inferior, nasal and temporal. Each quadrant is subdivided into three 30-degree
segments, each named according to reference points of face and cranium (for
example, the superior quadrant is divided into superior-temporal, superior and
superior-nasal). The obtained measures are compared to the manufacturer’s
normative data and provide a comparative percentile. The plotted measures follow a
normal curve and are colour-coded. The interval of 5-95th percentile is coloured in
green; above 95th in white, between ≥1 and≤ 5th in yellow and below 1 in red. For this
study, I considered values above the 5th percentile as normal, between 1 and 5 as
borderline and below 1 as abnormal. This, however, does not necessarily indicate the
presence of pathology.
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Figure 7: Example of OCT report
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5.5 Objectives:
The objectives of these studies are:
•

to assess for correlations between clinical characteristics and pRNFL
thickness;

•

to assess the existence of possible drug-related pRNFL changes;

•

to analyse the rate of progression of retinal thinning throughout time;

•

to verify the existence of inter-eye asymmetries in retinal thickness in people
with epilepsy and see whether this is related to epilepsy laterality;

•

to assess for a correlation between MRI reports and brain volume measured
on MRI and pRNFL thickness

5.6 Data analysis
I used Excel to create the database. The database was then imported into
both SPSS and R. The statistical analysis was performed with the aid of a statistician
(Dr A. Koshiyama). Obtained measures were assessed for normality and the
statistical tests performed are described below. Each variable was compared with
mean thickness as well as all four quadrants individually and 30-degree segments.
Seven examiners performed the test, thus both inter-examiner and intra-exam
reliability were assessed. Clinical data were collected from medical notes.
Most participants had both eyes scanned, but one-eye analysis was
performed for the majority of studies. As the right eye consistently had higher signal
strength, thus making it more reliable, I describe findings for this eye. Left-eye
analysis can be found in Annex 2. When any other analysis was performed, it is
described in the text.

82

5.7 Statistical Analysis

The analysis was performed using the mean measures, as well as the values
for quadrants and 30-degree segments. As the variables were normally distributed,
we utilised parametric tests. The results are described with standard error or 95%
confidence interval and p-values.

•

Clinical characteristics and OCT: chi-square and independent samples t-test
were used to assess each of the selected variables (clinical and demographic).
All variables with a statistically significant association were included in a
multiple linear and logistic regression model.

•

MRI Study: Pearson’s correlations and multiple linear regression were used
to assess the association between total brain volume and white matter
characteristics seen on MRI and pRNFL thickness.

•

Symmetry Study: paired t-test was used to compare the measures of the right
and left pRNFL. Multiple linear and logistic regression were then used to
assess other factors affecting the pRNFL symmetry. As preferred by the
statistician who helped to perform the analysis, we did not perform a
generalised estimating equation model.

•

Longitudinal Study: Paired t-test, Pearson’s correlation and multiple linear
regression were used to assess possible changes in pRNFL related to the age
of the participant as well as any effect of time.

•

Drug Exposure Study: independent samples t-test were performed to assess
the association between exposure to each AED and pRNFL thickness in our
previous study. Stepwise multiple linear and logistic regression were
performed to correct for other factors.
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Optical Coherence Tomography in Epilepsy – Update in a
larger population
In 2015, our group analysed the data obtained since the start of this study in
2008, comparing pRNFL thickness with age, sex, classification, drug history, learning
disability and drug resistance (4). We found that the latter two were associated with
lower thickness at the ONH. In this chapter, I review and expand that analysis,
including participants who have since been recruited into our study. I repeated the
analysis of all phenotypical variables in order to assess if the previously identified
association persisted or if new associations could be found from a greater number of
participants. As described in greater detail below and in chapter 8, we identify that
gender and age have a significant effect on pRNFL thickness as well as in the
diagnosis of epilepsy.

6.1 Epilepsy Phenotype
I phenotyped the cohort according to anatomical lobe of origin as well as ILAE
classification (32). The largest group of the population had epilepsy originating from
the temporal lobe (table 10). There was an equal number of participants who had
symptomatic or cryptogenic epilepsy (table 11).
Table 11: Distribution of number of participants and total percentage according to lobe of origin
Lobe

Number of Participants

Frontal

36 (10.3%)

Temporal

117 (33.6%)

Parietal

2 (0.6%)

Occipital

3 (0.9%)

Multifocal

81 (23.3%)

Undetermined

48 (13.8%)

Generalised

61 (17.5%)
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Figure 8: Number of participants according to lobe of origin
Table 12: Distribution of participants according to classification

Classification

Number of Participants

Idiopathic

63 (18.1%)

Cryptogenic

122 (35.1%)

Symptomatic

122 (35.1%)

UE

41 (11.5%)

Number of Participants according to
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Figure 9: Number of participants according to the 1989 ILAE classification
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Although I describe in most chapters information about lobe and classification,
the analysis focused on comparing groups based on anatomical lobe of origin. The
theory is that the focus of seizure onset as well as repetitive epileptic activity leads to
neuronal damage, affecting local structures, and in consequence, fibres from the
visual pathway, which might lead to pRNFL thinning secondary to retrograde transsynaptic degeneration.

6.2 pRNFL according to Classification
6.2.1 Introduction
Many physical characteristics vary according to sex and age. Renal function
tests are an example of the importance of acknowledging these two variables, as
creatinine levels considered normal in a young male will be considered abnormal in
an older female (137). This is also valid for the analysis of pRNFL thickness measured
by OCT. To help the interpretation of the scan, the manufacturer provides a colourcoded report, in which the assessed individual is compared to the machine’s
normative database (138,139). The classification is done following a Gaussian curve.
pRNFL measurements between the 5th and 95th percentiles are coloured green,
between the 1st and 5th are coloured yellow and below 1st are coloured red.
Measurements above the 95th percentile are coloured white (140).
Epilepsy is not typically associated with visual field defects, with the exception
of a proportion of those who underwent epilepsy surgery or who had previous
exposure to vigabatrin (3,141,142). pRNFL thinning in the population with epilepsy
not previously exposed to vigabatrin is thought to be related to changes in white
matter, and does not represent an ophthalmological pathology (4). We previously
identified that close to 30% of people with epilepsy were classified as having pRNFL
thickness below the 5th percentile. I describe below the updated results from the
analysis.
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6.2.2 Hypothesis
I hypothesise that the Gaussian distribution of pRNFL thickness in this
population is shifted to the left compared to healthy controls, and more participants
will be found to have pRNFL thickness below the 5th percentile.
6.2.3. Analysis
6.2.3.1 Analysis of all cases:
Of the 348 people included in this study, 341 right eye scans were included.
Seven participants were excluded from this analysis, as the Zeiss Cirrus OCT
machine does not provide a colour-coded report for people below the age of 18. The
control group was of 98 participants. I considered as statistically significant a p-value
of 0.01. As previously demonstrated, people with epilepsy have a thinner ONH
compared to controls. As can be seen in the table below, cases had a higher
percentage of borderline and thin pRNFL than controls, especially in the inferior
quadrant.
Table 13: Number of participants and total percentage according to pRNFL thickness classification of
the right eye in cases

Cases

Normal

Borderline

Thin

ODT

272 (79.8%)

56 (16.4%)

13 (3.8%)

ODS

289 (82.1%)

34 (10%)

27 (7.9%)

ODI

265 (77.7%)

45 (13.2%)

30 (8.3%)

ODN

329 (96.5%)

11 (3.2%)

1 (0.3%)

ODTe

309 (90.6%)

20 (5.9%)

12 (3.5%)

ODT: right eye total thickness, ODS: right eye superior quadrant thickness, ODI: right eye inferior
quadrant thickness, ODN: right eye nasal quadrant thickness, ODTe: right eye temporal quadrant
thickness
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Table 14: Number of participants and total percentage according to pRNFL thickness classification of
the right eye in controls

Controls

Normal

Borderline

Thin

ODT

92 (93.8%)

6 (6%)

0 (0%)

ODS

93 (94.8%)

2 (2%)

3 (3%)

ODI

93 (94.8%)

4 (4%)

1 (1%)

ODN

97 (98.9%)

1 (1%)

0 (0%)

ODTe

97 (98.9%)

1 (1%)

0 (0%)

I calculated the odds ratio of having borderline/thin pRNFL thickness in cases
(table 14). In the comparison between quadrants, the inferior was found to have the
greatest likelihood of being below the 5th percentile compared to controls. With the
exception of the nasal and temporal quadrants, all segments were statistically
significant.
Table 15: Analysis of likelihood of pRNFL thickness being classified below the 5th percentile

OCT Segments

Odds Ratio

Confidence Interval

P-value

ODT

3.88

1.3 – 7.3

0.002

ODS

3.92

1.5 – 10.6

0.004

ODI

5.26

2.06 – 13.4

0.0005

ODN

3.5

0.4 – 27.5

0.2

ODTe

10.04

1.3 – 74.4

0.02

6.2.3.2 Analysis According to Lobe of Origin
I compared the pRNFL classification, subdividing into groups according to
lobe of origin. Although I included people with parietal and occipital lobe epilepsy in
the frequency description, due to the small sample size and lack of statistical power,
it is unlikely to be representative of the population with epilepsy arising from those
sites. Therefore, I excluded both these lobes from the final analysis.
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Total Thickness (ODT)
Almost all subgroups had a higher percentage of borderline/thin pRNFL
thickness than controls. In people with multifocal epilepsy, almost 25% were below
the 5th percentile threshold. Similar values were found in people whose classification
was undetermined epilepsy.
Table 16: Number of participants and percentage in each subcategory of total pRNFL thickness
according to lobe of onset

Lobe

Normal

Borderline

Thin

46 (75.4%)

12 (19.7%)

2 (3.3%)

27 (75%)

7 (19.4%)

1 (2.8%)

97 (82.9%)

13 (11.1%)

5 (4.3%)

Parietal

1 (50%)

0 (0%)

1 (50%)

Occipital

3 (100%)

0 (0%)

0 (0%)

Multifocal

59 (72.8%)

18 (22.2%)

2 (2.5%)

Undetermined

39 (81.3%)

6 (12.8%)

3 (4.3%)

Generalised
Frontal
Temporal

I estimated the odds ratio to be classified as borderline and thin between
subgroups and controls. Almost all subgroups had a statistically significant increased
likelihood of having pRNFL thickness below the 5th percentile, with the greatest
difference found in people with multifocal epilepsy.
Table 17: Likelihood analysis of having total pRNFL thickness below the 5th percentile according to lobe
of onset

Lobe

Odds Ratio

Confidence Interval

P-value

Generalised

4.66

1.7 – 13.07

0.003

Frontal

4.54

1.4 – 14.3

0.009

Temporal

2.84

1.09 – 7.5

0.03

Multifocal

5.19

1.9 – 13.8

0.0009

Undetermined

3.53

1.1 – 10.7

0.02
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Superior Quadrant (ODS)
The 90-degree segment at the superior part of the ONH was significantly
thinner in all groups compared to control. The group of people with undetermined
epilepsy had the highest percentage of people with thickness below the 5th percentile.
Table 18: Number of participants and percentage in each subcategory of superior quadrant pRNFL
thickness according to lobe of onset

Lobe

Normal

Borderline

Thin

Generalised

51 (83.6%)

4 (6.6%)

5 (8.2%)

Frontal

30 (83.3%)

2 (5.6%)

3 (8.3%)

Temporal

93 (79.5%)

14 (12%)

8 (6.8%)

1 (50%)

0 (0%)

1 (50%)

Occipital

2 (66.7%)

1 (33.3%)

0 (0%)

Multifocal

66 (81.5%)

6 (7.4%)

7 (8.6%)

Undetermined

37 (77.1%)

7 (14.6%)

3 (6.3%)

Parietal

The odds ratio analysis showed a greater likelihood of thinning in people with
undetermined lobe epilepsy.
Table 19: Likelihood analysis of having superior quadrant pRNFL thickness below the 5th percentile
according to lobe of onset

Lobe

Odds Ratio

Confidence Interval

P-value

Generalised

3.28

1.04 – 10.3

0.04

Frontal

3.1

0.8 – 11.4

0.08

Temporal

4.4

1.5 – 12.1

0.0006

Multifocal

3.66

1.2 – 10.7

0.01

Undetermined

5.02

1.6 – 15.7

0.005

90

Inferior Quadrant (ODI)
The inferior quadrant, the segment of the ONH where most fibres migrate
through the temporal lobe, also had a higher percentage of participants with pRNFL
thickness in the percentiles below 5. This can be observed in all groups. People with
temporal and frontal lobe epilepsy had a similar percentage of people below the 1st
percentile.
Table 20: Number of participants in each subcategory of inferior quadrant pRNFL thickness according
to lobe of onset

Lobe

Normal

Borderline

Thin

Generalised

46 (75.4%)

10 (16.4%)

4 (6.6%)

Frontal

25 (69.4%)

7 (19.4%)

3 (8.3%)

Temporal

87 (74.4%)

17 (14.5%)

10 (8.5%)

Parietal

1 (50%)

0 (0%)

1 (50%)

Occipital

3 (100%)

0 (0%)

0 (0%)

Multifocal

62 (76.5%)

8 (9.9%)

9 (11.1%)

Undetermined

41 (85.4%)

3 (6.3%)

3 (6.3%)

In the inferior quadrant, all subgroups had a significantly higher chance of
thinning compared to controls, with the exception of undetermined epilepsy.
Table 21: Likelihood analysis of having inferior quadrant pRNFL thickness below the 5th percentile
according to lobe of onset

Lobe

Odds Ratio

Confidence Interval

P-value

Generalised

5.66

1.9 – 16.6

0.001

Frontal

7.44

2.3 – 23.7

0.0007

Temporal

5.77

2.1 – 15.6

0.0006

Multifocal

4.5

1.5 – 13.01

0.0005

Undetermined

2.72

0.7 – 9.4

0.1
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Nasal Quadrant (ODN)
In this quadrant, the difference in classification between groups and controls
was present, but minimal. While 98.9% of controls had normal pRNFL thickness, most
of the case subgroups were close to 95%.
Table 22: Number of participants in each subcategory of nasal quadrant pRNFL thickness according to
lobe of onset

Lobe

Normal

Borderline

Thin

Generalised

58 (95.1%)

2 (3.3%)

0 (0%)

Frontal

34 (94.4%)

1 (2.8%)

0 (0%)

Temporal

111 (94.9%)

4 (3.4%)

0 (0%)

Parietal

2 (100%)

0 (0%)

0 (0%)

Occipital

3 (100%)

0 (0%)

0 (0%)

Multifocal

76 (93.8%)

2 (2.5%)

1 (1.2%)

Undetermined

45 (93.8%)

2 (4.2%)

0 (0%)

The odds ratio analysis of the nasal quadrant did not identify any statistically
significant chance of abnormal pRNFL thickness.
Table 23: Likelihood analysis of having nasal quadrant pRNFL thickness below the 5th percentile
according to lobe of onset

Lobe

Odds Ratio

Confidence Interval

P-value

Generalised

3.3

0.2 – 37.7

0.3

Frontal

2.85

0.1 – 46.1

0.4

Temporal

3.49

0.3 – 31.8

0.2

Multifocal

3.8

0.3 – 37.5

0.2

Undetermined

4.31

0.3 – 48.7

0.2
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Temporal Quadrant (ODTe)
The temporal quadrant is composed of predominantly crossed fibres. People
with frontal epilepsy had the highest percentage of participants whose pRNFL
thickness fell below the 5th percentile.
Table 24: Number of participants in each subcategory of temporal quadrant pRNFL thickness according
to lobe of onset

Lobe

Normal

Borderline

Thin

Generalised

55 (90.2%)

4 (6.6%)

1 (1.6%)

Frontal

30 (83.3%)

3 (8.3%)

2 (5.6%)

Temporal

104 (88.9%)

6 (5.1%)

3 (4.3%)

Parietal

1 (50%)

0 (0%)

1 (50%)

Occipital

3 (100%)

0 (0%)

0 (0%)

Multifocal

72 (88.9%)

4 (4.9%)

3 (3.7%)

Undetermined

44 (91.7%)

3 (6.3%)

0 (0%)

Only participants with frontal lobe epilepsy had an increased odds of abnormal
pRNFL thickness.
Table 25: Likelihood analysis of having temporal quadrant pRNFL thickness below the 5th percentile
according to lobe of onset

Lobe

Odds Ratio

Confidence Interval

P-value

Generalised

8.81

1 – 77.4

0.04

Frontal

16.16

1.8 – 143.8

0.01

Temporal

8.39

1.04 – 67.4

0.04

Multifocal

9.43

1.1 – 78.3

0.03

Undetermined

6.61

0.6 – 65.3

0.1
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6.2.4 Discussion
People with epilepsy had a greater likelihood of being classified as
borderline/thin compared to controls in almost all segments of the ONH. When
analysing the entire cohort, the total thickness was classified as below the 5th
percentile in 20.2% of cases. However, these differences in classification were not
evenly distributed in the different lobes of origin of epilepsy. People with temporal
lobe epilepsy had a greater chance of being classified as abnormal in the superior
and inferior quadrant, while people with generalised epilepsy were abnormal in the
total thickness as in the well as inferior quadrant.
Although I identified a marked increase in the likelihood of abnormal pRNFL
thickness in the cohort compared to controls, this was a lower percentage than has
been previously described. Balestrini previously identified that 29.7% of the cohort of
people with epilepsy had a total pRNFL thickness below the 5th percentile (4). It is
possible that the statistical methods used affected the results, as Balestrini used a
Bayesian analysis and we used a frequentist approach to the results. It is also
possible that participants who were since then recruited for this study were less
frequently classified as drug-resistant or had a different distribution of diagnosis.
6.2.5 Limitations
The normative database of the Zeiss Cirrus OCT machine did not include
people below the age of 18 (139), therefore it does not provide a classification of
pRNFL thickness for people under this age. As 7 participants from this cohort were
below this age threshold, this prevented us from analysing the classification of a small
percentage of the cohort.
Previous studies identified a significant variation of pRNFL thickness
according to ethnic group (139). The normative database of the Zeiss Cirrus OCT
includes people from the following backgrounds: European, Chinese, African and
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Hispanic. Some ethnic groups are not represented in this database, such as Asians.
Currently, the Zeiss Cirrus OCT machine does not allow entering the data for ethnicity,
preventing corrections for this variable.
6.2.6 Conclusion
The Zeiss Cirrus OCT machine provides a classification of the obtained
pRNFL thickness, as the effects of age and sex need to be accounted for in the
interpretation of the results (139). I observed that people with epilepsy have much
higher odds of being classified as borderline or thin than the normal population and
this difference is consistent in all analysed subgroups. When I analysed the segments
of the ONH, the inferior quadrant was found to have the strongest evidence of thinning.
This increased likelihood of being classified as borderline or thin is in keeping with
the theory that local anatomical changes in the brain secondary to epilepsy focus or
localised damage secondary to repeated seizures will affect the fibres of the visual
pathway, and possibly through retrograde trans-synaptic degeneration will lead to
loss of pRNFL thickness at the ONH.

6.3 Sex
6.3.1 Introduction
The demographic characteristics of a cohort need to be assessed to identify
inherent differences in its participants. Sex is a variable known to affect many
anatomical and physiological aspects of humans. For example, how males tend to
have greater muscle bulk due to higher levels of testosterone (143), while premenopausal women tend to have lower rates of cardiac diseases due to the protective
effect of oestrogen (144).
Previous MRI studies identified that men tend to have greater brain volume
than women (145,146). OCT studies identified that pRNFL thickness are either similar
between sexes, or that females have a greater thickness (4,116,138,139,147–150).
95

As pRNFL thickness can be used as a surrogate measure of white matter integrity,
this is a counterintuitive finding. The Zeiss Cirrus OCT normative database did not
identify an effect of sex in pRNFL thickness (139), although in the general population,
this is still a matter of debate. Given that previous studies identified an effect of sex
in pRNFL thickness, it is necessary to investigate for the presence of any difference
due to this variable and correct, when necessary.
6.3.2 Analysis
The cohort is unevenly distributed regarding sex, and, in both cases and
controls, the majority of participants were females.
Table 26: Sex distribution in cases and controls

Female

Male

Cases

210 (60.3%)

138 (39.7%)

Control

55 (56.1%)

43 (43.9%)

The sex distribution according to the lobe of origin showed a similar number
of participants with frontal lobe and multifocal epilepsy. There was a skewness
towards females in temporal lobe, generalised and undetermined epilepsy. Parietal
and occipital lobe epilepsies are a rarer diagnosis, therefore in this cohort only two
and three participants had these respective diagnoses.
Table 27: Distribution of sex according to lobe of origin

Lobe

Female

Males

Generalised

38 (62.3%)

23 (37.7%)

Frontal

19 (52.8%)

17 (47.2%)

Temporal

76 (65%)

41 (35%)

Parietal

1 (50%)

1 (50%)

Occipital

1 (33.3%)

2 (66.7%)

Multifocal

45 (55.6%)

36 (44.4%)

Undetermined

30 (62.5%)

18 (37.5%)
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To assess the effect that sex has on pRNFL thickness in both cases and
controls, I performed an independent samples t-test. This analysis did not identify any
effect of sex in controls, but there was a statistically significant difference in pRNFL
thickness in cases.
Table 28: Independent samples t-test between retinal thickness in µm and standard deviation of the right
eye according to sex in cases

OCT Segment
Cases

Female (n=207)

Male (n=136)

Thickness Difference
(C.I, p-value)

ODT

90.6 (±10.2)

86.6 (±9.5)

4 (1.89 – 6.2, <0.0001)

ODS

112.3 (±15.6)

107.7 (±15.1)

4.4 (1.2 – 7.9, 0.008)

ODI

115.4 (±17.4)

109.1 (±15.8)

6.3 (2.6 – 9.9, 0.001)

ODN

71.7 (±12.5)

69.6 (±11.1)

2.1 (0.5 – 1.3, 0.1)

ODTe

63.2 (±10.1)

59.8 (±12.3)

3.3 (0.9 – 5.7, 0.006)

Table 29: Independent samples t-test between pRNFL thickness in µm according to sex in controls

OCT Segment
Controls

Female (n=55)

Male (n=43)

Thickness Difference
(C.I., p-value)

ODT

94.6 (±10)

93.8 (±8.6)

0.78 (-4.1 – 3.03, 0.6)

ODS

114.7 (±14)

117.1 (±15.9)

-2.4 (-3.5 – 8.4, 0.4)

ODI

124.7 (±16.8)

120.1 (±12.6)

4.5 (-10.6 – 1.5, 0.1)

ODN

72.3 (±10.3)

74.5 (±11)

-2.1 (-2.1 – 6.4, 0.3)

ODTe

66.8 (±11)

65.4 (±9.6)

1.4 (-5.6 – 2.7, 0.5)

I repeated the analysis subdividing the groups according to the lobe of origin.
I observed that only people with generalised and temporal lobe epilepsy had a
significant pRNFL thickness difference according to sex. In people with generalised
epilepsy, women had a thicker total (difference: 7.4µm, C.I.: 2 – 13.3, p=0.005),
superior (difference: 10.9µm, C.I.: 1.22 – 18.8, p=0.008) and inferior quadrants
(difference: 12.6µm, C.I.: 2.3 – 20.01, p=0.003). Women with temporal lobe epilepsy
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had a thicker pRNFL in the total (6.5µm, C.I.: 1.09 – 7.6, p<0.0001), superior (9.7µm,
C.I.: 3.6 – 12.2, p=0.001) and temporal (difference: 5.05µm, C.I.:0.2 – 7.9, p=0.003)
quadrants.
In the multiple linear regression analysis, I identified a statistically significant
effect in the total, superior and inferior quadrants. On ODT, there was an average
3.77µm (S.E.: 1.21) increase compared to men, when all other variables are held
constant.
Table 30: Regression analysis of pRNFL thickness and sex

Regression Coefficient
(standard error)

p-value

ODT

3.77 (1.21)

0.002

ODS

4.55 (1.81)

0.01

ODI

5.86 (2)

0.0003

ODN

2.04 (1.45)

0.1

ODTe

2.62 (1.23)

0.03

I performed a logistic regression analysis to assess if, by subdividing the
cohort according to lobe of origin, sex continued to be a relevant variable. No
statistically significant result was present.
6.3.3 Discussion
In this cohort, I found that there was a difference in pRNFL thickness
according to sex, with females having thicker pRNFL than males. After comparing the
pRNFL thickness difference according to lobe of origin, this difference persisted only
in people with generalised and temporal lobe epilepsy. In controls, I did not find a
similar effect. It is possible that this significant difference can be secondary to inherent
differences in epilepsy type or severity of seizures. I did not compare cognitive
abilities of the participants. Previous studies have demonstrated the effect of
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cognition in pRNFL thickness, as people with higher intelligence scores tend to have
thicker pRNFL (80,147,151–153). It is also possible that the imbalance between the
ratio of females and males in the different subgroups may have affected this analysis.
The reason why women have increased pRNFL thickness is unclear. One
study compared pRNFL thickness in women pre and post-menopausal and did not
find any statistically significant differences between the groups, making the
mechanism of an oestrogen-related trophic effect unlikely (154). I did not measure
the size of the optic disc. It is possible that the identified difference in pRNFL thickness
is related to this. More studies are necessary to investigate and clarify the effect of
sex in pRNFL thickness in both cases and controls.
6.3.4 Limitations
In both cases and controls, the majority of participants were female. This
imbalance between the number of participants in each group may lead to a bias
secondary to other clinical characteristics, as there was not an equal distribution of
males and females in all the different subgroups divided according to lobe of origin.
6.3.5 Conclusion
I identified a statistically significant difference in the pRNFL thickness between
men and women with epilepsy, which was not present in controls. The reason for this
is uncertain. As I did not assess for the size of the ONH, one possible explanation
would be that women could have a smaller ONH diameter and a similar number of
fibres, thus creating the impression of greater pRNFL thickness. The groups did not
have the same distribution of lobe of origin, therefore it is not possible to discard that
any identified difference is due to this variable. This variable needs to be further
explored to confirm and identify the mechanism behind this finding.
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6.4 Ethnicity
6.4.1 Introduction
Ethnicity affects many aspects of human development. People of African
ancestry are known to have a higher risk of arterial hypertension and myocardial
infarct (155). Ashkenazi Jews have a higher incidence of cystic fibrosis (156) and
retinitis pigmentosa (157). East Asians have one of the highest rates of primary angle
closure glaucoma in the world, with an estimated prevalence of 1.19% in Japan. This
is believed to be due to the narrower angle in which the iris attaches to the sclera,
obstructing the outflow from the anterior chamber as a result of smaller exposure of
the trabecular meshwork (158).
Certain populations also have a higher incidence of refractive errors. East
Asians have a higher rate of myopia (159,160). pRNFL thickness varies according to
refractive error. People who have myopia greater than -8D have thinner pRNFL
thickness (average 78.6µm) as well as an altered distribution of fibres at the ONH
(lower density at the superior, inferior and nasal quadrants) (161).
Previous OCT studies of the normal population have found that there was a
variance of pRNFL thickness associated with ethnicity (108,138,162–165). They
compared the total thickness of the right eye and identified that Hispanics had the
thickest pRNFL (102.9µm ±11), and Caucasians had the thinnest (96µm ±9.2) (139).
This difference was not correlated with refractive error.
The impact of ethnicity in the pRNFL thickness needs to be fully assessed for
the correct analysis and interpretation of OCT studies measuring the ONH.
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6.4.2 Analysis
Information about ethnicity in cases was obtained from medical notes. The
vast majority of participants were of white British background. In addition, in almost
12% of this cohort, this information was not available, which limits the interpretation
of the analysis. Ethnic background information was not available for 90% of controls.
Table 31: Ethnic distribution according to lobe of origin

Asian

AfroCaribbean

Any
other
White

Not
Stated

Mixed
Background

42
(68.9%)

1 (1.6%)

2 (3.3%)

3 (4.9%)

11
(18%)

2 (3.3%)

Frontal

32
(88.9%)

1 (2.8%)

0 (0%)

0 (0%)

3 (8.3%)

0 (0%)

Temporal

94
(80.3%)

8 (6.8%)

1 (0.9%)

4 (3.4%)

9 (7.7%)

1 (0.9%)

Parietal

2 (100%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

Occipital

2 (66.7%)

0 (0%)

0 (0%)

0 (0%)

1
(33.3%)

0 (0%)

Multifocal

62
(76.5%)

3 (3.7%)

0 (0%)

1 (1.2%)

12
(14.8%)

3 (3.7%)

Undetermined

36
(76.6%)

3 (6.4%)

0 (0%)

0 (0%)

8 (17%)

0 (0%)

Lobe

White
British

Generalised

To assess the association between ethnicity and pRNFL thickness, I
performed a multiple linear regression analysis correcting for age, sex, learning
disability and lobe of origin. There was a borderline significance of the nasal quadrant
in participants whose ethnic background was not stated (coefficient: -3.79µm, S.E.:
2.01, p=0.07). However, it is not possible for us to interpret this result. In the inferior
quadrant, people of any other white background had a trend towards a thicker pRNFL
than other groups (coefficient: 10.94µm, S.E: 5.9, p=0.08). People of Asian
background had a borderline significant thinning of the total thickness (coefficient: -
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4.78µm, S.E: 2.58, p=0.09) and temporal quadrant (coefficient: -6.15µm, S.E.: 2.93,
p=0.03). This is in keeping with the literature, which suggests this group has a thinner
pRNFL. I did not perform this analysis in controls, as this information was not available
for the majority of the group.
6.4.3 Discussion
Previous studies have demonstrated that ethnicity is associated with
variations of pRNFL thickness, including the publication exploring characteristics of
the Zeiss Cirrus OCT normative database (108,138,162–165). The explanation for
this variation is probably linked to inherent anatomical differences of eye shape and
likelihood of certain refractive errors. I did not include in the regression model the
information regarding refractive error, as visual acuity was measured with a near chart.
For this reason, it is possible that the identified pRNFL changes are associated with
refractive error rather than with ethnic group.
The cohort was composed predominantly of white British people, but I was
still able to identify a borderline significant association between people of Asian
background and thinning of the total and temporal quadrant of the right ONH. As can
be seen in table 30, the number of participants of different ethnic groups varied
according to the lobe of onset. The majority of participants with Asian background
had temporal lobe epilepsy, while those of Afro-Caribbean had predominantly
generalised epilepsy. This uneven distribution of participants according to lobe of
onset might also have affected our analysis.
Although the analysis was limited, it did identify the potential effect of ethnicity,
which reinforces the necessity of exploring this variable further. Future studies should
aim to recruit participants of more varied ethnic background to measure the effect on
pRNFL thickness in people with epilepsy.
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6.4.4 Limitations
There was a marked skew of the cohort towards white British ethnic
background. Some ethnic groups were underrepresented or absent. As this
information was not available in a significant percentage of cases, it limited the
analysis. It is possible that any significant result obtained was spurious or associated
with the epilepsy syndrome or other factors not accounted for.
To classify people as Asian or Afro-Caribbean is a generalisation, as even
within these groups, there is vast ethnic variation.
Different ethnic groups tend to have certain refractive errors. People of Asian
background are more likely to be myopic (159,160). In the analysis, I did not correct
for this. It is possible that all borderline statistically significant results obtained are
secondary to refractive error rather than ethnicity.
I assessed visual acuity with a near chart, it is possible that refractive errors
greater than 4 diopters were not correctly identified.
It is likely that some results did not reach statistical significance due to the
small number of participants.
6.4.5 Conclusion
The literature suggests a strong effect of ethnicity in refractive errors as well
as pRNFL thickness (166–168). Ethnic groups in this study were not evenly
distributed and some were considerably underrepresented. This information was
missing in a significant percentage of participants. All these factors limited the
analysis. This study did not find statistically significant differences in the thickness of
certain segments of the ONH, especially in people of Asian background. It is possible
that with the recruitment of a greater number of people of more varied background, I
would have been able to identify differences in pRNFL thickness.
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6.5 Learning Disability
6.5.1 Introduction
Cognition is the process by which an individual acquires, interprets and acts
upon information. It can be divided into different domains. Neuropsychological tests
assess intellectual level, memory, language, attention, visuospatial skills and
executive functions. Most tests analyse specific functions, which may not necessarily
be associated with a single anatomical site. Psychometric assessment helps to
establish a cognitive profile and to quantify deficits (169–173).
Many studies have demonstrated that people with epilepsy have a worse
performance in neuropsychological tests than the average person (100-104). This
pattern occurs in most types of epilepsy and depends on different clinical
characteristics, such as age (at examination and at onset), brain lesions, genetic
factors, seizure frequency and inter-ictal discharges, psychiatric co-morbidities,
medication and educational level (171). In juvenile myoclonic epilepsy (JME), there
is impairment of global intellectual functioning, memory (immediate and visual) and
executive functioning (174). These are more pronounced in people with drug-resistant
epilepsy. In focal epilepsy, there is an exacerbation of deficits specific to the
anatomical site, though other domains are also affected (173). In TLE, deficits vary
according to dominance (175). If the left hemisphere is affected (dominant in the
majority of people), the deficit is most probable in verbal memory processing; if the
right, visual memory processing is impaired. Given the interconnection between
frontal and temporal lobes, frontal lobe deficits can also be identified in this population
(173). It is not yet possible to define pathognomonic patterns of psychometric scores,
as deficits vary within the same type of epilepsy and are greater if semiology includes
tonic-clonic

seizures

and

status

epilepticus

(even

non-convulsive

forms).

Psychometric evaluation requires a minimum fitness to perform tasks. For this reason,

104

extreme low IQ (lower than 50) usually prevents people being thoroughly assessed
(176).
Early seizure onset affects cognitive development, as it interferes with the
maturation of white and grey matter (170–172,177,178). Myelination is associated
with abstract thinking, risk assessing and prediction of actions outcome (179–182).
MRI studies demonstrate a correlation between white matter volume and cognitive
performance. Early onset of epilepsy contributes to a 22-fold risk of developing
intellectual disability (171).
Genetics also play an important role in cognition as, in certain types of
epilepsy, siblings also perform worse than the general population. Different degrees
of similar cortical microstructural abnormalities may be responsible for this finding
(174).
Neuronal plasticity and functional compensation can still occur and decrease
the significance of the impairment (170–172,177). Cognitive deficits may precede the
onset of epilepsy. On average, cognition is stable during the first 5-10 years and then
slowly declines (172). Deterioration is not seen in individuals with well-controlled
epilepsy (172,183). Medication also affects cognition, most commonly processing
speed, sustained attention, memory, verbal learning and fluency (55,169–172).
Previous studies in healthy volunteers found a direct correlation between
pRNFL thickness and performance in psychometric tests (80,151,153). In MS, the
first neurological condition to be studied with OCT, pRNFL thickness was seen to
correlate with cognitive and physical disability (66,86). Recent studies suggest OCT
can be used as a biomarker of neurodegeneration as well as a measure to assess
neuroprotection and the effectiveness of treatment (2,2,88,184–186). Our previous
study found a relation between learning disability and thinning of the ONH, which we
suggested could be associated with the response to AEDs and the effect of epilepsy
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in the white matter (4). Complete psychometric assessments can be stressful for
patients and require highly trained neuropsychologists to perform and interpret them.
Albeit less precise and unable to inform about specific aspects of cognition, the fact
that OCT can be quickly obtained and be a surrogate measure of white matter
integrity and cognitive performance makes it an attractive screening test to be done
in a clinical setting.
Studies have demonstrated a direct relationship between cognitive
performance and retinal thickness in a healthy population and in people affected by
different neurological conditions (2,4,66,80,81,118,119,147,150–153,184,187,188).
Our previous study confirmed that this is also valid for epilepsy (4). I examined if this
effect persisted in a larger population.
6.5.2 Analysis
In this cohort, 44 (12.6%) participants were classified as learning-disabled
according to the medical notes (21 males and 23 females). This characteristic was
present in almost all subgroups, but it was more frequently found in people with
multifocal epilepsy.
Table 32: Distribution of participants with learning disability according to presumed lobe of origin and
controls

Lobe

Learning Disability

Generalised

3 (4.9%)

Frontal

3 (8.3%)

Temporal

15 (12.8%)

Parietal

0 (0%)

Occipital

0 (0%)

Multifocal

20 (24.7%)

Undetermined

3 (6.3%)

Controls

0 (0%)
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None of the participants of the control group were identified as learning
disabled.
I have plotted the average thickness of the right eye in 30-degree segments
according to the presence of learning disability. Participants with learning disability
had a thinner retina in different segments compared to those who were not classified
as such, as the graphs below demonstrate.

Right Eye Thickness - Learning
Disability
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Figure 10: pRNFL thickness and standard error of 30-degree segments between participants with and
without learning disability
30-degree ONH segments of the right eye: ODTem: temporal, ODTS: temporal-superior, ODST: superior
temporal, ODSu: superior, ODSN: superior-nasal, ODNS: nasal-superior, ODNa: nasal, ODNI: nasalinferior, ODIN: inferior-nasal, ODIn: inferior, ODIT: inferior-temporal, ODTI: temporal-inferior

As in our previous study, the independent samples t-test analysis identified
that learning disability continued to be associated with thinning of pRNFL. Though
this was observed in many areas, it was most marked at the superior and temporal
segments, as seen in the table below.
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Table 33: Average right eye thickness according to learning disability

OCT

Average Thickness
Learning Disability
(n=44)

Average Thickness NonLearning Disability
(n=300)

Average Difference (C.I.
and p-value)

ODT

85.53 (±10.82)

89.59 (±9.98)

4.05 (0.81 – 7.29, 0.01)

ODS

105.19 (±17.34)

111.28 (±15.18)

6.09 (1.13 – 11.05, 0.01)

ODI

109.51 (±16.68)

113.45 (±17.06)

3.94 (-1.51 – 9.40, 0.1)

ODN

70.16 (±11.78)

71.01 (±12.09)

0.85 (-3.01 – 4.71, 0.6)

ODTe

57.12 (±14.80)

62.55 (±10.40)

5.43 (1.89 – 8.97, 0.003)

When analysing this variable according to the lobe of origin, the distribution of
thinning varies. In people with generalised epilepsy, a difference of 6.89µm is
identified on ODT ( C.I: 3.6 – 10.1, p<0.0001), but none of the other segments have
a statistically significant difference. No difference is found in Frontal epilepsy. In
people with TLE, a difference of 7.15µm found on ODT (C.I.: 1.7 – 12.5, p=0.009) and
9.47µm on ODTe (C.I.: 4.1 – 14.8, p=0.001). This analysis is limited due to the small
number of participants in each sub-group.
I performed a series of multiple linear regression models to correct for the
effect of age, sex, lobe of onset, drug resistance and ethnicity, and identified that
learning disability was statistically significant associated with differences in pRNFL
thickness of the temporal quadrant (-4.86µm, S.E.: 1.8, p=0.009), and reaching a
borderline significance in the total thickness (-3.27µm, S.E. 1.6, p=0.04) and superior
quadrant (-5.90µm, S.E. 2.5, p=0.02).
6.5.3 Discussion
Many studies have associated pRNFL thickness with cognition in the normal
population as well as in many different neurological conditions, including epilepsy. In
Alzheimer’s Disease, thinning of all segments was strongly associated with cognitive
decline (80,117,118,172,189). In epilepsy, people with learning disability were also
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identified with a greater pRNFL attenuation than those who were not (4). It was an
unexpected finding to see how this variable lost significance in multiple segments
once I corrected for other factors, such as age, sex and ethnicity. A statistically
significant association only remained in the temporal quadrant.
Considering that cognition is highly dependent on white matter integrity and
OCT is a surrogate marker for this (4,85,86,134,190,191), it is possible that this result
is skewed by an unidentified selection bias. The next step in proceeding with this
analysis would be to assess the correlation between pRNFL thickness and
psychometric scores. Previous studies correlated epilepsy with lower scores obtained
in psychometric tests (170–172,177,192,193). It is possible that the normal
distribution of psychometric scores in people with epilepsy is shifted to the left,
therefore, even though participants were not classified as learning-disabled, the
median percentile of their cognitive skills were closer to the cut-off point, making a
binary analysis less sensitive.
6.5.4 Limitations
I assessed learning disability as a dichotomic variable, based on descriptions
in the medical notes. People with profound learning disability were not included, due
to their inability to perform the test. Further studies using psychometric assessment
should be done to assess more subtle differences, as seen in conditions such as
multiple sclerosis.
As our unit admits patients from multiple hospitals in the UK and Europe, it is
possible that consultants are not consistent with describing this finding in the medical
notes. Although the majority of participants underwent psychometric assessment, 82
participants did not. Whenever possible, I classified the participant according to the
psychometric assessment performed in our unit.
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Learning disability assessed as a dichotomic variable does not show nuances
of cognitive differences. It is possible that differences could be identified when
analysing each test separately, as many patients will have cognitive strengths and
weaknesses without falling under the umbrella term of learning disability.
None of the participants from the control group had learning disability. As
many studies identified a direct correlation between intelligence scores and pRNFL
thickness, the absence of people with learning disability in our control group limits the
interpretation of the analysis.
6.5.5 Conclusion
Learning disability is a common comorbidity in people with epilepsy
(22,42,55,194,195). Many studies have suggested the correlation between pRNFL
thickness and cognitive profile (4,66,80,117,118,147,151,153,184). For the correct
analysis of any finding, it is necessary to identify precisely the impact learning
disability, as well as its aetiology, cause on the obtained measures. This study has
confirmed our previous finding that learning disability is associated with pRNFL
thinning at the temporal quadrant of the ONH.
Cognitive deficits may be subtler than a simple dichotomic learningdisabled/non-learning-disabled. As patients routinely have in-depth psychometric
tests at the CCE, the next step for this analysis would include the study of
psychometric scores related to pRNFL thickness.

6.6 Drug Resistance
6.6.1 Introduction
The ILAE classifies as drug-resistant people who (33):
a) have had one or more seizures (of any type) in the year
preceding the most recent follow-up
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b) have trialled two appropriate drugs for their seizure type, as
recommended by NICE, in adequate dosage (up to the maximum tolerated
daily dose) for a sufficient length of time (at least the maximum duration
between seizures). Or if, at some point, a clinician documented that the
drug was ineffective, and/or the patient continued to have seizures during
treatment.
c) have no documented seizures of a non-epileptic nature during
drug trials.
d) have no history of seizures secondary to non-adherence.
Approximately 20 to 30% of people living with epilepsy fall into this category
(33,196–199). Epileptologists know that the chance of seizure freedom achieved
through medication decreases with each new AED tried (20,193,196,197,200,201).
Once a person has tried six or more different adequate drugs, the chance of obtaining
seizure freedom is less than 5% (197,202). Drug resistance in epilepsy has a
significant impact on the person affected by it. Not only does it results in physical
injuries one can suffer during a seizure, but has cognitive and psychological effects
as well (24). One important risk factor for a person to have SUDEP is to be drugresistant, especially if seizures include tonic-clonic type (203).
Hughlings Jackson already described that “seizures beget seizures” (204). A
modern translation for this would be that the greater duration of epilepsy can
potentially increase the epileptogenic area in the brain, making hyperexcitability more
likely to occur, resulting in neurotoxicity which ultimately leads to an increase of
seizure frequency (24,40,42,177,196,198,200,205–209). This could be one of the
mechanisms suggested by the loss of brain volume in the population with drugresistant epilepsy.
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People with drug-resistant epilepsy also tend to have a worse cognitive profile
than the normal population. Learning disability is often associated with epilepsy.
Lifetime prevalence of epilepsy in people with an IQ between 50 and 70 is on average
15%, and this increases to 30% when IQ is below 50 (42,195).
A significant percentage of people with epilepsy have seizures arising from
the temporal lobe or have abnormalities identified in this region on MRI (20, 24, 41,
75, 175, 193, 203, 205–208). The role of the hippocampus in memory formation has
been known for many years (80,118,214,215), and, in recent decades, white matter
preservation has also been associated with better cognitive profiles (78, 174, 176,
182, 193, 211).
Epilepsy affects not only memory, but also influences social aspects of the life
of people living with the condition, such as relationships, academic development and
employment (32, 165, 173, 188, 191, 203, 212, 213). Quality of life is significantly
worse in this population. People with epilepsy are often affected by psychiatric issues
and have a 22% higher rate of suicide compared to the healthy population (19, 23,
165, 170, 187, 214).
The reason why people develop drug-resistant epilepsy is not yet fully
understood (33,34,193,196,198,200,208,220). There are many theories which can
explain part of the mechanism for this. There is the role of genes, both in the
development of epilepsy as well as the ability of the body to metabolise AEDs and
produce responding ion channels or receptors (39,49,196). In some people, despite
adequate serum levels of the AED, the unknown factors may affect the usual
pharmacokinetic of the drug, preventing it from being effective. It is possible that
people with epilepsy have abnormal ion channels which are the target for the
medication, resulting in decreased sensitivity to the drug. Also, ongoing seizures can
cause degeneration and remodelling of neuronal networks, which in turn would affect
the brain’s ability to suppress seizures.
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Though it is not yet possible to identify who will develop drug-resistant
epilepsy at the time of the diagnosis, there are some clinical markers which are
suggestive. The initial response to the first AED seems to be the most important
predictor (24, 41, 188, 191, 192, 215, 216). Aetiology also affects the likelihood of
seizure freedom, as people who have symptomatic epilepsy are less likely to become
seizure-free (20,42,193,196,197,220). It is interesting to observe that seizure type or
EEG abnormalities are not correlated with the development of drug resistance (33,42).
Tools to correctly identify people who will develop drug resistance are
necessary, as they can potentially benefit from epilepsy surgery or other nonpharmacological treatments. Indeed, early surgical treatment has been associated
with better cognitive outcome and lower rates of comorbidities (170,172,201,222,223).
Our previous study comparing pRNFL thickness with clinical characteristics of
people with epilepsy found that people with drug-resistant epilepsy had thinning of
the pRNFL compared to those who were not (4). This suggested that ongoing seizure
activity affected the brain integrity, leading to loss of fibres at the ONH due to
retrograde trans-synaptic degeneration. I have expanded this analysis and the results
are described below.
6.6.2 Analysis
Participants were recruited as described in Chapter 5. I consider as
statistically significant a p-value of 0.01. This cohort was formed by a majority of drugresistant cases. A total of 295 participants fulfilled the criteria of drug resistance
according to the ILAE.
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Table 34: Number of participants who are classified as drug-resistant according to lobe of onset

Lobe

Drug-resistant

Generalised

45 (73.8%)

Frontal

32 (88.9%)

Temporal

102 (88.7%)

Parietal

1 (50%)

Occipital

1 (33.3%)

Multifocal

79 (97.5%)

Undetermined

38 (79.2%)

The independent samples t-test analysis identified a statistically significant
difference in thickness between the drug-resistant and the drug-sensitive groups on
the total thickness and superior quadrant.
Table 35: Independent samples t-test analysis comparing pRNFL thickness in µm between drugresistant and drug-sensitive cases

OCT

Average Thickness
Drug-resistant
(n=295)

Average Thickness
Drug-sensitive
(n=46)

Average Difference (C.I., pvalue)

ODT

88.53 (±10.23)

92.63 (±9.23)

-4.10 ( -0.95 – -7.25, 0.01)

ODS

109.73 (±15.81)

116.07 (±12.89)

-6.33 (-1.51 – -11.15, 0.01)

ODI

112.17 (±17.29)

117.7 (±14.98)

-5.52 (-0.67 - -10.37, 0.04)

ODNa

70.59 (±12.18)

73.07 (±11.23)

-2.47 (-6.24 – 1.28, 0.1)

ODTe

61.49 (±11.36)

63.85 (±9.29)

-2.35 (-5.81 – 1.11, 0.1)

I plotted the average pRNFL thickness of the 30-degree segments of both
drug-resistant and drug-sensitive participants. The 30-degree analysis did not identify
a statistically significant difference between the groups (complete analysis in annex
3).
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Figure 11: pRNFL thickness in µm and standard error of 30-degree segments between drug-resistant
and drug-sensitive participants

The analysis of sex identified that females had thicker pRNFL compared to
males. In the table below, I describe the number of participants from each subgroup
according to lobe of origin:
Table 36: Number of females and males according to lobe of origin

Lobe

Females

Males

Generalised

33 (15.9%)

19 (13.9%)

Frontal

21 (10.1%)

17 (12.2%)

Temporal

78 (37.5%)

39 (28.7%)

Parietal

1 (0.5%)

1 (0.9%)

Occipital

1 (0.5%)

2 (1.8%)

Multifocal

44 (24%)

42 (30.4%)

Undetermined

22 (12%)

17 (13.9%)

The most striking difference between the two groups is the percentage of
participants who had temporal lobe and multifocal epilepsy. I analysed the pRNFL
thickness variance according to sex, as part of the results could be explained by this
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variable as well as age. Below I have the average values and standard deviation of
the subgroups:
Table 37: Average pRNFL thickness measured in µm and standard deviation according to sex and drug
resistance

Drug-resistant
Female (n=183)

Drug-sensitive
Female (n=26)

Drug-resistant
Male (n=115)

Drug-sensitive
Male (n=22)

ODT

90.1 (±10.5)

94.8 (±7.2)

85.9 (±9.2)

90 (±10.7)

ODS

111.5 (±16)

118 (±10.2)

106.7 (±14.9)

113.7 (±14.8)

ODI

114.5 (±17.7)

121.6 (±13.3)

108.3 (±15.8)

112.9 (±15.7)

ODN

71.2 (±13)

75 (±7.8)

69.4 (±10.5)

70.7 (±14.1)

ODTe

63 (±10.1)

64.5 (±10.3)

59 (±12.6)

63 (±8)

There was a statistically significant difference in the total thickness (C.I.: -6.2
- -1.8, p<0.0001), superior (C.I.: -9.9 – 2.6, p=0.002), inferior (C.I.: -9.8 - -2.7,
p=0.003) and nasal (C.I.:-5.8 - -0.8, p=0.005) in women. There was no statistically
significant difference in any of the segments in males.
A chi-square analysis was performed to assess if there was any association
between being Drug-resistant and Sex:
Table 38: Number of participants according to sex and drug response

Drug-resistant

Drug-sensitive

Male

115

22

Female

183

26

The analysis failed to demonstrate any association between these two
variables (Chi-Square 0.9, 1df, p=0.3).
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ODT
As density plots help to visualise the proportion of individuals in a cohort with
the same characteristic, I used these to compare the pRNFL thickness variation of
participants from both groups, subdividing according to sex. It can be observed that,
in the total thickness, drug-resistant females were more likely to have pRNFL
thickness below 80µm, while the majority of males had the total thickness close to
85µm, and the distribution curve was only slightly shifted to the left.

Figure 12: Density plots of participants who were drug-resistant ( :115,
( :22, :26 )according to sex and total thickness

: 183 )and drug-sensitive

ODS
In the superior quadrant, the average thickness had a difference of close to
10µm in both groups. There was a greater shift to the left in drug-resistant females.
The majority of drug-sensitive females had the pRNFL thickness varying between 100
and 130µm.

117

Figure 13: Density plots of drug-resistant( :115, : 183 ) and drug-sensitive ( :22,
according to sex and superior quadrant thickness

:26 )participants

ODI
In the inferior quadrant, drug-resistant females have a lower average inferior
quadrant thickness than drug-sensitive females. The distribution is also shifted to the
left. In males, the two curves are almost overlapping.

Figure 14: Density plots of drug-resistant ( :115,
according to sex and inferior quadrant thickness

:183) and drug-sensitive( :22,

:26 ) participants
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ODN
The density curves in females are quite contrasting. Whilst the majority of drugsensitive women had the pRNFL thickness of the nasal quadrant between 65 and 90µm, in

those who were drug-resistant, this varied between 50 and 70µm. In males, while
there was a difference in the average thickness (in which drug-sensitive males had a
thinner pRNFL), the distribution is not markedly dissimilar between the groups.

Figure 15: Density plots of participants drug-resistant ( :115,
according to sex in the nasal quadrant

:183) and drug-sensitive( :22,

:26 )

ODTe
In the temporal quadrant, the density distribution of pRNFL thickness in
females from both groups was practically overlapping. Drug-sensitive males had a
small standard deviation and the vast majority had the temporal quadrant pRNFL
thickness around 60µm.
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Figure 16: Density plots of drug-resistant ( :115,
according to sex and the temporal quadrant

:183) and drug-sensitive( :22,

:26 ) participants

Pearson Correlation
I performed a Pearson correlation between the number of AEDs to which the
participants had been exposed and the different segments of the ONH. There was a
statistically significant decrement in pRNFL thickness with each added drug, with the
greatest effect being observed in the total thickness. The table below shows the
decrease of thickness for each added AED.
Table 39: Pearson correlation between the different segments of pRNFL thickness and number of AEDs
exposure

OCT

Pearson Correlation (r)

P-value

ODT

-0.18

<0.0001

ODS

-0.16

0.003

ODI

-0.11

0.02

ODN

-0.09

0.09

ODTe

-0.16

0.002
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Regression analysis
I performed a multiple linear regression to assess the effect of the number of
drugs each person had been exposed to, correcting for age, sex, ethnicity, lobe of
origin of epilepsy and learning disability. I did not identify any statistically significant
association between the number of drugs and pRNFL thinning.
Table 40: Regression analysis of pRNFL thickness and number of AEDs exposure correcting for age,
sex, lobe of onset and learning disability

OCT

Regression Coefficient (standard
error)

P-value

ODT

-0.34 (0.18)

0.06

ODS

-0.57 (0.29)

0.051

ODI

-0.25 (0.31)

0.4

ODN

-0.15 (0.23)

0.4

ODTe

-0.42 (0.21)

0.04

6.6.3 Discussion
Balestrini identified a significant thinning of pRNFL in people who were
classified as having drug-resistant epilepsy (4). I tried repeating this analysis with a
greater number of participants, but I failed to find the same effect. The initial analysis
identified this to be true only in females. In males, none of the pRNFL segments had
a statistically significant association with being drug resistance. Once I corrected for
other factors, this correlation disappeared. It is possible that part of this difference
can be explained by the lobe of onset. Almost 40% of females had temporal lobe
epilepsy, while males had a similar number of people with temporal and multifocal
epilepsy. Interestingly, when I compared the percentage of participants who were
drug-resistant and the different lobes of onset, people who had multifocal epilepsy
were more likely to be drug-resistant. The previous study that identified the correlation
between drug resistance and pRNFL thinning compared groups according to the
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1989 ILAE classification rather than lobe of onset (4). As this subdivision does not
account for the anatomical site of seizure focus, but on the aetiology and
presence/absence of lesions on MRI in those with focal seizures, the different
distribution of participants might have led to the identified result.
There are still many questions to be answered regarding what makes a person
develop drug-resistant epilepsy. The results support that sex and lobe of origin have
a greater impact on pRNFL thickness than being classified as drug-resistant. The
hypothesis is that epileptic activity leads to both localised and widespread damage of
grey and white matter, and, by affecting different parts of the visual pathway, thinning
of pRNFL is different according to seizure focus.
6.6.4 Limitations
All participants from this cohort were recruited from the Chalfont Centre for
Epilepsy. People referred for assessment at this centre are frequently adults with
longstanding drug-resistant epilepsy. In this cohort, of the 348 people recruited, 295
were drug-resistant (84%). The average duration of epilepsy was 21.2 years. The
median number of AEDs previously tried was 4. The definition of drug-resistant
epilepsy requires that a person has ongoing seizures despite adequate treatment with
at least 2 effective AEDs, it is possible that the unique characteristics of this
population may have affected the results.
The analysis identified that most of the statistically significant results were
found in women. It is necessary to explore further if other characteristics from this
subgroup could be the reason why this difference was found.
6.6.5 Conclusion
The study initially identified a difference in pRNFL thickness in people who
are drug-resistant and this related to the number of AEDs to which the person had
been previously exposed. However, this association disappeared once I corrected for

122

other factors, such as sex and lobe of onset. Indeed, once I compared the relation
between pRNFL thickness and drug resistance according to sex, a marked difference
in the groups was identified. Although females did not have increased odds of being
drug-resistant, there is an inherent difference in lobe of onset between the two groups
which might be partially responsible for the identified pRNFL thinning. I was unable
to replicate previous results which associated pRNFL thinning with drug resistance
(4). It is a reasonable assumption that uncontrolled epileptic activity would lead to
localised neurotoxicity resulting in pRNFL thinning, similar to that observed in MRI
studies. I was unable to confirm this in the present analysis.

6.7 Epilepsy Surgery
6.7.1 Introduction
In the late 1920s, Penfield performed the first temporal lobectomy for the
treatment of focal epilepsy (224). This surgical technique has since evolved, and, in
modern centres, surgeons will often use MRI during surgery to prevent section of
fibres of the visual pathway (225). Interestingly, the rates of seizure freedom have not
improved at the same pace. In the 1930s, Penfield would report a rate of 50% of
seizure freedom (204,224,226). Currently, in the first 2 years after surgery, 70% of
people are seizure-free, and after 10 years, this percentage falls to 50% (57). Success
of surgery depends on the technique, site of lesion, nature of lesion and pre-operative
agreement of exams, experience of the centre and the surgeon.
Many different studies show a superior outcome of surgery compared to drug
treatment (42,57,196,201,217,222,225,227–229), as it is known that the chances of
becoming seizure-free decrease exponentially with each drug tried (197). The
success rate of surgery is directly related to the selection of candidates, as patients
with identifiable hippocampal sclerosis have a better outcome compared to those with
non-lesional scans (56,201,217,222,227,229,230). Though still significantly better
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than drug therapy alone, the selection of patients continues to be problematic; the
process is slow, and often investigation shows incongruent results. It is also
necessary to account for the risks associated with surgery, as peri-operative
complications or memory decline (171, 174, 191, 192, 200, 228–231) and
quadrantanopia (140, 141, 226, 232–235), which can be seen in 40-100% of patients.
For temporal lobe epilepsy, the surgery most often performed is temporal lobe
resection (50% of cases) (201,222). It is also possible to perform a more restrictive
surgery, such as selective amygdalohippocampectomy (225). In the temporal lobe is
located the Meyer’s loop, part of the visual tract, and this structure is susceptible to
lesions during surgery (12,141,142,206,233,235,237,238). In the last decade,
techniques such as tractography are used to prevent damage to this structure, but a
degree of visual field defect can be found in a percentage of people (136, 201, 206,
228, 229, 232, 233).
Balestrini analysed the correlation between pRNFL thickness and previous
history of temporal lobectomy and did not identify any statistically significant result (4).
However, the study was limited due to the small number of participants. By definition,
people who undergo surgery are considered to be drug-resistant, but the majority of
participants from this study continued to have seizures. Therefore, the results cannot
be extrapolated. I repeated the analysis and describe the results below.
I hypothesised that people who underwent epilepsy surgery would have
changes in pRNFL thickness in the inferior quadrant, as this segment is retinotopically
related to the Meyer’s loop and temporal lobectomy is associated with visual field
defects due to section of fibres in this area.
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6.7.2 Analysis
6.7.2.1 All cases
I initially performed an independent samples t-test to assess whether history
of epilepsy surgery is correlated with duration of epilepsy or age at diagnosis and at
OCT, as well as changes in pRNFL thickness. There was no statistically significant
difference in any of the studied segments.
Table 41: Average age in years and standard deviation at diagnosis, at OCT and duration of epilepsy
according to history of epilepsy surgery

With History of
Epilepsy Surgery

Without History
of Epilepsy
Surgery

Average Difference
(C.I., p-value)

Age at Diagnosis

12.6 (±8.8)

16.3 (±11.4)

3.7 (0.5 – 11.06, 0.1)

Age at OCT

39.8 (±9)

37.4 (±12.9)

-2.4 (-5.3 – 5.03, 0.4)

Duration of
Epilepsy

27.2 (±11.7)

21 (±13.5)

-6.2 (-12.1 – 0.3, 0.06)

Table 42: Average pRNFL thickness measured inµm and standard deviation in each segment according
to history of surgery

OCT Segment

With History of
Epilepsy Surgery

Without History
of Epilepsy
Surgery

Average Difference
(C.I., p-value)

ODT

85.4 (±9.7)

89.2 (±10.2)

3.8 (-0.53 – 10.8, 0.1)

ODS

101.8 (±12.5)

110.9 (±15.6)

9 (1.2 – 16.9, 0.02)

ODI

110.2 (±18.1)

113.1 (±17)

2.8 (-0.8 – 14.4, 0.5)

ODN

71.1 (±11.7)

70.9 (±12.1)

-0.2 (-6.1 – 5.7, 0.9)

ODTe

58.3 (±9.1)

62 (±11.2)

3.6 (0.4 – 10.06, 0.1)

The next analysis was a comparison of pRNFL thickness in people with history
of epilepsy surgery according to the outcome. Of the 19 people who underwent
surgery, 10 had ongoing seizures at the time of OCT and 9 were seizure-free. I was
unable to identify any statistically significant difference of pRNFL thickness at the
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ONH between the two groups (complete analysis can be found in annex 4). It is
possible that the small sample size was insufficient to identify any effect of this
variable.
I plotted the pRNFL measures of the 30-degree segments on the right eye to
compare the average thickness between the two groups. It can be observed a
difference in the segments of the inferior quadrant which did not reach statistical
significance.

Right Eye pRNFL Thickness - Surgical
vs Non-Surgical cases
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Figure 17: Comparison of pRNFL thickness measured in µm of the 30-degree segments between people
who underwent surgery and those who did not

6.7.2.2 TLE cases
I repeated the analysis selecting only participants with temporal lobe epilepsy
and I identified a statistically significant difference in the nasal quadrant. There was a
borderline significance in the total thickness. It is possible that due to the small sample
size, this analysis did not reach statistical significance.
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Table 43: Average pRNFL thickness measured in µm and standard deviation of each segment in people
with TLE according to surgery

OCT

Average Thickness
Without History of
Epilepsy Surgery
(n=100)

Average Thickness
With History of
Epilepsy Surgery
(n=16)

Average Difference
(C.I., p-value)

ODT

89.21 (±9.85)

83.06 (±9.73)

6.147 (0.8 – 11.3, 0.02)

ODS

110.84 (±15.34)

104.06 (±16.81)

6.778 (-1.5 – 15.06, 0.1)

ODI

112.84 (±16.9)

103.88 (±15.98)

8.965 (0.01 – 17.9, 0.05)

ODNa

71.75 (±12.60)

63.69 (±10.75)

8.063 (1.4 – 14.6, 0.01)

ODTe

61.25 (±9.98)

60.75 (±12.08)

0.5 (-4.9 – 5.9, 0.8)

Right Eye pRNFL Thickness - Surgical
vs Non-Surgical cases with TLE
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Figure 18: Comparison of the pRNFL thickness measured in µm of the 30-degree segments in people
with TLE who underwent surgery and those who did not

The difference in months between the time of surgery and the acquisition of
OCT scan varied from 11 to 371, with a median difference of 45 months. One
participant had epilepsy surgery as a child in 1982 and an OCT scan was acquired in
2013. It is possible that the small number of participants and the wide interval between
surgery and scan affected the results. The velocity in which retrograde trans-synaptic
degeneration occurs has a correlation with the age of the individual, as described in
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chapter 2. Therefore, any analysis of pRNFL thickness and surgery needs to account
for the effect of age. Most participants who underwent surgery were relatively young,
with the majority having temporal lobectomy before the age of 40.
6.7.2.3 Regression
I performed a logistic regression analysis to assess for the presence of a
correlation between temporal lobectomy and pRNFL thickness correcting for age, sex,
ethnicity, laterality, drug resistance and lobe of origin. I did not identify any statistically
significant result (complete analysis can be found in annex 5).
6.7.3 Discussion
A frequent consequence of epilepsy surgery is the development of visual field
defects secondary to lesions to the Meyer’s loop during the procedure (11, 135, 136,
201, 217, 222, 224, 227, 228, 230–232). It is reasonable to consider that by removing
part of the temporal lobe, fibres of the visual pathway could be lesioned and this would
lead to changes in the pRNFL thickness at the ONH secondary to retrograde transsynaptic degeneration. It is also possible to hypothesise that these changes will be
more evident in patients with a more pronounced visual field defect in the superior
external quadrant. The hypothesis that people who underwent temporal lobectomy
for the treatment of refractory epilepsy would have thinning of segments of the ONH
corresponding to fibres which migrate through the temporal lobe was not confirmed.
This analysis was unable to identify any statistically significant effect of surgery in the
pRNFL thickness of the participants from this cohort.
One previous study identified that acute brain lesions would lead to pRNFL
thickness changes after sufficient amount of time (95). So far, this was not confirmed
in epilepsy. Previous studies of pRNFL thickness in people with epilepsy did not
identify a correlation between retinal measurements at the ONH with history of
surgery (4). Similar to our study, the analysis was limited due to the small number of
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participants with history of temporal lobectomy. Perhaps the most relevant aspect to
consider is not the surgery itself, but the associated visual field defect, as this is a
marker of lesion to Meyer’s loop. This analysis did not compare the visual field defects
of the cohort with pRNFL thickness.
I performed a cross-sectional analysis to assess for correlations between
pRNFL thickness and history of epilepsy surgery. To be able to obtain conclusive
results, it would be necessary to undertake a study comparing pRNFL thickness prior
to surgery and after an adequate amount of time to ensure the occurrence of
retrograde trans-synaptic degeneration.
The failure to identify any statistically significant result may also be associated
with specific characteristics of this cohort. More than 50% of the participants
continued to have seizures after surgery. Balestrini suggested that drug resistance
increases the chance of thinning by 2-fold (4). It is possible that inferior quadrant
pRNFL thinning could be present in people whose surgery was successful in
controlling seizures. Where surgery fails to ensure seizure freedom to the patient, it
is often related to more widespread damage to brain parenchyma than previously
seen in neuroimaging (21,201,222,232). As evidence so far suggests OCT can be a
biomarker of white matter integrity, perhaps in the future, retinal scans can be
performed as part of the pre-operative screening.
6.7.4 Limitations
In this cohort, only 19 people underwent temporal lobectomy for treatment of
refractory epilepsy. It is possible that the small number of people in this group is the
reason I failed to find any association.
As discussed in chapter 2, retrograde trans-synaptic degeneration has a
correlation with the age of the individual. Most people from this cohort who underwent
surgery were below the age of 40. The range of time between epilepsy surgery and
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the scan was 11 to 371 months. It is possible that in some of the cases there was not
enough time for changes to occur in the pRNFL thickness.
The analysis did not compare pRNFL thickness variation according to visual
field defects. It is possible that the use of tractography and other techniques prevent
fibres from Meyer’s loop being injured during surgery, resulting in the absence of
changes at the ONH.
6.7.5 Conclusion
Epilepsy continues to pose many difficulties to clinicians and patients. Many
patients can go on for years without a clear diagnosis and this can impact in the
choice of treatments proposed. It is also known that epilepsy surgery is an underused
resource when it comes to definitive epilepsy treatment (225,239). On the other hand,
in the long term, only about 50% of the patients are seizure-free, and 25% develop
quadrantanopia with a significant impact on their lives (57). One of the greatest
challenges is the correct identification of candidates who are more likely to benefit
from surgery. It is necessary to find ways of refining the screening of candidates
suitable for epilepsy surgery and select those who will benefit the most from this
procedure.
OCT has been described as a surrogate marker of white matter integrity (4,80).
If surgery failure is associated with widespread damage of grey and white matter, one
interesting study to perform would be to compare pRNFL thickness and the success
rate of epilepsy surgery. It is possible to hypothesise that less successful candidates
would have thinner retinas prior to surgery. If this hypothesis is confirmed, OCT could
be a useful tool to help clinicians decide about recommending temporal lobectomy.
It is also necessary to elucidate the effect of temporal lobectomy in pRNFL
thickness. A prospective study should be performed to identify if, similar to the effect
of stroke (95), changes in pRNFL thickness can be observed one or more years after
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surgery and if it correlates with visual field defects.
I did not identify any statistically significant association between history of
epilepsy surgery and pRNFL thickness in this cohort. Of the people who underwent
surgery, only 9 were seizure-free at the time of OCT, which possibly distorts the
results. To clarify this finding, longitudinal studies with a greater number of
participants should be performed.

6.8 Seizure Freedom
6.8.1 Introduction
Once a person is diagnosed with epilepsy, there is a 70-80% chance of them
becoming seizure-free within the first few years (25,42,200). The natural history of
this condition is often seen to be relapsing and remitting (193,194). People with well
controlled epilepsy may have a seizure relapse precipitated by infections, alcohol
consumption, sleep deprivation or a variety of other causes (196,200,240). It has also
been observed that the longer a person goes without a seizure, the risk of a further
episode decreases. After 12 months of seizure freedom, the chance of a further
seizure frequently falls below 20% (197,221,241,242). This is information is important
for making decisions about allowing someone to drive or changing their AED.
The SANAD study demonstrated how certain drugs, such as valproate and
carbamazepine, can control seizures in up to 70% of people when they are used as
the first AED (243). The study of levetiracetam and lamotrigine showed that they have
similar efficacy with fewer side-effects. However, close to one-third of people will
become drug-resistant, and with each AED tried, the chance of becoming seizurefree decreases dramatically. Studies suggest that the chance of a person becoming
seizure-free after trying three drugs is below 5% (197,220,228).
Seizure freedom is associated with better cognitive outcome (177, 187, 196,
218, 223). Indeed, if a person is seizure-free, the cognitive decline observed in time
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is similar to that of a healthy individual (21,42,192,193,196,221,231). A possible
explanation is that the lack of epileptic activity in the brain stops the cytotoxic effect
of dopamine and other neurotransmitters, which would lead to neuronal death, thus
preserving both grey and white matter. In epilepsy, a negative correlation has been
found between pRNFL thickness and drug resistance as with learning disability (4). I
compared the results from the OCT scans with seizure freedom to assess if the
opposite is true.
I hypothesised that people who are seizure-free would have a greater pRNFL
thickness than people who have ongoing seizures.
6.8.2 Analysis
When analysing seizure freedom, I separated this variable into two categories:
participants who had been 12 months seizure-free at the time of the exam, and
participants who had periods of 12 months of seizure freedom at any period since
diagnosis. These percentages varied according to lobe of onset. People who had a
diagnosis of idiopathic generalised epilepsy had the highest percentage of
participants who had a history of being seizure-free for 12 months (38.1%), while
participants with multifocal epilepsy had the lowest (16%).
Table 44: Number of people who were seizure-free at time of OCT or had a period of 12 months of
seizure freedom since diagnosis

Lobe

Seizure-free at Exam

Seizure-free 12 months

17 (27.9%)

23 (37.7%)

2 (5.6%)

8 (22.2%)

20 (17.1%)

34 (29.1%)

0 (0%)

0 (0%)

Occipital

2 (66.7%)

2 (66.7%)

Multifocal

6 (7.4%)

13 (16%)

Undetermined

12 (25%)

18 (37.5%)

Generalised
Frontal
Temporal
Parietal
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I performed an independent samples t-test to compare the average pRNFL
thickness between people who had a history of seizure freedom for 12 months at any
time since diagnosis and those who did not. I was unable to identify any statistically
significant difference.
Table 45: Average pRNFL thickness in µm and standard deviation of each segment according to history
of 12 months of seizure freedom at any time since diagnosis

OCT

Thickness 12 Months
Seizure Freedom
(n=97)

Thickness Ongoing
Seizures (n=246)

Difference (C.I., pvalue)

ODT

89.34 (±9.65)

88.98 (±10.37)

-0.36 (-2.76 – 2.03 0.7)

ODS

111.07 (±14.67)

110.29 (±15.93)

-0.77 (-4.45 – 2.89, 0.6)

ODI

112.61 (±16.92)

113.1 (±17.12)

0.49 (-3.54 – 4.5, 0.8)

ODNa

70.3 (±11.43)

71.15 (±12.29)

0.84 (-1.91 – 3.69, 0.5)

ODTe

63.31 (±11.16)

61.3 (±11.15)

-2 (-4.64 – 0.63, 0.1)

I plotted the measurements from the 30-degree segments of the two groups
and it can be observed that there is no difference between the two groups.
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Figure 19: Comparison of pRNFL thickness measured in µm of the 30-degree segments according to
history of 12 months of seizure freedom
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The analysis of people who were seizure-free at the time of the scan produced
practically identical results.
Table 46: Independent samples t-test analysis comparing pRNFL thickness in µm and standard deviation
of each segment according to history of seizure freedom at the times of scan acquisition

OCT

Thickness Seizure
Freedom at OCT
(n=58)

Thickness Ongoing
Seizures (n=285)

Difference (C.I., pvalue)

ODT

88.95 (±9.7)

89.11 (±9.6)

0.16 (-2.7 – 3.04, 0.9)

ODS

112.41 (±14.6)

110.13 (±15.7)

-2.28 (-6.6 – 2.1, 0.3)

ODI

110.84 (±17.7)

113.39 (±16.8)

2.54 (-2.5 – 7.5, 0.3)

ODNa

70.22 (±11.9)

71.05 (±12)

0.82 (-2.5 – 4.2, 0.6)

ODTe

62.31 (±10.7)

61.78 (±11.2)

-0.53 (-3.7 – 2.6, 0.7)

As the two results are almost overlapping, I performed a regression analysis
accounting only for history of 12 months of seizure freedom, which had a greater
number of participants in the subgroup. I did not identify any statistically significant
correlation between pRNFL thickness and history of seizure freedom after correction
for age, sex, ethnicity, lobe of onset, learning disability and drug resistance (complete
analysis can be found in annex 6).
6.8.3 Discussion
I was unable to confirm the hypothesis that people with well controlled
epilepsy would have a more preserved pRNFL thickness than those who are drugresistant. In MS, measurements of macula and ONH by OCT have been shown to be
a marker of effectiveness of treatment (86,184,190,191,244). The analysis did not
identify a similar correlation in the ONH of people with epilepsy. It is possible that
clinical characteristics of this cohort prevented us from identifying any significant
result. I have not analysed measurements from the macula. It is possible that this
area could have a greater sensitivity to identify subtle fibre loss of the visual pathway.
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6.8.4 Limitations
There was an imbalanced number of participants in each group, as the
majority of people were drug-resistant and only 59 of the participants were seizurefree at the time of the scan. This is due to the fact that CCE is a tertiary centre for the
treatment of epilepsy, and patients who are referred are likely to be drug-resistant.
The analysis of history of 12 months of seizure freedom is affected by recall
bias, as in most cases, this information was obtained from the patient at the time they
were first seen at our centre.
6.8.5 Conclusion
I was unable to identify any correlation between pRNFL thickness and history
of seizure freedom, either historic or at the time of the scan. It is likely that this was
due to the small sample of people who were seizure-free in this cohort. Longitudinal
studies starting at the time of diagnosis are necessary to clarify a possible correlation
between pRNFL thickness and this variable.

6.9 SUDEP
6.9.1 Introduction
Sudden unexpected death in epilepsy was first described in 1868 by Dr G. M.
Bacon in an article called “On the Modes of Death in Epilepsy” (245). It is
characterised by sudden, unexpected, witnessed or unwitnessed, non-traumatic and
non-drowning death in a patient with epilepsy, with or without evidence of a seizure
and excluding documented status epilepticus, in which post-mortem examination
does not reveal a toxicological or anatomical cause of death, as defined by Nashef
(246). The incidence of SUDEP peaks between 20 and 40 years of age, when the
standardized mortality ratio for the age group is estimated to be 24 (C.I.: 8–55)
(207,246–248). Risk factors such as being of the male sex, age and those related to
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epilepsy itself (such as tonic-clonic seizures, early onset and intractability), have been
identified (207,246,247). The epilepsy syndrome, however, is not as clearly
associated with the event.
Though it was first described 150 years ago, the precise mechanism
responsible for SUDEP is still under debate. It is believed to be multifactorial, and
abnormalities of cardiac conduction, respiratory physiology and blood biochemistry
have all been identified (247). In the rare events in which patients were monitored
during SUDEP, a generalised postictal EEG suppression was observed (203). Efforts
are being made to better understand and possibly prevent SUDEP.
I explore the possibility of an association between SUDEP and pRNFL
thickness.
6.9.2 Analysis
In this cohort, 14 people have died, out of which 8 were identified as having
suffered SUDEP. The majority of cases occurred in people with TLE without MRI
abnormalities. The table below describes the frequency of SUDEP according to the
lobe of origin.
Table 47: SUDEP frequency according to lobe of origin

Lobe

SUDEP

Generalised

1 (1.6%)

Frontal

2 (5.6%)

Temporal

3 (2.6%)

Parietal

0 (0%)

Occipital

0 (0%)

Multifocal

0 (0%)

Undetermined

2 (4.2%)
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I performed an independent samples t-test to assess whether there was any
difference in pRNFL thickness between the groups. This analysis did not identify any
association between history of SUDEP and changes in pRNFL thickness.
Table 48: Independent samples t-test analysis comparing pRNFL thickness in µm and standard deviation
according to history of SUDEP

OCT

Average Thickness
Non-SUDEP (n=339)

Average Thickness
SUDEP (n=8)

Average Difference (C.I.,
p-value)

ODT

89.02 (±10.1)

90.38 (±12.8)

-1.35 ( -8.51 – 5.13, 0.7)

ODS

110.52 (±15.6)

109.88 (±13.8)

0.64 (-10.34 – 11.63, 0.9)

ODI

112.8 (±16.9)

116 (±21.6)

-3.19 (-15.17 – 8.77, 0.6)

ODNa

70.81 (±12)

75.25 (±13.4)

-4.43 (-12.92 – 4.05, 0.3)

ODTe

61.86 (±11.1)

61.50 (±14.3)

0.35 (-7.52 – 8.24, 0.9)

A known risk factor for SUDEP is history of ongoing seizures. I performed a
chi-square analysis to assess the relation between SUDEP and drug-resistance. Of
the 8 people who died of SUDEP, 7 were drug-resistant. Due to the small sample
size, I did not identify any correlation between the two variables (Chi-square 0.014, 1
df, p=0.9). No difference was found when I compared the number of drugs that
participants had been exposed to and SUDEP (p=0.3).
I added SUDEP to the multiple regression model. I did not identify a
statistically significant association between SUDEP and pRNFL thickness in any of
the studied segments.
6.9.3 Discussion
The analysis failed to identify any statistically significant correlation between
pRNFL thickness and history of SUDEP. This was an exploratory study, as both
mechanisms for the occurrence of SUDEP and pRNFL characteristics of people with
epilepsy still need to be clarified. I considered the possibility that people who suffered
SUDEP had more severe seizure characteristics and this could be associated with
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pRNFL thinning. However, the small number of participants with SUDEP limited the
analysis.
6.9.4 Limitations
The incidence of SUDEP is low. Though the population of this study was
mostly of people with drug-resistant epilepsy, there were only 8 confirmed SUDEP
cases. This small sample size limits the statistical analysis.
This analysis focused on people with confirmed SUDEP against people
without history of this event. It is possible that comparisons between people at high
risk against low risk might yield different results.
6.9.5 Conclusion
SUDEP continues to be one of the most feared and poorly understood aspects
of epilepsy (207,247). There are many ongoing studies trying to clarify why it happens,
who is at greater risk and how to prevent this. The difficulty of performing quality
studies in humans lies in the identification of people at risk and in the duration of the
study. Often it is used the comparison of people who are at high risk or who suffered
SUDEP with those at low risk (249). I compared the pRNFL thickness of people who
later suffered SUDEP and those who did not. This study did not identify any
correlation between pRNFL thickness and the event of SUDEP. This is probably due
to the small sample size. As SUDEP is a devastating event, all efforts need to be
made to identify people at risk and develop tools to work as an alarm and ideally
prevent it altogether.
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6.10 pRNFL thickness
6.10.1 Changes associated with vigabatrin exposure
The interest in retinal thickness in people with epilepsy arose from attempts
to identify the mechanism by which people exposed to vigabatrin develop visual field
alterations (3). In this population, OCT was characterised by a significant thinning of
the superior and inferior quadrants. The most likely mechanism responsible for this
may be the association between retrograde trans-synaptic degeneration and amino
acid depletion (ornithine and taurine) (250).
6.10.2 Changes not associated with vigabatrin exposure
Very few OCT studies have been performed in epilepsy populations. In a
Pubmed search, most publications are related to the use of vigabatrin, with a few
exceptions. In 2006, a group investigated whether there were any changes in retinal
thickness in newly diagnosed patients exposed to monotherapy of carbamazepine or
valproate (251). They were scanned at presentation and again after one year. There
was no identifiable difference between the two measurements. Potential reasons for
this are: the short period of time between scans (in the average population, thinning
occurs at a speed of roughly 0.3% per year); and intra-exam variability (this study
used a time-domain technology which is less sensitive than spectral-domain) (88).
Another study compared pRNFL thickness of people with photosensitive JME and
identified increased thickness, especially of the superior quadrant in this population
(252). They suggest a possible mechanism for the development of photosensitivity
the variation in distribution and/or increased numbers of large diameter fibres, which
are able to conduct action potential faster.
Our previous study found evidence that people with epilepsy who had not
been exposed to vigabatrin also presented with pRNFL thinning (4). We performed a
cross-sectional study in which we found 30% of people with epilepsy without a history
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of exposure to vigabatrin had thinning of the ONH (4). The most significant
association was with drug resistance and intellectual disability.
6.10.3 Other OCT studies
One very exciting use of OCT in epilepsy does not rely on the retina (240). A
study using OCT to assess the characteristics of brain tissue in rats as well as in
human temporal lobe tissue peri-operatively confirmed pre-ictal neuronal swelling as
well as localised blood flow change. Prior to a seizure, a change in diffusion occurs
which is associated with constriction of the extra-cellular space and cell oedema. This
is likely to be related to astrocytes, given the presence of aquaporins in these cells.
Haemoglobin concentration affected the scattering properties of the tissue, leading to
a temporary signal modification. This potentially means that OCT could be performed
during pre-operative investigations, and even help the development of new devices
that would provide a more precise use of rescue medication.
6.10.4 Analysis
I first compared pRNFL thickness from the entire cohort with controls and then
proceeded with the analysis according to lobe of origin.
6.10.4.1 People with epilepsy vs controls
I performed an independent samples t-test to compare the average difference
between pRNFL thickness of people with epilepsy and healthy controls. A statistically
significant difference in the total thickness as well as in the superior, inferior and
temporal quadrant of the right eye can be observed.
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Table 49: Independent samples t-test analysis comparing pRNFL thickness in µm and standard deviation
between cases and controls

OCT

Average Thickness
Cases (n=348)

Average Thickness
Controls (n=98)

Difference (C.I., p-value)

ODT

89 (±10.1)

94.3 (±9.4)

-5.2 (-7.4 - -2.9, <0.0001)

ODS

110.5 (±15.5)

115.8 (±14.9)

-5.2 (-8.7 - -1.8, 0.002)

ODI

112.9 (±17)

122.7 (±15.2)

-9.7 (-13.5 - -6.02, <0.0001)

ODNa

70.9 (±12)

73.2 (±10.6)

-2.3 (-5.02 – 0.2, 0.07)

ODTe

61.8 (±11.1)

66.2 (±10.4)

-4.3 (-6.8 - -1.8, 0.01)

6.10.4.2 Lobe of onset subgroups vs controls
After confirming that pRNFL thickness in people with epilepsy was
significantly different from healthy controls, the next step is to assess if the difference
varied according to the lobe of onset.
I plotted the measurements from the average 30-degree pRNFL thickness in
people according to the lobe of origin in figure 18. It can observed that, with the
exception of people with occipital epilepsy, the control group had a greater pRNFL
thickness in all segments. It is important to highlight that both parietal and occipital
lobe groups were composed of a small number of participants, therefore, it is unlikely
that they represent the average population of people with those respective types of
epilepsy.
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Figure 20: Comparison of the 30-degree segments and standard error according to lobe of onset and
controls

The next analysis was to compare the pRNFL thickness of cases, subdividing
according to lobe of onset, and controls. Below, I describe the results from the
independent samples t-test between the two groups.
Generalised Epilepsy
I identified a statistically significant difference in pRNFL thickness in the
inferior quadrant of the right eye between people with generalised epilepsy and
controls.
Table 50: Independent samples t-test analysis comparing pRNFL thickness in µm and standard deviation
of people with generalised epilepsy and controls

OCT

Average Thickness
Cases (n=61)

Average Thickness
Controls (n=98)

Difference (C.I., pvalue)

ODT

90.5 (±11.2)

94.3 (±9.4)

-3.7 (-7.04 - -0.49, 0.02)

ODS

112.8 (±17.2)

115.8 (±14.9)

-2.9 (-8.04 – 2.1, 0.2)

ODI

114.6 (±17.9)

122.7 (±15.2)

-8.1 (-13.3 - -2.8, 0.002)

ODNa

71.7 (±11.8)

73.2 (±10.6)

-1.5 (-5.1 – 2.02, 0.3)

ODTe

63 (±11.9)

66.2 (±10.4)

-3.1 (-6.7 – 0.3, 0.07)
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Frontal Lobe Epilepsy
In people with FLE, I identified a statistically significant difference between
cases and controls in the total thickness as well as in the superior, inferior and
temporal quadrants.
Table 51:Independent samples t-test analysis comparing pRNFL thickness in µm and standard deviation
of people with frontal lobe epilepsy and controls

OCT

Average Thickness
(n=35)

Average Thickness
Controls (n=98)

Average Difference (C.I.,
p-value)

ODT

87.9 (±10.2)

94.3 (±9.4)

-6.3 (-10.1 - -2.6, 0.001)

ODS

107.6 (±12.3)

115.8 (±14.9)

-8.1 (-13.7 - -2.5, 0.004)

ODI

112.2 (±17.8)

122.7 (±15.2)

-10.5 (-16.7 - -4.2, 0.001)

ODNa

72 (±13.5)

73.2 (±10.6)

-1.2 (-5.7 – 3.1, 0.57)

ODTe

59.9 (±11.3)

66.2 (±10.4)

-6.3 (-10.4 – -2.1, 0.003)

Temporal Lobe Epilepsy
In people with TLE, almost all segments had a statistically significant
difference in pRNFL thickness compared to controls. It is interesting to observe that
of all subgroups, TLE has the greatest difference in thickness of the inferior quadrant.
Table 52: Independent samples t-test analysis comparing pRNFL thickness in µm and standard deviation
of people with temporal lobe epilepsy and controls

OCT

Average
Thickness (n=116)

Average Thickness
Controls (n=98)

Average Difference (C.I.,
p-value)

ODT

88.3 (±10)

94.3 (±9.4)

-5.9 (-8.6 - -3.3, <0.0001)

ODS

109.9 (±15.6)

115.8 (±14.9)

-5.9 (-10.04 - -1.7, 0.005)

ODI

111.6 (±16.9)

122.7 (±15.2)

-11.1 (-15.5 - -6.7, <0.0001)

ODNa

70.6 (±12.6)

73.2 (±10.6)

-2.6 (-5.8 – 0.5, 0.1)

ODTe

61.1 (±10.2)

66.2 (±10.4)

-5 (-7.8 - -2.2, <0.0001)
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Parietal Lobe Epilepsy
For completeness, I performed the analysis of participants with parietal lobe
epilepsy. The small number of participants prevents this analysis reaching statistical
significance.
Table 53: Independent samples t-test analysis comparing pRNFL thickness in µm and standard deviation
of people with parietal lobe epilepsy and controls

OCT

Average Thickness
(n=2)

Average Thickness
Controls (n=98)

Average Difference
(C.I., p-value)

ODT

83 (±22.6)

94.3 (±9.4)

-11.3 (-25.01 – 2.3, 0.1)

ODS

104 (±29.6)

115.8 (±14.9)

-11.8 (-33.2 – 9.6, 0.2)

ODI

105.5 (±26.1)

122.7 (±15.2)

-17.2 (-39.09 – 4.6, 0.1)

ODNa

65.5 (±14.8)

73.2 (±10.6)

-7.7 (-22.9 – 7.4, 0.3)

ODTe

57 (±21.2)

66.2 (±10.4)

-9.2 (-24.3 – 5.8, 0.2)

Occipital Lobe Epilepsy
Similar to parietal lobe epilepsy, none of the analysed segments reached
statistical significance.
Table 54: Independent samples t-test analysis comparing pRNFL thickness in µm and standard deviation
of people with occipital lobe epilepsy and controls

OCT

Average
Thickness (n=3)

Average Thickness
Controls (n=98)

Average Difference
(C.I., p-value)

ODT

97 (±3)

94.3 (±9.4)

2.6 (-8.1 – 13.5, 0.6)

ODS

114.3 (±15.8)

115.8 (±14.9)

-1.4 (-18.8 – 15.8, 0.8)

ODI

122.6 (±12)

122.7 (±15.2)

0 (-17.7 – 17.6, 0.9)

ODNa

81.6 (±9.8)

73.2 (±10.6)

8.3 (-4 – 20.7, 0.1)

ODTe

70 (±7.9)

66.2 (±10.4)

3.7 (-8.3 – 15.8, 0.54)
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Multifocal Epilepsy
In people with multifocal epilepsy, almost all segments had a statistically
significant difference.
Table 55: Independent samples t-test analysis comparing pRNFL thickness in µm and standard deviation
of people with multifocal epilepsy and controls

OCT

Average
Thickness (n=79)

Average Thickness
Controls (n=98)

Average Difference (C.I., pvalue)

ODT

88.4 (±9.2)

94.3 (±9.4)

-5.9 (-8.7 - -3.1, <0.0001)

ODS

110.7 (±14.8)

115.8 (±14.9)

-5 (-9.4 - -0.5, 0.02)

ODI

111.8 (±16.8)

122.7 (±15.2)

-10.9 (-15.6 - -6.1, <0.0001)

ODNa

69.4 (±10.4)

73.2 (±10.6)

-3.8 (-6.9 - -0.6, 0.01)

ODTe

61.4 (±12.4)

66.2 (±10.4)

-4.8 (-8.2 - -1.4, 0.005)

Undetermined Epilepsy
Interestingly, this is the only subgroup in which none of the analysed
segments reached a statistically significant difference compared to controls.
Table 56: Independent samples t-test analysis comparing pRNFL thickness in µm and standard deviation
of people with undetermined epilepsy and controls

OCT

Average
Thickness (n=47)

Average Thickness
Controls (n=98)

Average Difference (C.I.,
p-value)

ODT

90.6 (±10.1)

94.3 (±9.4)

-3.6 (-7.05 - -0.2, 0.03)

ODS

110.6 (±16.3)

115.8 (±14.9)

-5.1 (-10.5 – 0.2, 0.06)

ODI

116.3 (±15.8)

122.7 (±15.2)

-6.4 (-11.8 - -0.9, 0.02)

ODNa

71.7 (±12.3)

73.2 (±10.6)

-1.5 (-5.5 – 2.3, 0.4)

ODTe

63.9 (±9.7)

66.2 (±10.4)

-2.3 (-5.9 – 1.2, 0.2)

I performed a multiple regression to analyse if there was a correlation between
lobe of onset of epilepsy and pRNFL thickness, correcting for age, sex, ethnicity,
learning disability and drug resistance, and I did not identify any statistically significant
results (complete analysis can be found in annex 7).
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6.10.5 Discussion
Retinal nerve fibre layer at the ONH respect the retinotopic anatomical
correlation with the different segments of the visual pathway (6,7,13,92,109,142,253–
258). Jindhara demonstrated how people with strokes that affect structures of the
visual pathway will develop an identifiable change of pRNFL thickness secondary to
retrograde trans-synaptic degeneration (95). In epilepsy, Balestrini identified pRNFL
thinning associated with drug resistance and learning disability (4). I repeated the
analysis and then proceeded to test if the anatomical focus of seizure onset produced
a similar effect, as TLE is the most frequent location related epilepsy and, in this
population, it can be observed on MRI changes such as loss of volume or
hippocampal sclerosis. I identified a statistically significant thinning in the entire cohort
compared to controls in all segments of the ONH, with the exception of the nasal
quadrant. The analysis according to lobe of onset identified a marked difference at
the t-test analysis, but once I corrected for variables such as age, sex, ethnicity,
learning disability and drug resistance, this effect disappeared. It is possible that by
subdividing the cohort into smaller groups, the number of participants in each group
becomes insufficient to provide statistically significant results.
6.10.6 Limitations
Though this cohort was composed of 348 participants, subdividing in groups
according to lobe of onset generated imbalanced subgroups. Temporal lobe epilepsy
had the greatest number of participants (n=117), while parietal lobe epilepsy had the
smallest (n=2).
The analysis so far suggested that age, sex, ethnic group, drug resistance
and learning disability affect pRNFL thickness. To correct for all these factors, it is
necessary to increase the sample size; therefore, even with the high number of
participants I was able to recruit, it was still insufficient to obtain relevant results.
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6.10.7 Conclusion
pRNFL thickness at the ONH has been correlated with a number of
neurological conditions, including epilepsy (4). I attempted to expand the analysis of
Balestrini, by exploring if the location of seizure focus is related to different degrees
of thinning. I was able to confirm the presence of thinning of pRNFL thickness in
people with epilepsy compared to healthy controls. However, though the initial
analysis identified that people with TLE had a greater degree of thinning in the inferior
quadrant, once I corrected for other factors, this correlation disappeared. To reach
conclusive results, a longitudinal study starting at the time of diagnosis and with a
greater number of participants should be attempted.

6.11 Laterality
6.11.1 Introduction
Epileptologists pay special attention to patients’ descriptions of seizures, as
their phenotype varies according to where in the brain the epileptic activity arises
(42,259). Characteristics such as post-ictal aphasia indicate a left side origin, as, in
the majority of people, the left temporal lobe is the area responsible for speech (200).
This information, however, is not always so clearly identifiable or reliable, and
prolonged EEGs often shows that epileptic activity arises from one area of the brain,
but quickly spreads to another (36,41,260,261).
EEG is a tool that was first used in humans in 1924 (200,218). It uses the
difference in voltage between two electrodes to create a reading which represents
neuronal discharge (38,200). It has found many clinical uses other than diagnosis of
epileptic seizures, such as identification of sleep disorders (262), encephalopathy and
confirmation of brain death (262) . EEG has a series of advantages, such as being
easily performed and highly tolerable by most patients, it has a low cost and a high
temporal resolution with clinical events (38,42,51). A main disadvantage is the
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requirement for a trained examiner to read the acquired information, thus being highly
dependent on the experience of the examiner, it has a low spatial resolution and loses
sensitivity if seizure focus is located at a greater depth in the brain (263). A few
patients find it uncomfortable or have reactions to the glue used to fix the electrodes.
It is seizure-dependent, and to correctly identify the site of origin of a seizure, it often
requires a seizure to occur (263–265). Though scalp EEG has a relatively high
specificity (between 78 and 98%), the sensitivity is low, ranging between 25 and 56%
(38,41,200,261,263,265). The precise location of seizure onset is one of the key
aspects of considering a person for epilepsy surgery (57,201,222,225), and often, if
this information is ambiguous, the investigation may escalate to a reduction of AEDs
or invasive procedures, such as intra-cranial EEG and SEEG (37, 48, 50, 200, 206,
220, 222). Each of these techniques have inherent risks, and, despite all these, a
percentage of patients continue to have an unknown site of seizures onset. Therefore,
it is necessary to develop non-invasive tools that may aid the correct identification of
seizure onset.
People with epilepsy have a reduction in brain volume at certain regions of
the brain correlated with seizure focus (180,198,210,211,266–269). I hypothesise that
these differences could translate into changes in pRNFL thickness at the ONH related
to laterality on EEG.
6.11.2 Analysis
Regarding EEG laterality, this cohort did not have an even distribution. The
majority of participants had a left focus onset on EEG and in a considerable
percentage of participants, it was not possible to determine the location of seizure
onset.

148

Table 57: Distribution of participants according to EEG lateralisation

Lateralization

Number of Participants

Right

69 (19.8%)

Left

98 (28.2%)

Bilateral

58 (16.7%)

Generalised

61 (17.5%)

Undetermined

62 (17.8%)

I excluded from this analysis people who were classified as undetermined. I
plotted the average thickness of the 30-degree segments from the right eye to
compare the variation according to the hemisphere of onset.

Right Eye Thickness According to EEG
Laterality
Left

Right

Bilateral

Generalised
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ONH SEGMENT

Figure 21: Comparison of pRNFL thickness of the 30-degree segments and standard error according to
laterality on EEG

I performed an independent samples t-test comparing total pRNFL thickness
as well as quadrants between people who had right and left focus on EEG. There
was no statistically significant difference between the groups.
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Table 58: Independent samples t-test analysis comparing pRNFL thickness in µm and standard deviation
between people with right and left focus epilepsy

OCT

Average Thickness
Right Focus (n=69)

Average Thickness
Left Focus (n=98)

Average Difference
(C.I., p-value)

ODT

88.35 (±10.6)

87.92 (±9.7)

0.43 (-3.6 – 2.7, 0.7)

ODS

109.02 (±16.2)

109.02 (±14.5)

0.0 (-4.8 – 4.6, 0.9)

ODI

110.81 (±17.9)

112.17 (±17.2)

-1.35 (-4.1 – 4.7, 0.6)

ODNa

71.26 (±12.7)

68.85 (±11.9)

2.40 (-1.3 – 6.18, 0.2)

ODTe

61.96 (±10)

61.52 (±10.4)

0.44 (-3.6 – 2.7, 0.7)

I then repeated the analysis selecting only people with TLE. I did not observe
any statistically significant difference between the groups.
Table 59: Independent samples t-test analysis comparing right and left focus and pRNFL thickness in
µm and standard deviation of people with temporal lobe epilepsy

OCT

Average Thickness
Right Focus (n=43)

Average Thickness
Left Focus (n=52)

Average Difference
(C.I., p-value)

ODT

89.35 (±11.04)

87.67 (±9.55)

1.67 (-5.8 – 2.5, 0.4)

ODS

110.47 (±17.3)

108.75 (±14.7)

1.71 (-8.2 – 4.8, 0.6)

ODI

112.44 (±18.8)

111.69 (±17.2)

0.75 (-8.1 – 6.6, 0.8)

ODNa

71.42 (±13.3)

68.17 (±11.3)

3.24 (-8.3 – 1.8, 0.2)

ODTe

62.91 (±9.9)

61.90 (±9.6)

1 (-5.02 – 3.01, 0.6)

Using a Stepwise Generalised Multiple Linear Model, I assessed for the effect
on pRNFL thickness of age at OCT, sex, ethnicity, history of epilepsy surgery,
abnormalities identified on MRI and lobe of origin. Complete results can be found in
annex 8.
•

Right Hemisphere Onset: The analysis of this group does not identify any clear
correlation between the assessed variables.

•

Left Hemisphere Onset: I identified an increased likelihood of having a
modestly thicker pRNFL in the right superior quadrant (regression coefficient:
0.48, p=0.01, OR 1.63).
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•

Bilateral: there was a negative correlation between the thickness of the
superior (regression coefficient: -0.48, p<0.0001, OR 0.61) and inferior
(regression coefficient: -0.17, p=0.01, OR 0.84) quadrants from the right eye.
In both nasal and temporal quadrants, there was an increased chance of
being identified with a thicker pRNFL (regression coefficient nasal quadrant:
1.38, p<0.0001, OR 3.98; regression coefficient temporal quadrant: 1.04,
p<0.0001, OR 2.85)
6.11.3 Discussion
I considered the hypothesis that laterality on EEG would have a correlation

with pRNFL thickness, as ongoing localised epileptic activity in the brain could lead
to thinning that would be more pronounced ipsilaterally to the seizure focus. I was
unable to confirm this. The t-test analysis did not identify any statistically significant
difference in thickness between people whose epilepsy focus was located on the right
or left hemisphere. The logistic regression analysis identified only a modest increase
in thickness of the right superior quadrant in people with left hemisphere focus. For
unknown reasons, people whose epilepsy affects both hemispheres were less likely
to have thinning compared to people with unilateral epilepsy. Studies with a greater
number of participants are necessary to clarify the effect of laterality in the pRNFL
thickness in a population with epilepsy.
In chapter 9, I discuss pRNFL asymmetry and explore further the correlations
between laterality of seizure focus and thickness of the ONH.
6.11.4 Limitation
I analysed this variable according to laterality identified through scalp EEG,
which is known to have a low sensitivity (41,200,205,207,260). This technique
requires an area of discharge of approximately 1cm2 to identify changes (38,41).
Intra-cranial EEG has a higher sensitivity (201,270), however, none of the nonsurgical participants was investigated using this technique.
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Though all participants were assessed at the CCE, where expert
neurophysiologists interpret EEG, in a significant percentage of the cohort, this exam
was not helpful in identifying the location of seizure onset. Reasons for this include:
people did not have a seizure whilst exam was being performed, the epileptogenic
area was small or in areas of the brain which cannot be easily assessed by EEG or
there was quick propagation of seizures.
I described only results from the right eye, as the left eye had an average
lower signal strength, which underestimates pRNFL thickness.
There was a predominance of left hemisphere focus in the cohort. It is possible
that this represents a selection bias, as the participants are patients from the NHNN,
which is a tertiary centre where most patients have difficult to treat epilepsy.
6.11.5 Conclusion
The identification of which hemisphere seizures originate is necessary for the
correct interpretation of seizure phenomena (41,42,271) as well as for the proposition
of treatments such as epilepsy surgery (33,41,51,56,193,196,201,213,222,227–
229,272). The analysis identified an association of pRNFL thinning in people with left
and bilateral epilepsy. The lack of correlation with the right hemisphere is likely to be
associated with the lower number of participants whose epilepsy originated in that
hemisphere. It is possible that people whose epilepsy originated in the right
hemisphere had less difficult to treat epilepsy or that they had been referred for
surgical treatment sooner in other surgical centres. People with bilateral epilepsy
were more likely to be drug-resistant and have tried more AEDs, therefore the
association needs to be interpreted with caution. It is possible that pRNFL thickness
varies according to the hemisphere of origin of epilepsy; however, I was unable to
confirm this hypothesis. Longitudinal studies should be performed to identify any
effect of laterality on pRNFL thickness, ideally starting at the time of diagnosis.
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Drug Exposure Study

7.1 Background
The treatment of epilepsy has varied throughout time, from drinking the blood
of gladiators in ancient Rome (273) to modern drugs which act on specific subunits
of neuronal channels (274–276). The modern era of epilepsy treatment started after
a serendipitous discovery in 1912 of the anti-epileptic effect of phenobarbital (277).
Since then, more than 20 drugs have been added to the arsenal to try to control
seizures, alongside dietary manipulation and devices such as VNS (38, 191, 192, 238,
267, 270, 271, 273–276).
The graph below illustrates the mechanism of action of most AEDs.

Figure 22: Mode of action of antiepileptic drugs, from Shih, 2013 (281)
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The main aim of AEDs is to prevent the excessive synchronous neuronal
depolarisation which leads to a seizure (208,276,280,281). It may do this by
modulating ion channels (such as the voltage-gated sodium channel blockade),
enhancing inhibitory neurotransmission (either by increasing the activation of GABAA
or by the inhibition of GABA turnover), or by inhibiting excitatory neurotransmission
(as

seen on perampanel,

which decreases

fast excitatory glutamatergic

neurotransmission). In many of the available AEDs, the complete mechanism of
action is not yet fully understood.
7.1.1 AEDs and Vision
Long-term exposure to substances can have unpredictable idiosyncratic
effects on people. Vigabatrin, an irreversible inhibitor of GABA transaminase, caused
visual field defects in a significant percentage of people exposed to it (282,283). This
was first described in 1997 and occurred after a number of months of use, when the
total exposure to the drug reached an average of 1kg (284). Previous OCT studies in
the population exposed to this drug showed a marked thinning of pRNFL (3),
especially in the superior and inferior quadrants of the ONH.
Valproate, carbamazepine and phenytoin have been linked with changes in
colour vision, mostly in the blue-yellow axis (285). Carbamazepine was thought to be
potentially harmful, as one study analysed visual evoked potential latency in people
exposed to this drug and identified a delay associated to serum concentration level,
with the authors suggesting that this is due to inhibitory influence in the retinal network
(285–287). Retigabine, an AED which acts on potassium channels, was found to
cause a blue discolouration in the retina, skin and mucosae (288). For this reason, its
use is now limited to drug-resistant cases which did not benefit from other treatments
and requires regular ophthalmological follow up. It is yet to be seen what impact this
drug has on pRNFL thickness or if there is a long-term effect on the retina.
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A previous study compared pRNFL thickness at the time of diagnosis of
epilepsy and again after one year in patients in monotherapy with either valproate or
carbamazepine (251). The researchers were unable to identify any changes (251).
This result is potentially associated with the short period of follow up and the
technology used, as it was a Time-Domain OCT machine, which is less sensitive than
Spectral-Domain. Other studies suggest that valproate may act as a neuroprotective
medication in certain conditions (289), but little is known about the effect it has on the
pRNFL.
People attending epilepsy clinics often notice visual symptoms associated
with the introduction or change in dosage of an AED (285,286). These are thought to
be secondary retinotoxic effects, but the precise mechanism is unclear. Topiramate
and zonisamide (286), due to the effect on carbonic anhydrase and choroidal effusion,
have been associated with acute angle closure glaucoma (290). Most visual
symptoms are reversible; however, it is necessary to assess whether there is any
long-term effect.
It is possible that other AEDs may affect pRNFL thickness in a less dramatic
way than vigabatrin and retigabine. The identification of any effect related to
medication is fundamental to correctly analyse longitudinal studies. For most
available AEDs, it is still unknown what effect the chronic exposure to these agents
may have on the eye. Below, table 60 describes the most frequent visual side effects
associated with each AED.
Table 60: Anti-epileptic drugs and respective visual side-effects (284–286,291)

Drug

Adverse Visual Side Effects

Acetazolamide

Blurred vision

Barbiturates

Periodic alternating nystagmus

Benzodiazepines

Blurred vision, retinopathy, maculopathy, glaucoma,
oculomotor imbalance, impaired fusional convergence
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Carbamazepine

Nystagmus, diplopia, blurred vision, ocular dyskinesia,
ophthalmoplegia, impaired colour vision, abnormal visual
evoked potentials

Ethosuximide

Diplopia

Felbamate

Diplopia, nystagmus

Gabapentin

Blurred vision, diplopia, changes in visual evoked potentials

Lamotrigine

Diplopia, rotary nystagmus, visual blurring

Levetiracetam

Diplopia

Lacosamide

Diplopia, blurred vision

Oxcarbazepine

Diplopia, blurred vision, abnormal saccadic movements

Perampanel

Unknown

Phenytoin

Nystagmus, ophthalmoplegia, impaired colour perception

Retigabine

Blue-grey discolouration of sclera and conjunctiva

Tiagabine

Blurred vision, nystagmus, diplopia

Topiramate

Glaucoma, myopia

Valproic acid

Impaired visual evoked potentials, visual field defects, deficits
in colour vision

Vigabatrin

Visual field loss, diplopia, nystagmus, reduced colour
discrimination, impaired visual evoked potentials, reduced
ocular blood flow, retinal atrophy

Zonisamide

Angle closure glaucoma

7.2 Hypothesis
People who regularly use AEDs often report fleeting changes in their vision.
There is no report of AEDs affecting pRNFL thickness with the exception of vigabatrin.
However, no studies have been systematically performed to assess for this.
Therefore, it is not yet possible to exclude the existence of long-term effects of AEDs
on the retina. I hypothesise that it is possible that chronic exposure to AEDs have an
effect on pRNFL measures by unknown mechanisms.
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7.3 Analysis
For the analysis of drug exposure, I used values from the right eye only, as
scans from this eye had a higher signal strength than those from the left eye, therefore
making their measurements more reliable. Though many studies analysed the mean
of both eyes, I decided against this, as the bias from the difference in signal strength
of scan between eyes could affect the results.
I describe below some of the clinical characteristics of the cohort. The SWG
is a specialised unit for the treatment of epilepsy, resulting in a population composed
mostly of drug-resistant epilepsy cases. The table below shows the median number
of drugs to which each group of patients had previously been exposed to as well as
the range.
Table 61: Median and range of AEDs according to lobe of origin

Lobe

Median (Range)

Generalised

4 (0-16)

Frontal

6 (1-18)

Temporal

6 (0-13)

Parietal

4 (1-7)

Occipital

1 (1-4)

Multifocal

7 (2-16)

Undetermined

4 (1-12)

Table 62: Median and range of AEDs according to classification

Classification

Median (Range)

Idiopathic

4 (0-16)

Cryptogenic

6 (0-18)

Symptomatic

6 (1-13)

UE

6 (1-15)
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At the time of the scan, nearly all participants were receiving AEDs, with the
majority on two drugs at examination. The graph below shows the number of
participants receiving medication according to the number of medications:

NUMBER OF PARTICIPANTS IN SUBGROUP

Number of Participants vs Number of
AEDs at OCT
120

112

100
82

79

80
60

42
40
20

13

11

2
0
0

1

2
3
4
NUMBER OF AEDS AT THE TIME OF OCT

5

6

Figure 23: Number of AEDs participants were receiving at the time of OCT

7.3.1 Analysis of Individual Drugs
The table below describes the number of participants exposed to each AED
according to the lobe of origin of epilepsy as well as the total number.
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Table 63: Number of participants exposed to different AEDs.

Lobe

ACE

BRI

CBZ

CLB

CLP

ESL

ETH

GAB

LAC

LMT

LEV

LOR

OXC

PER

PHB

PHT

PRE

PRI

RET

RUF

VPA

TIA

TPM

ZON

G

6

0

26

18

13

0

14

3

6

49

41

0

3

1

14

21

1

1

0

1

50

3

22

11

F

8

1

29

22

8

3

3

4

5

24

30

1

16

4

10

9

8

2

0

0

22

0

21

10

T

8

1

96

73

14

4

3

17

28

81

96

2

35

5

23

34

27

4

5

0

69

1

49

28

P

0

0

2

1

0

0

0

0

0

1

1

0

0

0

0

0

1

0

0

0

1

0

1

0

O

0

0

3

0

0

0

0

0

0

1

1

0

0

0

0

0

0

0

0

0

1

0

0

0

M

11

2

68

49

12

2

6

14

29

60

72

2

27

9

23

30

25

9

4

3

58

5

37

29

U

2

0

29

18

7

0

1

2

7

31

38

0

9

1

5

11

3

1

0

0

30

0

17

6

T

35

4

253

181

54

9

27

40

75

247

279

5

90

20

75

105

65

17

9

4

231

9

147

84

G: generalised epilepsy, F: frontal lobe epilepsy, T: temporal lobe epilepsy, P: parietal lobe epilepsy, O: occipital lobe epilepsy, M: multifocal epilepsy, U: undetermined lobe
epilepsy, T: total number of exposed participants. The respective AEDs were: acetazolamide (ACE), brivaracetam (BRI), carbamazepine (CBZ), clobazam (CLB), clonazepam
(CLP), eslicarbazepine (ESL), ethosuximide (ETH), gabapentin (GAB), lacosamide (LAC), lamotrigine (LMT), levetiracetam (LEV), lorazepam (LOR), oxcarbazepine (OXC),
perampanel (PER), phenobarbital (PHB), phenytoin (PHT), pregabalin (PRE), primidone (PRI), retigabine (RET), rufinamide (RUF), sodium valproate (VPA), tiagabine (TIA),
topiramate (TPM) and zonisamide (ZON).
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Number of people exposed to each AED
NUMBER OF PEOPLE EXPOSED

300
250

200
150
100
50

0
ACE BRI CBZ CLB CLP ESL ETH GAB LAC LMT LEV LOR OXC PER PHB PHT PRE PRI RET RUF VPA TIA TPM ZON
Total 35
4 253 181 54
9
27 40 75 247 279 5
90 20 75 105 65 17
9
4 231 9 147 84
ANTIEPILEPTIC DRUGS

Figure 24: Number of people with previous exposure to each AED.
acetazolamide (ACE), brivaracetam (BRI), carbamazepine (CBZ), clobazam (CLB), clonazepam (CLP),
eslicarbazepine (ESL), ethosuximide (ETH), gabapentin (GAB), lacosamide (LAC), lamotrigine (LMT),
levetiracetam (LEV), lorazepam (LOR), oxcarbazepine (OXC), perampanel (PER), phenobarbital (PHB),
phenytoin (PHT), pregabalin (PRE), primidone (PRI), retigabine (RET), rufinamide (RUF), sodium
valproate (VPA), tiagabine (TIA), topiramate (TPM) and zonisamide (ZON).

The frequency of use for each drug is not evenly distributed. AEDs are chosen
according to their efficacy and the tolerability of side-effects. Studies such as SANAD
I guide the treatment choice (243). This can be observed as the frequency of people
with exposure to valproate, carbamazepine, lamotrigine and levetiracetam is higher
than with other drugs. Below I explore in more detail the use of each of these drugs
and findings regarding pRNFL thickness.
I initially performed an independent samples t-test comparing the history of
exposure of all drugs. I then performed a logistic regression analysis with all the
identified significant variables to assess the independent effect of each drug. It was
not possible to calculate the duration of exposure or total exposure to AEDs, as much
of that information was missing from the clinical notes or incompletely registered.
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Acetazolamide
Of the cohort, 35 individuals had a previous exposure to acetazolamide: 13
males and 22 females. The majority of participants had multifocal and drug-resistant
epilepsy. Of these, only one patient was not drug-resistant. Three of the participants
in this group were seizure-free at the time of the scan. On average, they were older
than those not previously exposed to acetazolamide and had an earlier onset of
epilepsy. I identified a statistically non-significant difference in the thickness of almost
all segments of the ONH.
Table 64: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received acetazolamide and those who did not
Acetazolamide
(n=35)

Non-Acetazolamide
(n=306)

Average Difference
(C.I., p-value)

Age at Diagnosis

10.8 (±7.9)

16.8 (±11.5)

6 (3 – 8.99, 0.002)

Age at OCT

40.5 (±12.2)

37.1 (±12.8)

-3.3 (-7.82 – 1.12, 0.1)

Duration of
Epilepsy

29.7 (±13.3)

20.3 (±13.2)

-9.3 (-13.99 - -4.71,
<0.0001)

ODT

87.7 (±11.9)

89.2 (±9.9)

1.4 (-2.10 – 5.02, 0.4)

ODS

107 (±15.3)

110.9 (±15.5)

3.8 (-1.57 – 9.33, 0.1)

ODI

112.6 (±19.8)

112.9 (±16.7)

0.3 (-5.68 – 6.29, 0.9)

ODN

71.4 (±14.4)

70.8 (±11.7)

-0.6 (-4.87 – 3.58, 0.7)

ODTe

59.5 (±9.8)

62.1 (±11.2)

2.5 (-1.32 – 6.50, 0.1)

ODT: right eye total thickness, ODS: right eye superior quadrant thickness, ODI: right eye inferior
quadrant thickness, ODN: right eye nasal quadrant thickness, ODTe: right eye temporal quadrant
thickness

Brivaracetam
Brivaracetam is the most recent AED available (29,280,281,292). It has been
used in our epilepsy clinic since 2016. For this reason, only 4 participants in the cohort
had a previous exposure to this drug: 3 males and one female. All patients who were
started on this medication were drug-resistant and had ongoing seizures. There was
no statistically significant difference regarding age at diagnosis or age at OCT.
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The analysis showed a difference in the total thickness and nasal quadrant
thickness of the right eye. It is possible that with the increase in number of participants,
this difference will become more evident. However, it is likely that the difference in
thickness observed here is related to drug resistance more than the actual effect of
medication.
Table 65: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received brivaracetam and those who did not
Brivaracetam (n=4)

Non-Brivaracetam
(n=337)

Average Difference (C.I., pvalue)

Age at Diagnosis

15 (±10.8)

19.3 (±12.2)

2.5 (-8.7 – 13.7, 0.6)

Age at OCT

41.2 (±6.8)

37.4 (±12.8)

-3.7 (-16.4 – 8.8, 0.5)

Duration of
Epilepsy

27.5 (±6.9)

21.2 (±13.5)

-6.2 (-19.6 – 7.09, 0.3)

ODT

79 (±2.7)

89.2 (±10.1)

10.2 (0.1 – 20.2, 0.04)

ODS

101 (±12.7)

110.6 (±15.5)

9.6 (-5.7 – 25.02, 0.2)

ODI

98.2 (±11.4)

113.1 (±17)

14.8 (-1.9 – 31.6, 0.08)

ODN

57.7 (±7.8)

71 (±12)

13.3 (1.4 – 25.1, 0.02)

ODTe

58.5 (±6.6)

61.9 (±11.2)

3.4 (-7.6 – 14.4, 0.5)

Carbamazepine
Carbamazepine is often used as first choice in the treatment of epilepsy
(196,199,241,243,274–276,280,285,291–295). Indeed, more than half of the
participants have been exposed to it. This is an especially important drug to analyse
as not only is its use ubiquitous, but there are reports of changes in colour vision
associated with its use (251,252,285,286,296).
Participants who had previously been exposed to carbamazepine had a lower
average age at onset. There were 103 males and 150 females with a history of
exposure to this AED. They were also older than the group of non-exposed people,
thus resulting in a longer duration of epilepsy. Only 24 participants exposed to this
AED were not drug-resistant. Thirty-seven of the participants in this group were
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seizure-free at the time of the scan. The analysis showed a borderline significant
association between its use and thinning of the following segments: ODT, ODS,
ODTe.
Table 66: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received carbamazepine and those who did not
Carbamazepine
(n=249)
Age at
Diagnosis

Non-Carbamazepine
(n=92)

Average Difference (C.I.,
p-value)

15 (±10.8)

19.3 (±12.2)

4.2 (1.5 – 6.9, 0.001)

Age at OCT

38.6 (±12.4)

34.4 (±13.3)

-4.1 (-7.1 - -1.1, 0.006)

Duration of
Epilepsy

23.6 (±13.1)

15.1 (±12.5)

-8.4 (-11.5 - -5.3, <0.0001)

ODT

88.4 (±10.3)

90.7 (±9.6)

2.3 (-0.04 – 4.7, 0.054)

ODS

109.6 (±16.1)

112.9 (±13.6)

3.3 (-0.3 – 7.01, 0.07)

ODI

112.1 (±16.8)

115.1 (±17.4)

3 (-0.9 – 7.1, 0.1)

ODN

70.6 (±11.9)

71.5 (±12.4)

0.8 (-1.9 – 3.7, 0.5)

ODTe

61.2 (±11.4)

63.5 (±10.2)

2.3 (-0.3 – 4.9, 0.08)

Clobazam
Clobazam is a benzodiazepine which is often used in association with other
drugs (196,197,274–276,280,292,295,297). In the cohort, 181 participants had
previous exposure to this drug, evenly distributed in all lobes of origin. There were 66
males and 115 females with previous exposure. Only 5 participants were not drugresistant. Twenty of the participants in this group were seizure-free at the time of the
scan. For this analysis, I did not consider those who use this medication on a PRN
basis. The groups were not statistically different in any of the analysed variables.
Table 67: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received clobazam and those who did not
Clobazam (n=177)

Non-Clobazam
(n=164)

Average Difference
(C.I., p-value)

Age at Diagnosis

15.5 (±11.1)

17.01 (±11.6)

-1.5 (-0.8 – 3.9, 0.09)

Age at OCT

37.6 (±12.9)

37.4 (±12.6)

2.7 (-0.3 – 4, 0.09)
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Duration of
Epilepsy

22.1 (±13.2)

20.3 (±13.7)

2 (-4.6 – 3.08, 0.2)

ODT

88.1 (±9.8)

90 (±10.4)

1.1 (-1.4 – 3.6, 0.3)

ODS

109.1 (±15.1)

111.9 (±15.9)

1.3 (-1.5 – 5.7, 0.2)

ODI

111.9 (±17)

114 (±17)

0.7 (-0.9 – 3.7, 0.5)

ODN

70.3 (±11.8)

71.4 (±12.2)

2.1 (-1.3 – 5.9, 0.2)

ODTe

61.1 (±11.6)

62.5 (±10.5)

-0.4 (-2.9 – 2.4, 0.8)

Clonazepam
Clonazepam, also a member of the benzodiazepine family, has antiepileptic
efficacy, especially in myoclonus (196,197,274–276,280,291,292,294,295,297,298).
Of the 54 participants exposed to this drug, 19 were male and 35 were female. Only
one was not drug-resistant. Ten participants from this group were seizure-free at the
time of the scan. There was no association identified between this AED and pRNFL
thickness.
Table 68: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received clonazepam and those who did not
Clonazepam (n=54)

Non-Clonazepam
(n=287)

Average Difference
(C.I., p-value)

Age at
Diagnosis

13.2 (±10.2)

16.7 (±11.5)

1.8 (0.1 – 6.7, 0.2)

Age at OCT

38.7 (±9.9)

37.3 (±13.2)

3.1 (-3.2 – 5.1, 0.1)

Duration of
Epilepsy

25.4 (±11.7)

20.5 (±13.6)

1.7 (-2.8 – 3.1, 0.4)

ODT

87.5 (±10)

89.3 (±10.1)

1 (-1.1 – 4.8, 0.5)

ODS

107.8 (±15.8)

111 (±15.5)

1.5 (-1.1 – 5.1, 0.3)

ODI

111.4 (±17.5)

113.2 (±16.9)

0.6 (-3.3 – 6.9, 0.7)

ODN

70 (±11.5)

71 (±12.1)

0.6 (-2.4 – 4.5, 0.8)

ODTe

60.5 (±9.6)

62.1 (±11.4)

1.6 (-2.3 – 4.1, 0.5)

164

Eslicarbazepine
Eslicarbazepine is a drug with a similar mechanism of action to
carbamazepine (274,276,280,281,292,295). It is not currently used as first-line
treatment. For this reason, only 9 participants of the cohort had previous exposure to
this drug, out of which 6 were female. They were all drug-resistant and had ongoing
seizures. The analysis did not identify any statistically significant difference between
groups.
Table 69: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received eslicarbazepine and those who did not
Eslicarbazepine (n=9)

Non-Eslicarbazepine
(n=332)

Average Difference
(C.I., p-value)

Age at
Diagnosis

13.5 (±9.1)

16.3 (±11.4)

2.7 (-4.3 – 9.7, 0.4)

Age at OCT

39.3 (±13.6)

37.4 (±12.7)

-1.8 (-10.3 – 6.6, 0.6)

Duration of
Epilepsy

25.7 (±15.2)

21.1 (±13.4)

-4.5 (-13.5 – 4.3, 0.3)

ODT

92.3 (±10)

88.9 (±10.1)

-3.3 (-10.09 – 3.4, 0.3)

ODS

110.8 (±9.5)

110.5 (±15.7)

-0.3 (-10.7 – 9.9, 0.9)

ODI

120.4 (±18.5)

112.7 (±16.9)

-7.6 (-18.9 – 3.6, 0.1)

ODN

71.5 (±12.6)

70.8 (±12)

-0.6 (-8.6 – 7.3, 0.8)

ODTe

66.2 (±9.1)

61.7 (±11.2)

-4.4 (-11.8 – 2.9, 0.2)

Ethosuximide
Ethosuximide is an AED often used to treat absence seizures in children
(196,208,274–276,280,292,295,298). For this reason, it can be observed that the age
at onset of people exposed to this drug is much lower than the non-exposed group.
The people exposed to this drug also appeared to be older. Two participants exposed
to this AED were not drug-resistant. Four participants from this group were seizurefree. The sex distribution was 10 males and 17 females. When analysing the pRNFL
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thickness, I observed a thinning on the total thickness of the right eye, as well as in
the inferior and nasal quadrants of the right.
Table 70: Comparison of age in years, pRNFL thickness in µm and standard deviation between people
who received ethosuximide and those who did not
Ethosuximide
(n=27)

Non-Ethosuximide
(n=314)

Average Difference (C.I., pvalue)

8.4 (±5)

16.8 (±11.5)

8.4 (3.9 – 12.8, <0.0001)

Age at OCT

42.4 (±14.6)

37.1 (±12.5)

-5.3 (-10.3 - -0.3, 0.03)

Duration of
Epilepsy

34 (±15)

20.2 (±12.8)

-13.7 ( -18.9 - -8.6, p<0.0001)

ODT

84.6 (±9.8)

89.4 (±10.1)

4.8 (0.8 – 8.8, 0.01)

ODS

106.3 (±14.9)

110.8 (±15.5)

4.5 (-1.5 – 10.6, 0.1)

ODI

106.6 (±16.2)

113.5 (±17)

6.8 (0.1 – 13.5, 0.04)

ODN

66 (±9.2)

71.3 (±12.1)

5.2 (0.5 – 10.01, 0.02)

ODTe

59.4 (±10.4)

62 (±11.2)

2.6 (-1.7 – 7.03, 0.2)

Age at
Diagnosis

Gabapentin
Gabapentin is an AED which can also be used for the treatment of pain and
psychiatric disorders (192,219,274–276,280,291,292,299). In clinical practice, the
neurologist often chooses this medication, which has a weak anti-epileptic effect, due
to comorbidities. In the analysis, this was not accounted for. There are studies
demonstrating the association between pRNFL thinning and certain psychiatric
disorders, such as schizophrenia (66,136), but, as far as I could assess, there are no
studies relating to anxiety, a common reason for this drug to be used. Of the 40 people
with previous exposure to this drug, 12 were males and 28 were females. Participants
who had previously been exposed to this AED tended to be older than those not
exposed. Two of the members of this cohort were not drug-resistant. Five of them
were seizure-free at the time of the scan. The temporal quadrant of the right eye was
found to have a thinner pRNFL thickness in people exposed to this drug.
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Table 71: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received gabapentin and those who did not
Gabapentin (n=40)

Non-Gabapentin
(n=301)

Average Difference (C.I., pvalue)

Age at
Diagnosis

14 (±9.8)

16.5 (±11.5)

2.4 (-1.3 – 6.1, 0.2)

Age at OCT

42 (±11.1)

36.9 (±12.8)

-5.1 (-9.3 - -0.9, 0.01)

Duration of
Epilepsy

27.9 (±11.7)

20.4 (±13.4)

-7.5 (-11.9 - -3.1, 0.001)

ODT

87.5 (±9.1)

89.2 (±10.2)

1.7 (-1.6 – 5.09, 0.3)

ODS

107.7 (±15)

110.8 (±15.6)

3.1 (-1.9 – 8.3, 0.2)

ODI

112.6 (±15.9)

113 (±17.2)

0.3 (-5.3 – 5.9, 0.9)

ODN

70.9 (±11.5)

70.9 (±12.1)

0 (-4.04 – 3.9, 0.9)

ODTe

58.4 (±8.8)

62.3 (±11.3)

3.8 (0.1 – 7.5, 0.04)

Lacosamide
Lacosamide is an inhibitor of voltage-gated sodium channel (269, 271, 287,
289, 295). Given its tolerability, it tends to be a medication used early on in the course
of the condition, though it is not a first-choice treatment for any type of epilepsy. There
were 75 people who had previously been exposed to this AED, 34 males and 41
females, all drug-resistant. Two participants were seizure-free at the time of the scan.
None of the analysed variables showed a statistically significant difference.
Table 72: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received lacosamide and those who did not
Lacosamide (n=73)

Non-Lacosamide (n=268)

Average Difference
(C.I., p-value)

Age at
Diagnosis

14.8 (±10.6)

16.6 (±11.5)

1.8 (-1.09 – 4.7, 0.2)

Age at OCT

37.9 (±11.6)

37.4 (±13.1)

-0.5 (-3.8 – 2.7, 0.7)

Duration of
Epilepsy

23.1 (±13.3)

20.7 (±13.5)

-2.3 (-5.8 – 1.1, 0.1)

ODT

87.3 (±9.5)

89.5 (±10.2)

2.1 (-0.4 – 4.8, 0.1)

ODS

108.2 (±15.6)

111.1 (±15.5)

2.8 (-1.1 – 6.8, 0.1)
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ODI

110.6 (±15.2)

113.5 (±17.4)

2.9 (-1.5 – 7.3, 0.1)

ODN

69.8 (±11.7)

71.2 (±12.1)

1.3 (-1.7 – 4.5, 0.3)

ODTe

60.6 (±13)

62.2 (±10.6)

1.5 (-1.3 – 4.4, 0.2)

Lamotrigine
In many centres, lamotrigine is the first-choice medication when someone is
newly diagnosed with epilepsy (243). More than half of all the participants in this study
had previously been exposed to it: 164 females and 83 males. The age at onset did
not differ between the two groups. People with exposure to this drug were observed
to be younger at the time of OCT. It is likely that this finding is a result of this
medication becoming first-choice in newly diagnosed people, as well as the fact that
it is considered to be safe for women of reproductive age, as, so far, no indication of
teratogenicity has been found (243,274–276,292–294). Eighteen people in this group
were not drug-resistant. Thirty-six were seizure-free at the time of the scan. The
analysis did not identify any statistically significant difference between the groups.
Table 73: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received lamotrigine and those who did not
Lamotrigine (n=244)

Non-Lamotrigine (n=97)

Average Difference
(C.I., p-value)

Age at Diagnosis

15.6 (±10.7)

17.5 (±12.7)

1.8 (-0.7 – 4.5, 0.1)

Age at OCT

36.5 (±12.2)

40 (±13.7)

3.4 (0.5 – 6.4, 0.02)

Duration of
Epilepsy

20.8 (±13.1)

22.4 (±14.3)

1.5 (-1.5 – 4.7, 0.3)

ODT

89.5 (±10.3)

87.9 (±9.5)

-1.5 (-3.9 – 0.8, 0.1)

ODS

111 (±15.5)

109.1 (±15.5)

-1.9 (-5.5 – 1.7, 0.3)

ODI

113.5 (±18)

111.4 (±14.3)

-2 (-6.06 – 1.9, 0.3)

ODN

71.5 (±12.3)

69.3 (±11)

-2.2 (-5.08 – 0.5, 0.1)

ODTe

61.8 (±11.4)

61.8 (±10.6)

0 (-2.6 – 2.6, 0.9)
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Levetiracetam
Alongside lamotrigine, levetiracetam is one of the most often prescribed AEDs
in a newly diagnosed population, as it is effective in both focal and generalised
epilepsy and tends to be well tolerated (188, 192, 194, 208, 238, 269, 271, 274, 286,
287, 289, 290, 292, 293). More than two-thirds of the cohort had a history of exposure
to this drug, out of which 110 were male and 168 female. The group exposed to
levetiracetam had an earlier age at diagnosis compared to the non-exposed. Fifteen
were not drug-resistant. Thirty-two were seizure-free at the time of the scan. The
analysis did not show any association between retinal thickness and the history of
exposure to levetiracetam.
Table 74: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received levetiracetam and those who did not
Levetiracetam (n=274)

Non-Levetiracetam
(n=67)

Average Difference (C.I., pvalue)

Age at
Diagnosis

15.5 (±10.5)

19 (±14)

3.4 (0.4 – 6.4, 0.02)

Age at OCT

37.5 (±12.9)

37.4 (±12.2)

-0.1 (-3.5 – 3.2, 0.9)

Duration of
Epilepsy

22 (±13.5)

18.4 (±13)

-3.6 (-7.1 - -0.05, 0.04)

ODT

88.7 (±10)

90.3 (±10.7)

1.5 (-1.1 – 4.2, 0.2)

ODS

110 (±15.5)

112.5 (±15.5)

2.5 (-1.5 – 6.6, 0.2)

ODI

112.6 (±17)

114.2 (±16.9)

1.6 (-2.8 – 6.1, 0.4)

ODN

70.7 (±11.9)

71.7 (±12.3)

0.9 (-2.2 – 4.1, 0.5)

ODTe

61.5 (±11.3)

63 (±10.6)

1.4 (-1.4 – 4.4, 0.3)

Lorazepam
Lorazepam is a benzodiazepine which can be used to terminate status
epilepticus and treat epilepsy (29,42,195,197,277). It is infrequently used in medical
practice as a daily medication, reason why only a few participants of this cohort had
previous exposure to it. There was 1 male and 4 females. All participants in this group
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were drug-resistant and had ongoing seizures at the time of the scan. This analysis
identified an association between pRNFL thinning of the total thickness of the right
eye, as well as in the right temporal quadrant. However, this is probably due to drugresistance rather than the effect of exposure to this drug.
Table 75: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received lorazepam and those who did not
Lorazepam (n=5)

Non-Lorazepam (n=336)

Average Difference
(C.I., p-value)

Age at
Diagnosis

12.2 (±16.3)

16.2 (±11.3)

4 (-6.08 – 14.1, 0.4)

Age at OCT

47.6 (±11.8)

37.3 (±12.7)

-10.2 (-21.5 – 1.07,
0.07)

Duration of
Epilepsy

35.3 (±22.4)

21 (±13.2)

-14.2 (-26.1 - -2.3,
0.01)

ODT

80.2 (±8.7)

89.2 (±10.1)

9 (0.04 – 17.9, 0.04)

ODS

97.6 (±12.2)

110.7 (±15.5)

13.1 (-0.6 – 26.8, 0.06)

ODI

102 (±11.3)

113.1 (±17)

11.1 (-3.9 – 26.2, 0.1)

ODN

70.2 (±10.5)

70.9 (±12)

0.7 (-9.9 – 111.4, 0.8)

ODTe

51.4 (±12.6)

62 (±11)

10.6 (0.7 – 20.4, 0.03)

Oxcarbazepine
The hepatic metabolism of carbamazepine produces licarbazepine (191, 192,
208, 269, 271, 274, 286, 287, 289). To bypass the hepatic cycle of carbamazepine,
oxcarbazepine was developed (301). Evidence suggests that this AED can be as
effective as carbamazepine, but with a better tolerability profile. Close to one third of
this cohort had been exposed to this drug (30 males, 60 females). There is no
evidence that oxcarbazepine affects colour vision, as carbamazepine does.
People with a history of exposure to oxcarbazepine had an earlier onset of
epilepsy. There was no statistically significant difference in pRNFL thickness between
groups. All participants of this group were drug-resistant. Five participants were
seizure-free at the time of the exam.
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Table 76: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received oxcarbazepine and those who did not
Oxcarbazepine (n=89)

Non-Oxcarbazepine
(n=252)

Average Difference
(C.I., p-value)

Age at
Diagnosis

13.7 (±9.9)

17 (±11.7)

3.3 (0.8 – 5.8, 0.01)

Age at OCT

37.9 (±11.3)

37.3 (±13.2)

-0.5 (-3.6 – 2.5, 0.7)

Duration of
Epilepsy

24.1 (±13.1)

20.2 (±13.5)

-3.8 (-7.1 - -0.6, 0.01)

ODT

88.4 (±10.1)

89.2 (±10.1)

0.8 (-1.6 – 3.2, 0.5)

ODS

109.2 (±15)

110.9 (±15.7)

1.7 (-2.04 – 5.4, 0.3)

ODI

112.6 (±17.8)

113 (±16.7)

0.4 (-3.6 – 4.5, 0.8)

ODN

71.4 (±12)

70.7 (±12)

-0.7 (-3.7 – 2.1, 0.6)

ODTe

60.4 (±10.7)

62.3 (±11.2)

1.8 (-0.8 – 4.5, 0.1)

Perampanel
Perampanel is a novel AED with a unique mechanism of action, as it acts as
a non-competitive antagonist of AMPA receptors (274,276,280,281,292,302). This
drug has been licensed to treat both focal and generalised epilepsy. It became
available in 2012. Of the cohort, 20 participants were exposed to this drug (9 males
and 11 females). There was no difference regarding the age at diagnosis and the age
the scan was obtained between the exposed and non-exposed groups. All
participants were drug-resistant and with ongoing seizures at the time of the scan. I
found a statistically significant difference in the right nasal quadrant.
Table 77: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received perampanel and those who did not
Perampanel (n=20)

Non-Perampanel
(n=321)

Average Difference (C.I.,
p-value)

Age at
Diagnosis

14.1 (±7.8)

16.3 (±11.5)

2.2 (-2.9 – 7.4, 0.3)

Age at OCT

37.4 (±11.8)

37.5 (±12.8)

0.1 (-5.7 – 5.8, 0.9)

Duration of
Epilepsy

23.3 (±11.6)

21.1 (±13.6)

-2.1 (-8.3 – 3.9, 0.4)
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ODT

85.5 (±6.5)

89.3 (±10.3)

3.8 (-0.7 – 8.3, 0.1)

ODS

109.5 (±10.8)

110.5 (±15.8)

1 (-5.9 – 8.1, 0.7)

ODI

108.9 (±12.6)

113.2 (±17.2)

4.2 (-3.4 – 11.9, 0.2)

ODN

63 (±9.2)

71.3 (±12)

8.3 (2.9 – 13.7, 0.003)

ODTe

60.8 (±7.7)

61.9 (±11.3)

1 (-3.9 – 6.1, 0.6)

Phenobarbital
Phenobarbital was first used as an anti-epileptic medication in 1912 (275–
277,291,292). It is one of the most widely prescribed AEDs in the world (275–
277,291,292). In resource-rich countries it has fallen out of favour due to the side
effects and availability of better tolerated newer AEDs. As a result, participants who
had previous exposure to this drug were more likely to be older and with an earlier
onset of epilepsy. Seventy-five people had previous exposure to this drug: 27 males
and 48 females. Four participants in this group were not drug-resistant. Thirteen
participants were seizure-free at the time of the scan. The analysis showed that
people exposed to phenobarbital had a statistically significant thinning in the inferior
quadrant of the right eye.
Table 78: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received phenobarbital and those who did not
Phenobarbital
(n=74)

Non-Phenobarbital
(n=267)

Average Difference (C.I., pvalue)

11 (±8.9)

17.6 (±11.5)

6.5 (3.7 – 9.4, <0.0001)

Age at OCT

44.8 (±13.8)

35.5 (±11.7)

-9.3 (-12.4 - -6.2, <0.0001)

Duration of
Epilepsy

33.8 (±14)

17.8 (±11.1)

-15.9 (-18.9 - -12.9, <0.0001)

ODT

87 (±11.2)

89.6 (±9.8)

2.5 (-0.08 – 5.1, 0.057)

ODS

108.3 (±16.1)

111.1 (±15.3)

2.7 (-1.2 – 6.8, 0.1)

ODI

109.2 (±19)

113.9 (±16.3)

4.7 (0.3 – 9.1, 0.03)

ODN

69.4 (±12.2)

71.3 (±11.9)

1.9 (-1.1 – 5.02, 0.2)

ODTe

61.3 (±13.6)

62 (±10.4)

0.6 (-2.2 – 3.4, 0.6)

Age at Diagnosis
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Phenytoin
Similar to phenobarbital, phenytoin is an older drug that has fallen out of
favour (197,274,275,280,291,292,295). Not only has it significant side-effects, but it
also has a narrow therapeutic window and interaction with many other drugs (274–
276,295). People exposed to this drug were found to have an earlier onset and were
older at the time of the scan. There were 45 males and 60 females in this group. Six
participants in this group were not drug-resistant. Eighteen were seizure-free at the
time of the scan. Almost all segments of the right eye had thinning compared to
people without previous exposure to this drug.
Table 79: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received phenytoin and those who did not
Phenytoin (n=105)

Non-Phenytoin
(n=236)

Average Difference (C.I., pvalue)

13.9 (±10.2)

17.1 (±11.7)

3.2 (0.6 – 5.8, 0.01)

Age at OCT

45 (±12.7)

34.3 (±11.4)

-10.7 (-13.4 - -7.9, <0.0001)

Duration of
Epilepsy

31 (±14.5)

17.1 (±10.6)

-13.9 (-16.6 - -11.1, <0.0001)

ODT

86.2 (±10.1)

90.3 (±9.9)

4 (1.7 – 6.3, 0.001)

ODS

107.2 (±15.1)

111.9 (±15.5)

4.7 (1.1 – 8.3, 0.009)

ODI

109.2 (±17.3)

114.6 (±16.6)

5.4 (1.5 – 9.3, 0.006)

ODN

68.8 (±11.1)

71.8 (±12.3)

3 (0.2 – 5.7, 0.03)

ODTe

59.8 (±13)

62.7 (±10.1)

2.9 (0.3 – 5.4, 0.02)

Age at
Diagnosis

Pregabalin
Pregabalin is an AED that acts on both sodium and calcium channels (274–
276,280,291,292,295). Similar to Gabapentin, it can also be used to treat pain and
psychiatric disorders (274,299,303). The cohort had 65 participants who were
previously exposed to this medication: 25 males and 40 females. All participants were
drug-resistant. Four participants were seizure-free at the time of the scan. The
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analysis showed a statistically significant difference in the right temporal quadrant, as
people exposed to this drug appeared to have a thinner pRNFL thickness compared
to those who were not.
Table 80: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received pregabalin and those who did not
Pregabalin (n=65)

Non-Pregabalin (n=276)

Average Difference
(C.I., p-value)

Age at
Diagnosis

16.1 (±11.6)

16.2 (±11.3)

0.1 (-3.1 – 3.2, 0.9)

Age at OCT

39.6 (±11.5)

37 (±13)

-2.6 (-6.05 – 0.8, 0.1)

Duration of
Epilepsy

23.4 (±11.9)

20.8 (±13.8)

-2.6 (-6.2 – 1, 0.1)

ODT

88.5 (±10.7)

89.2 (±10)

0.6 (-2.08 – 3.4, 0.6)

ODS

109.8 (±16.4)

110.6 (±15.3)

0.8 (-3.3 – 5.1, 0.6)

ODI

113.7 (±17.4)

112.7 (±16.9)

-1 (-5.6 – 3.6, 0.6)

ODN

71.2 (±12.3)

70.8 (±11.9)

-0.4 (-3.7 – 2.8, 0.7)

ODTe

59 (±10.3)

62.5 (±11.2)

3.4 (0.4 – 6.4, 0.02)

Primidone
This drug belongs to the barbiturate class, but the precise mechanism of
action is not yet completely understood (274–276,280,291,292,295). Participants with
previous history of use of primidone had an earlier onset of epilepsy and were also
significantly older than those not exposed to this drug. In this group, there were 9
males and 8 females. One participant was not drug-resistant. Two participants were
seizure-free at the time of the scan. A statistically significant difference was found in
the total thickness as well as in the right superior and inferior quadrants.
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Table 81: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received primidone and those who did not
Primidone (n=17)

Non-Primidone
(n=324)

Average Difference (C.I., p-value)

Age at
Diagnosis

9.4 (±6.6)

16.5 (±11.4)

7.1 (1.6 – 12.7, 0.01)

Age at OCT

52.7 (±11)

36.7 (±12.3)

-16 (-22.04 - -9.9, <0.0001)

Duration of
Epilepsy

43.3 (±10.6)

20.1 (±12.6)

-23.1 (-29.3 - -17.04, <0.0001)

ODT

82 (±9.2)

89.4 (±10)

7.3 (2.4 – 12.3, 0.003)

ODS

103.2 (±16)

110.8 (±15.4)

7.5 (-0.006 – 15.1, 0.05)

ODI

101.2 (±12.5)

113.5 (±17)

12.2 (4.02 – 20.5, 0.004)

ODN

65.7 (±11.8)

71.1 (±12)

5.4 (-0.4 – 11.2, 0.07)

ODTe

57.7 (±9.3)

62 (±11.2)

4.3 (-1.1 – 9.7, 0.1)

Retigabine
Retigabine is an AED which acts on the potassium channel receptors
(208,276,280,292,295,304). It received approval for use in 2011. It had a short-lived
history, as it was effective in only a few patients and was later seen to deposit a blue
pigment in the skin and retina in one third of them, at times associated with visual
impairment (288,304). Since this was discovered, it was recommended to be used as
adjunctive

treatment of partial epilepsy and users

should have regular

ophthalmological follow up.
Of the cohort, only 9 people had previous exposure to it: 4 males and 5
females. All participants were drug-resistant with ongoing seizures. There was no
statistically significant difference between groups. As far as I am aware, there are no
studies on the impact of retigabine in the retina. It is possible that any associated
changes occur in different segments of the retina and measurement of pRNFL
thickness is not the most sensitive method to identify this effect. It is also possible
that if patients had been exposed for longer periods of time to this drug, this would
induce changes in pRNFL thickness.

175

Table 82: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received retigabine and those who did not
Retigabine (n=9)

Non-Retigabine
(n=332)

Average Difference (C.I., pvalue)

18.3 (±9.1)

16.1 (±11.4)

-2.1 (-9.7 – 5.4, 0.5)

Age at OCT

40 (±8.5)

37.4 (±12.8)

-2.5 (-11.03 – 5.9, 0.5)

Duration of
Epilepsy

21.6 (±11.7)

21.2 (±13.5)

-0.3 (-9.3 – 8.6, 0.9)

ODT

85.4 (±8.3)

89.1 (±10.2)

3.7 (-3.01 – 10.4, 0.2)

ODS

111.2 (±15.4)

110.4 (±15.6)

-0.7 (-11.09 – 9.6, 0.8)

ODI

108.3 (±12.9)

113 (±17.1)

4.7 (-6.5 – 16.08, 0.4)

ODN

63.7 (±9.1)

71.1 (±12)

7.3 (-0.6 – 15.2, 0.07)

ODTe

58.4 (±11.8)

61.9 (±11.1)

3.5 (-3.9 – 10.9, 0.3)

Age at
Diagnosis

Rufinamide
Rufinamide is an AED used in drug-resistant epilepsy (274,276,280,292,295).
It is infrequently used in clinical practice. Indeed, of the cohort, only 4 participants had
previous exposure to it, most of them with drug-resistant multifocal epilepsy. The
group consisted of 2 males and 2 females. None of them were seizure-free at the
time of the scan. The analysis failed to find any statistically significant difference
between the groups. It is possible that the small number of people with exposure to
this drug affected the analysis.
Table 83: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received rufinamide and those who did not
Rufinamide (n=4)

Non-Rufinamide
(n=337)

Average Difference (C.I.,
p-value)

Age at
Diagnosis

12.2 (±6.7)

16.2 (±11.4)

4 (-7.2 – 15.2, 0.4)

Age at OCT

36.5 (±13.3)

37.5 (±12.7)

1 (-11.6 – 13.7, 0.8)

Duration of
Epilepsy

24.2 (±11.7)

21.2 (±13.5)

-2.9 (-16.3 – 10.3, 0.6)

ODT

82.2 (±7.6)

89.1 (±10.1)

6.9 (-3.12 – 16.9, 0.1)
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ODS

97.7 (±9.7)

110.6 (±15.5)

12.9 (-2.45 – 29.2, 0.09)

ODI

108.7 (±9.2)

113 (±17.1)

4.2 (-12.6 – 21.1, 0.6)

ODN

65 (±12.6)

70.9 (±12)

5.9 (-5.9 – 17.8, 0.3)

ODTe

56.7 (±3.9)

61.9 (±11.2)

5.1 (-5.8 – 16.2, 0.3)

Sodium Valproate
Sodium valproate is an AED with ample spectrum of action and is considered
first choice in treatment for IGE (199,243,274–276,280,289,291,292,298). The
SANAD study compared time to treatment failure and time to one-year remission and
found that valproate is both tolerated and effective when compared to lamotrigine and
topiramate (243).
In this cohort, 231 individuals had previous exposure to sodium valproate: 98
males and 133 females. The majority of participants with the diagnosis of generalised
epilepsy had been exposed to this drug. A significant percentage of people with frontal,
temporal and multifocal epilepsy were also exposed to it. The age at diagnosis was
earlier in people exposed to valproate. Eighteen participants from this group were not
drug-resistant. Thirty-one were seizure-free at the time of the scan. Comparing
pRNFL thickness, the total thickness was thinner in people with previous exposure.
The inferior, nasal and temporal quadrants of the right eye also showed thinning
compared to the group not exposed.
Table 84: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received sodium valproate and those who did not
Sodium Valproate
(n=228)

Non-Sodium
Valproate
(n=113)

Average Difference (C.I., pvalue)

Age at
Diagnosis

14.3 (±9.7)

20 (±13.3)

5.6 (3.20 – 8.15, <0.0001)

Age at OCT

37.8 (±12.6)

36.9 (±12.9)

-0.9 (-3.75 – 1.92, 0.5)

Duration of
Epilepsy

23.5 (±13.3)

16.9 (±12.7)

-6.5 (-9.47, -3.68, <0.0001)

ODT

87.9 (±9.9)

91.3 (±10.2)

3.3 (1.05 – 5.58, 0.004)
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ODS

109.4 (±15.3)

112.6 (±15.8)

3.2 (-0.26 – 6.73, 0.07)

ODI

111.6 (±16.4)

115.6 (±17.8)

4 (0.19 – 7.84, 0.04)

ODN

69.9 (±11.8)

72.8 (±12.2)

2.9 (0.23 – 5.64, 0.03)

ODTe

60.8 (±11.3)

63.9 (±10.4)

3 (0.54 – 5.54, 0.01)

Tiagabine
This AED works as a GABA reuptake inhibitor (197,280,281,292,305). It is not
frequently used in clinical practice and in this cohort, only 9 participants had been
exposed to it: 3 males and 6 females. The majority of people exposed to this drug
had multifocal epilepsy. All participants were drug-resistant and with ongoing seizures
at the time of the scan. Of the assessed variables, none had a statistically significant
difference.
Table 85: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received tiagabine and those who did not
Tiagabine (n=9)

Non-Tiagabine (n=332)

Average Difference (C.I.,
p-value)

Age at
Diagnosis

11.8 (±5.8)

16.3 (±11.4)

4.4 (-1.52 – 6.33, 0.2)

Age at OCT

38.5 (±12)

37.5 (±12.8)

-1 (-9.55 – 7.44, 0.8)

Duration of
Epilepsy

26.6 (±14.1)

21.1 (±13.4)

-5.5 (-14.47 – 3.45, 0.2)

ODT

88.7 (±8.9)

89 (±10.2)

0.3 (-6.45 – 7.07, 0.9)

ODS

104.6 (±11.4)

110.6 (±15.6)

6 (-4.33 – 16.34, 0.2)

ODI

119.1 (±17.2)

112.7 (±17)

-6.3 (-17.63 – 5.00, 0.2)

ODN

71.3 (±9.5)

70.9 (±12.1)

-0.4 (-8.45 – 7.57, 0.9)

ODTe

59.5 (±5)

61.9 (±11.2)

2.3 (-5.05 – 9.80, 0.5)

Topiramate
Topiramate is an ample-spectrum AED. Its antiepileptic action is believed to
be associated with its action on sodium and calcium channels, as well as effect on
GABAA and AMPA/kainate receptors (243,290,292). Of this cohort, 147 people had
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previous exposure to this AED: 54 males and 93 females. The majority of those
exposed had temporal and multifocal epilepsy. All the participants in this group were
drug-resistant. Eleven were seizure-free at the time of the scan. The exposed group
was on average younger than the non-exposed and had a longer duration of
diagnosis. There was a statistically significant difference in the total thickness, as well
as in the superior and temporal quadrants of the right eye.
Table 86: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received topiramate and those who did not
Topiramate (n=145)

Non-Topiramate
(n=196)

Average Difference (C.I., pvalue)

Age at
Diagnosis

14.2 (±10.2)

17.6 (±11.9)

3.4 (1.01 – 5.82, 0.005)

Age at OCT

38.3 (±12.2)

36.9 (±13.1)

-1.4 (-4.22 - 1.22, 0.2)

Duration of
Epilepsy

24.1 (±12.8)

19.2 (±13.6)

-4.9 (-7.73 - -2.10, 0.001)

ODT

87.6 (±10.2)

90.1 (±10)

2.5 (0.33 – 4.67, 0.02)

ODS

108 (±16)

112.3 (±15)

4.2 (0.94 – 7.55, 0.01)

ODI

111.6 (±16.6)

113.9 (±17.2)

2.2 (-1.37 – 5.94, 0.2)

ODN

70.6 (±11.7)

71 (±12.2)

0.4 (-2.16 – 2.98, 0.7)

ODTe

60 (±11.8)

63.1 (±10.4)

3.1 (0.73 – 5.50, 0.01)

Zonisamide
Zonisamide is a sulfonamide which can be used in the treatment of
neurological conditions such as epilepsy and Parkinson’s disease (292). It is believed
to act on sodium and calcium channels, as well as on GABAergic and glutamatergic
neurotransmission (292). In this cohort, 84 people had previous exposure to this AED:
33 males and 51 females. Most of these had generalised, temporal and multifocal
epilepsy. All participants in this group were drug-resistant. Three were seizure-free at
the time of the scan. There was no difference in the age at diagnosis and age at the
scan. I did not identify any statistically significant difference between groups.
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Table 87: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who received zonisamide and those who did not
Zonisamide (n=82)

Non-Zonisamide
(n=259)

Average Difference
(C.I., p-value)

15 (±9.1)

16.6 (±12)

1.6 (-1.20 – 4.41, 0.2)

Age at OCT

37.7 (±11.8)

37.4 (±13)

-0.3 (-3.31 – 2.70, 0.8)

Duration of
Epilepsy

22.7 (±11.8)

20.8 (±13.9)

-1.9 (-4.98 – 1.16, 0.2)

ODT

87.9 (±9.8)

89.4 (±10.2)

1.4 (-1.07 – 3.98, 0.2)

ODS

108.6 (±15.6)

111.1 (±15.5)

2.4 (-1.38 – 6.35, 0.2)

ODI

112.2 (±16.3)

113.2 (±17.2)

1 (-3.24 – 5.25, 0.6)

ODN

69.9 (±11.5)

71.2 (±12.2)

1.2 (-1.74 – 4.25, 0.4)

ODTe

61 (±10)

62.1 (±11.5)

1 (-1.70 – 3.86, 0.4)

Age at
Diagnosis

VNS
This device is sometimes used in people with refractory epilepsy. The
mechanism of action is still unknown (272). I assessed for the presence of an inserted
VNS, regardless of whether it was switched on or off. Of this cohort, 17 people had
VNS inserted: 4 males and 13 females. The majority of participants with VNS had
multifocal epilepsy. All these participants were drug-resistant, and none were seizurefree at the time of the scan.
Table 88: Number of participants who had a VNS inserted according to lobe of onset
Lobe

VNS

Generalised

1 (1.6%)

Frontal

1 (2.9%)

Temporal

4 (3.4%)

Parietal

1 (50%)

Occipital

0 (0%)

Multifocal

8 (9.9%)

Undetermined

2 (4.3%)
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The participants with an inserted VNS had an earlier onset of epilepsy. Right
total thickness was reduced when compared to those without VNS. Thinning was also
observed on the superior, inferior and nasal quadrants of the right eye.
Table 89: Comparison of age in years, pRNFL thickness in µm and standard deviation between the
group who had a VNS inserted and those who did not
VNS (n=16)

Non-VNS (n=322)

Average Difference (C.I., pvalue)

Age at
Diagnosis

10.7 (±8.5)

16.5 (±11.4)

5.7 (0.04 – 8.40, 0.03)

Age at OCT

37.6 (±10.4)

37.5 (±12.9)

-0.1 (-12.81 – 0.3, 0.9)

Duration of
Epilepsy

26.9 (±14.71)

20.9 (±13.3)

-5.9 (-12.4 - -0.04, 0.06)

ODT

83.2 (±9.3)

89.4 (±10.1)

6.2 (3.03 – 8.95, 0.009)

ODS

103.6 (±16.6)

110.9 (±15.4)

7.2 (1.25 – 16.88, 0.04)

ODI

104.3 (±14.9)

113.4 (±17)

9 (2.23 – 15.9, 0.02)

ODN

64.8 (±10.5)

71.2 (±12)

6.4 (1.28 – 14.61, 0.02)

ODTe

60.1 (±11.4)

61.9 (±11.1)

1.8 (-0.90 – 8.41, 0.4)

7.3.2 Regression Analysis
I performed a generalised multiple linear model regression to correct for the
effect of age, sex, learning disability, MRI abnormalities, lobe of origin and the number
of drugs that the participant had been exposed to. I excluded any AED to which less
than 10% of the cohort had been exposed, as any differences found could be due to
other factors associated with the epilepsy syndrome rather than the exposure of the
drug per se. The use of certain AEDs is restricted to specific epilepsy syndromes, for
example, the use of stiripentol for Dravet syndrome (306), therefore an analysis for
this drug would be heavily biased to clinical characteristics of the condition.
Physicians also tend to prescribe the AED they believe is more likely to controls the
patient’s seizure with the fewest side-effects possible (243,275,291). Certain drugs
are prescribed only when the patient has exhausted all other alternatives. The choice
of medication may also be affected by other factors not analysed, such as psychiatric
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comorbidities (172,219,292), migraine prophylaxis (243,292,307) or chronic pain
(306). Due to these considerations, the distribution of AED use was skewed, with a
greater number of participants receiving levetiracetam, lamotrigine, carbamazepine
and sodium valproate, and a few receiving rufinamide, brivaracetam and tiagabine. I
excluded from the pRNFL analysis: acetazolamide, brivaracetam, eslicarbazepine,
ethosuximide, gabapentin, lorazepam, perampanel, primidone, retigabine, rufinamide
and tiagabine. Once I corrected for these variables, the effect of most drugs
disappeared. The only AED that continued to be associated with changes on pRNFL
was phenobarbital on the temporal quadrant. Although I corrected for age and
learning disability, the interpretation of this finding needs to be cautiously analysed,
as it is possible to reflect the age of the participant or their cognitive status (as I did
not consider the results of psychometric tests).
Table 90: Regression Coefficient of pRNFL thickness and anti-epileptic drugs
ODT

ODS

ODI

ODNa

ODTe

Carbamazepine

0.26

0.19

-0.01

0.63

0.12

Clobazam

-0.56

-1

-1.14

-0.39

0.35

Clonazepam

-0.22

-0.9

-0.17

-0.12

0.26

Lacosamide

0.22

0.39

-0.55

0.01

1.26

Lamotrigine

1.31

1.71

0.81

2.71

-0.1

Levetiracetam

0.17

-0.33

-0.04

0.05

0.47

Oxcarbazepine

0.96

0.47

1.2

2.57

-0.33

Phenobarbital

1.38

2.85

-0.45

-0.12

3.46

Phenytoin

-0.42

0.42

-0.66

-1.51

0.29

Pregabalin

2.07

2.89

4.44

2.2

-1.38

Sodium Valproate

-1.66

-0.82

-2.16

-2.22

-1.31

Topiramate

-1.22

-3.1

-0.82

1.24

-2.2

Zonisamide

0.12

-0.55

0.7

-0.27

0.69
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Table 91: Standard error of regression analysis between pRNFL thickness and anti-epileptic drugs
ODT

ODS

ODI

ODNa

ODTe

Carbamazepine

1.28

2.01

2.21

1.62

1.45

Clobazam

1.20

1.87

2.06

1.51

1.35

Clonazepam

1.50

2.36

2.58

1.90

1.70

Lacosamide

1.48

2.32

2.55

1.87

1.68

Lamotrigine

1.26

1.97

2.16

1.58

1.42

Levetiracetam

1.43

2.24

2.46

1.81

1.62

Oxcarbazepine

1.40

2.19

2.41

1.76

1.59

Phenobarbital

1.45

2.27

2.50

1.84

1.63

Phenytoin

1.33

2.09

2.29

1.68

1.51

Pregabalin

1.46

2.30

2.51

1.85

1.66

Sodium
Valproate

1.19

1.86

2.04

1.50

1.34

Topiramate

1.32

2.06

2.27

1.67

1.49

Zonisamide

1.38

2.15

2.36

1.74

1.56

Table 92: P-values of regression analysis between pRNFL thickness and anti-epileptic drugs
ODT

ODS

ODI

ODNa

ODTe

Carbamazepine

0.8

0.9

0.9

0.6

0.9

Clobazam

0.6

0.5

0.5

0.7

0.7

Clonazepam

0.8

0.7

0.9

0.9

0.8

Lacosamide

0.8

0.8

0.8

0.9

0.4

Lamotrigine

0.2

0.3

0.7

0.08

0.9

Levetiracetam

0.9

0.8

0.9

0.9

0.7

Oxcarbazepine

0.4

0.8

0.6

0.1

0.8

Phenobarbital

0.3

0.2

0.8

0.9

0.03

Phenytoin

0.7

0.8

0.7

0.3

0.8

Pregabalin

0.1

0.2

0.07

0.2

0.4

Sodium Valproate

0.1

0.6

0.2

0.1

0.3

Topiramate

0.3

0.1

0.7

0.4

0.1

183

Zonisamide

0.9

0.7

0.7

0.8

0.6

The effect of the drugs on retinal thickness might be explained by a number
of factors, such as age, sex and drug resistance. It is also important to consider the
likelihood of certain AEDs being prescribed for certain syndromes. Sodium Valproate
is more likely to be prescribed to an older male patient with a diagnosis of IGE than
for a young female patient with TLE (197,199,243,280,281). It has also fallen out of
favour compared to the newer effective drugs with fewer side-effects. Rufinamide, for
example, is likely to be used only in the event of multiple previous treatment failures
(292). The table below explores the association between the use of certain drugs and
lobes of origin with significant results marked in bold.
Table 93: Odds ratio of anti-epileptic drugs and lobe of origin.
G

F

T

P

O

M

U

ACE

2.11

2.61

0.41

0

0

0.67

2.11

BRI

0

1.22

0.74

0

0

1.27

0

CCB

0.2

1.37

2.55

139002155.8

282729170

1.5

0.2

CLB

0.32

1.23

2.29

2.31

0

0.83

0.32

CLP

3.25

1.36

0.53

0

0

0.5

3.25

ESL

0

3.15

1.59

0

0

0.67

0

ETH

28.21

0.92

0.13

0

0

0.54

28.21

GAB

0.57

0.62

1.44

0

0

1.11

0.57

LAC

0.38

0.26

1.59

0

0

1.47

0.38

LMT

2.63

0.48

1.08

0.47

0.95

0.68

2.63

LEV

0.54

0.83

1.24

0.31

0.74

1.27

0.54

LOR

0

5.2

0.72

0

0

1.47

0

OXC

0.09

2.41

1.66

0

0

0.8

0.09

PER

0.29

1.36

0.74

0

0

1.44

0.29

PHB

2.63

1.82

0.53

0

0

1.06

2.63

PHT

3.59

0.65

0.62

0

0

1.16

3.59
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PRE

0.06

1

1.69

39.64

0

1.52

0.06

PRI

0.69

1.08

0.32

0

0

4.43

0.69

RET

3.24

0

3.93

0

0

1.23

3.24

RUF

3.78

0

0

0

0

3.59

3.78

VPA

5.36

0.57

0.51

0.81

1.11

0.8

5.36

TIA

5.64

0

0.18

0

0

2.09

5.64

TPM

1.05

1.95

1.01

6.48

0

0.49

1.05

ZON

0.86

0.87

0.99

0

0

1.34

0.86

G: generalised epilepsy, F: frontal lobe epilepsy, T: temporal lobe epilepsy, P: parietal lobe epilepsy, O:
occipital lobe epilepsy, M: multifocal epilepsy, U: undetermined lobe epilepsy, T: total number of exposed
participants. The respective AEDs were: acetazolamide (ACE), brivaracetam (BRI), carbamazepine
(CBZ), clobazam (CLB), clonazepam (CLP), eslicarbazepine (ESL), ethosuximide (ETH), gabapentin
(GAB), lacosamide (LAC), lamotrigine (LMT), levetiracetam (LEV), lorazepam (LOR), oxcarbazepine
(OXC), perampanel (PER), phenobarbital (PHB), phenytoin (PHT), pregabalin (PRE), primidone (PRI),
retigabine (RET), rufinamide (RUF), sodium valproate (VPA), tiagabine (TIA), topiramate (TPM) and
zonisamide (ZON)
Table 94: Standard error of regression analysis of AED and lobe of origin
G

F

T

P

O

M

U

ACE

0.57

0.55

0.49

7504.84

3867.67

0.47

0.82

BRI

721.54

1.24

1.20

14375.18

13717.40

1.06

1969.07

CCB

0.35

0.49

0.32

4462.05

4238.80

0.38

0.37

CLB

0.37

0.42

0.28

1.67

3039.47

0.32

0.37

CLP

0.41

0.47

0.37

6069.09

5224.03

0.40

0.49

ESL

784.07

0.76

0.71

9357.89

8263.37

0.84

1293.63

ETH

0.59

0.69

0.67

8361.70

4528.23

0.52

1.06

GAB

0.67

0.64

0.39

7169.91

3673.51

0.44

0.79

LAC

0.52

0.59

0.33

5086.57

4549.72

0.35

0.52

LMT

0.40

0.44

0.29

1.64

1.42

0.34

0.38

LEV

0.38

0.52

0.33

1.70

1.50

0.43

0.44

LOR

951.96

1.28

0.98

10793.18

10388.18

1.04

1666.62

OXC

0.66

0.45

0.31

4782.12

4310.66

0.35

0.47

PER

1.08

0.69

0.58

10174.29

5697.47

0.55

1.08

PHB

0.43

0.49

0.34

5162.96

4425.52

0.37

0.56
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PHT

0.40

0.48

0.31

4409.67

3891.01

0.34

0.45

PRE

1.05

0.49

0.33

1.99

4950.28

0.35

0.65

PRI

1.08

0.85

0.63

10963.67

5955.31

0.59

1.09

RET

773.83

2047.21

0.78

9289.75

8664.41

0.78

1232.21

RUF

1.26

1977.73

721.50

14177.73

13498.90

1.20

1970.09

VPA

0.40

0.41

0.27

1.52

1.47

0.32

0.37

TIA

0.85

2009.84

1.13

14842.01

7730.59

0.80

1198.70

TPM

0.38

0.46

0.30

1.81

3351.99

0.35

0.43

ZON

0.42

0.46

0.31

4896.98

4438.62

0.33

0.51

Table 95: P-values of regression analysis
G

F

T

P

O

M

U

ACE

0.1

0.08

0.07

0.9

0.9

0.3

0.8

BRI

0.9

0.8

0.7

0.9

0.9

0.8

0.9

CCB

<0.0001

0.5

0.003

0.9

0.9

0.2

0.4

CLB

<0.0001

0.6

0.003

0.6

0.9

0.5

0.7

CLP

<0.0001

0.5

0.09

0.9

0.9

0.08

0.2

ESL

0.9

0.1

0.5

0.9

0.9

0.6

0.9

ETH

<0.0001

0.8

0.002

0.9

0.9

0.2

0.4

GAB

0.4

0.4

0.3

0.9

0.9

0.7

0.4

LAC

0.06

0.02

0.1

0.9

0.9

0.2

0.4

LMT

0.01

0.1

0.7

0.6

0.9

0.2

0.7

LEV

0.1

0.7

0.5

0.4

0.8

0.5

0.1

LOR

0.9

0.1

0.7

0.9

0.9

0.7

0.9

OXC

<0.0001

0.04

0.1

0.9

0.9

0.5

0.4

PER

0.2

0.6

0.6

0.9

0.9

0.4

0.6

PHB

0.02

0.2

0.06

0.9

0.9

0.8

0.2

PHT

<0.0001

0.3

0.1

0.9

0.9

0.6

0.7

PRE

0.007

0.9

0.1

0.06

0.9

0.2

0.2

PRI

0.7

0.9

0.07

0.9

0.9

0.01

0.6

RET

0.9

0.9

0.08

0.9

0.9

0.7

0.9
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RUF

0.2

0.9

0.9

0.9

0.9

0.2

0.9

VPA

<0.0001

0.1

0.01

0.8

0.9

0.4

0.3

TIA

0.04

0.9

0.1

0.9

0.9

0.3

0.9

TPM

0.8

0.1

0.9

0.2

0.9

0.04

0.2

ZON

0.7

0.7

0.9

0.9

0.9

0.3

0.6

As expected, there was a negative correlation between use of carbamazepine
and the diagnosis of generalised epilepsy, as this AED is not recommended for this
syndrome (275). This correlation was positive if the participant had a history of TLE.
For clobazam I reached similar results, but with a weaker correlation. This is probably
because clobazam is usually prescribed as an add-on rather than a stand-alone drug
(275). People with IGE, if prescribed benzodiapines, were more likely to receive
clonazepam, as it is known to be useful for myoclonic seizures (275). The use of
ethosuximide was strongly positively correlated with the diagnosis of IGE and
negatively with TLE. Lacosamide was negatively correlated with frontal lobe epilepsy,
but this is likely to be a spurious result and has reached significance due to the small
sample size of this group. Lamotrigine and sodium valproate were positively
correlated with IGE, which is expected, as these drugs are considered first line
treatment for this syndrome (298). Interestingly, phenytoin was positively associated
with IGE, although this drug is not indicated for this diagnosis (298).
7.3.1.1 Analysis according to lobe of onset
To assess the correlation between drug history, MRI abnormalities, pRNFL
thickness and each lobe of onset, I performed a stepwise logistic regression, with the
relevant results described below.
Regression Generalised:
In the participants with generalised epilepsy, the expected negative
correlation with carbamazepine and positive correlations with ethosuximide,
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lamotrigine and valproate were identified. People with MRI abnormalities were also
less likely to have been diagnosed with IGE. The negative correlation with
levetiracetam and positive correlation with phenytoin was an unexpected finding, as
treatment guidelines for this syndrome would recommend the first and discourage the
second (33,197,213,241–243,280,281,291,293). People with generalised epilepsy
were slightly more likely to have a discrete thinning of the temporal quadrant and
increased pRNFL thickness in the nasal-inferior and inferior-temporal 30-degree
segments.
Table 96: Stepwise regression analysis of people with generalised epilepsy comparing drug history,
pRNFL thickness and MRI abnormalities

Regression Coefficient
(standard error)

P-value

Odds Ratio

Carbamazepine

-2.17 (0.55)

<0.0001

0.11

Ethosuximide

4.59 (1.48)

0.002

98.91

Lamotrigine

1.55 (1.55)

0.01

4.74

Levetiracetam

-1.43 (0.56)

0.01

0.23

Oxcarbazepine

-3.42 (1.14)

0.002

0.03

Phenytoin

2.29 (0.68)

0.0007

9.88

Pregabalin

-4.1 (1.31)

0.001

0.01

Valproate

1.57 (0.59)

0.008

4.81

MRI
Abnormalities

-0.38 (0.18)

0.03

0.68

ODTe

-0.07 (0.03)

0.03

0.93

ODNI

0.05 (0.02)

0.007

1.05

ODIT

0.03 (0.01)

0.01

1.03

Regression Frontal:
In people with frontal epilepsy, a stepwise regression analysis failed to identify
any factor associated with changes in pRNFL thickness. It is possible that this is a
result of the low number of people with this type of epilepsy.
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Regression Temporal
The stepwise regression analysis of people with temporal lobe epilepsy
identified that this population had the highest likelihood of having temporal lobe
changes on MRI and history of temporal lobectomy. This finding is of course expected,
as people with hippocampal sclerosis are more likely to be diagnosed with temporal
lobe epilepsy and undergo epilepsy surgery. These participants were also less likely
to have previous exposure to phenobarbital and phenytoin, which is probably
associated with the participants being younger. Though statistically significant
correlations were identified, these were very discrete and unlikely to have any clinical
significance.
Table 97: Stepwise regression analysis of temporal lobe epilepsy

Regression Coefficient
(standard error)

P-value

Odds Ratio

Gabapentin

1.62 (0.06)

0.01

5.06

Phenobarbital

-1.53 (0.62)

0.01

0.21

Phenytoin

-1.25 (0.53)

0.01

0.28

Surgery

3.89 (1.21)

0.01

49.24

Occipital Lesions on MRI

-4.57 (0.86)

<0.0001

0.01

Left Temporal Lesions on
MRI

1.58 (0.43)

0.0003

4.88

Right Temporal Lesions
on MRI

2.17 (0.50)

<0.0001

8.8

Age

0.07 (0.01)

<0.0001

1.07

ODSu

-0.02 (0.01)

0.02

0.97

ODSN

0.04 (0.01)

0.001

1.04

ODNI

-0.04 (0.02)

0.02

0.95

ODIN

-0.02 (0.01)

0.05

0.97
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Regression Parietal:
The stepwise regression analysis did not identify any factor that could impact
on pRNFL thickness. The fact that I only had 3 participants with epilepsy originating
from this lobe is likely to be the reason for this.
Regression Occipital:
Similar to the analysis performed for Parietal lobe epilepsy, the analysis did
not identify any factor associated with changes in pRNFL thickness. This is probably
because the group only included 2 cases.
Regression Multifocal:
In the stepwise regression of multifocal epilepsy, age had a discrete negative
correlation with the diagnosis of multifocal epilepsy, but this was the most statistically
significant result. This population was also more likely to have a VNS inserted.
Regarding AEDs, the participants of this group were less likely to have been exposed
to acetazolamide, but more likely to have been prescribed lacosamide, phenytoin and
primidone. It is possible that this association is due to them being an older drugresistant population who had tried a greater number of AEDs (as described in chapter
6). Regarding pRNFL thickness, multiple 30-degree segments had a statistically
significant discrete correlation with this diagnosis, mostly in the inferior segments.
Table 98: Stepwise regression analysis of multifocal epilepsy

Regression Coefficient
(standard error)

P-value

Odds Ratio

Acetazolamide

-1.46 (0.71)

0.04

0.23

Lacosamide

0.93 (0.44)

0.03

2.54

Phenytoin

1.05 (0.43)

0.01

2.88

Primidone

2.08 (0.78)

0.008

8.07

VNS

4.47 (1.32)

0.0007

87.52

Age

-0.07 (0.01)

<0.0001

0.92
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ODS

0.06 (0.02)

0.01

1.07

ODI

-0.18 (0.07)

0.01

0.83

ODSN

-0.04 (0.01)

0.02

0.96

ODIN

0.05 (0.02)

0.02

1.06

ODIn

0.05 (0.02)

0.02

1.06

ODIT

0.07 (0.02)

0.005

1.07

ODST

-0.02 (0.01)

0.02

0.97

Regression Undetermined:
The Stepwise regression analysis identified as significant variables which are
associated with undetermined epilepsy the presence of occipital lesions on MRI as
well as a discreetly increased thickness of ODTS. Of the 13 people who had occipital
lobe changes identified on MRI, one had undetermined epilepsy, therefore this
association needs to be interpreted with caution.
Table 99: Stepwise regression analysis of undetermined epilepsy

Regression Coefficient
(standard error)

P-value

Odds Ratio

Clobazam

-0.77 (0.41)

0.06

0.45

Occipital Lesions on
MRI

0.35 (0.16)

0.03

1.42

Age

0.02 (0.01)

0.09

1.02

ODTe

-0.05 (0.03)

0.09

0.94

ODTS

0.05 (0.02)

0.006

1.06

7.4 Discussion
A significant percentage of people who are prescribed AEDs report transient
visual side-effects, but most of these drugs are not considered to be retinotoxic (284–
286,290). A more extreme example is vigabatrin, which was found to cause
irreversible visual field loss in 45% of people exposed to it (3,250,282–284,292,308).
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In our cohort, I analysed if there were any changes in pRNFL thickness according to
the history of drug exposure. The initial t-test analysis identified an association
between pRNFL thickness and a number of AEDs. Once I corrected for age, sex, MRI
abnormalities, lobe of origin, learning disability and drug resistance, the association
disappeared. This aligns with previous studies which did not identify an association
between exposure to AEDs and pRNFL thinning (4,251). The analysis was limited,
as I did not compare the duration or total dose exposure. This can only be confirmed
in a longitudinal study in which total dose exposure is accurately measured and
compared with pRNFL thickness.
As far as I am aware, there was only one longitudinal study comparing pRNFL
thickness and use of AEDs in people without previous exposure to vigabatrin (251).
Lobefalo compared scans obtained with a Time-Domain OCT machine in people with
newly diagnosed epilepsy receiving carbamazepine or valproate with scans obtained
after one year (251). There were no significant changes in pRNFL thickness nor they
were able to identify a correlation with serum concentration levels, even if colour
vision abnormalities were present. This result could be influenced by the lower
sensitivity of Time-Domain OCT machines (168,309,310). It is also worth considering
the possibility that retinotoxicity may require higher doses or a prolonged period of
time to manifest (282,285,311–313). In the longitudinal study (chapter 8), I compared
the pRNFL thickness in subgroups according to the number of AEDs the participants
had been previously exposed to and did not identify any difference.
I was particularly interested in the analysis of retigabine (288,304), however,
due to the small number of people exposed to this drug, the study did not identify any
association with pRNFL changes. In this cohort, none of the people exposed to
retigabine were found to have visual field defects or had been identified as having
blue deposits in the retina by an ophthalmologist. Future studies should try to explore
this further, as the mechanism and velocity in which these deposits occur, their natural
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course and long-term effects on vision are as yet unknown. It is also important to
consider which area of the retina would be the most suitable for this study, as perhaps
the ONH is not the most adequate.

7.5 Limitations
Studies analysing drug exposure have frequent pitfalls. It is necessary to
analyse the effect of time and dose to assess whether the observed effect is due to
prolonged exposure or whether there is a threshold of dose when the medication
becomes toxic (193,284,314). Though I initially attempted to analyse the total drug
exposure, this information was often missing or incomplete in the clinical notes. As
the average duration of epilepsy in the cohort was of 20 years or more, participants
were often prescribed multiple AEDs before their assessment in our centre, and I was
only able to obtain a list of previously tried medication. As I assessed drug exposure
as a dichotomic variable, it was not possible to analyse any dose related effect. A
longitudinal study starting from the diagnosis of epilepsy would be adequate to assess
this question.
Retrospective drug exposure studies also suffer from not always reliable
participant adherence to treatment (315). It is not uncommon for patients to overrate
the real frequency in which they take their medication (197,280,303). Calculating drug
exposure on the history provided by the participant can overestimate the total amount
of AEDs received through time (315,316). It also does not consider the
pharmacokinetics of the drug, or its interactions (196,280,316). One way to correct
this distortion would be by utilising serum AED levels as a parameter (274). This,
however, is not routinely performed in all medical appointments.
The cohort was predominantly formed of drug-resistant cases with many
previously tried AEDs. The median number of drugs that people in this cohort were
receiving at the time of OCT was 2, but 139 participants were receiving 3 or more.
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This population tried on average 4 AEDs, with one subgroup in which 6 drugs were
tried prior to assessment. The interactions between this many AEDs are difficult to
predict and uncertain, as not only the number of drugs affect the pharmacokinetic,
but also the brand of medication and habits of the patient (for example having
medications with meals).

7.6 Conclusion
There is a period of surveillance after a drug is released to determine if there
are toxic or teratogenic effects which were not identified during clinical trials. It is not
uncommon for drugs to be withdrawn from the market or have limited prescription,
once side-effects are identified a number of years after being released. Vigabatrin,
for example, was developed in the 1980’s and was identified as causing visual field
loss in 1997 (283). Its use is now restricted to children with infantile spasm and people
with severe refractory epilepsy (280,284–286,292,305). The evidence so far suggests
that most AEDs are safe to use, and do not cause any damage to the retina, despite
many causing transient visual side-effects (193,285,286,292). However, a thorough
investigation using OCT has not yet been performed.
The limitations restrained the scope of this study. Information was often
incomplete and/or missing, I was only able to study drug exposure as a dichotomic
variable. The results so far do not indicate any changes in pRNFL thickness
associated with previous exposure to AEDs. However, longitudinal studies are
necessary to confirm this finding. Especially in the case of retigabine, this is required,
as it can be associated with visual impairment, which in a percentage of individuals
has so far been irreversible (288,292,304).
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Longitudinal Study

8.1 Background
The initial boom of interest in retinal thickness measures and neurological
conditions in the last decade will almost certainly be followed by a second wave of
longitudinal studies of respective correlations. In the available literature, most
longitudinal studies are either of the general population, or of people affected by
glaucoma or MS (78,81,88,101). These studies are fundamental for the correct
interpretation of data, as age is a variable with an inverse relationship to retinal
thickness (138,139,149,317,318). An important question to be answered is how
quickly neurological conditions affect the brain, and whether this is related to specific
characteristics of each pathology. In the general population, the average decrement
in ONH thickness was found to be of 0.3% per year, and 1.9μm per decade (310).
Exploring this relationship may be useful for monitoring the evolution of disease and
perhaps help in the decision of when to commence treatment.
8.1.1 Clinical Use
Currently,

monitoring

of

retinal

thickness

is

common

practice

in

ophthalmological clinics. Glaucoma progression leads to thinning of all measures of
pRNFL and GCL. This is associated with significant visual field defects as well as
disease severity (101,186,319). One study of people with glaucoma found that 22%
of the cohort had accelerated thinning of pRNFL compared with the expected thinning
in the normal population (320). Similarly, in MS, longitudinal studies have shown
thinning in average measurements and in all 4 quadrants in at a quicker rate than the
general population (185). Thinning is particularly accelerated within the first 6 months
of diagnosis, mostly in the GCL, which is independent of relapses (84). One hope for
the future is that retinal thickness could be used as a way of monitoring treatment
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effectiveness, as it is possible that in the responder group thinning would be less
pronounced. Our study, however, did not identify differences between treatments in
respect of speed of degeneration.

8.2 Hypothesis
In a population with epilepsy, thinning was associated with drug resistance
and learning disability (4). It is not yet known whether thinning is accelerated, as it is
in MS and glaucoma. I hypothesise that the rate of pRNFL changes is accelerated in
people with epilepsy.

8.3 Methods
I recruited participants as described in Chapter 5. I attempted to re-scan
participants in their consecutive visits to the CCE. All scans followed the same
examination protocol.

8.4 Analysis
Between 2008 and 2017, 573 scans were obtained of 472 participants who
were recruited by 7 examiners (annex 9). Participants were recruited in the SWG
ward as well as outpatient clinics at the CCE. The examiners were tested for interexaminer reliability. The machine was tested for inter-scan reliability. I found a
variation of ±0.8µm (C.I : -1.32 to 2.11) between scans of the same individual in one
session. One hundred and forty-two scans were excluded for the reasons described
below:
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Table 100: Participants excluded according to cause

Reason for Exclusion

Number of participants excluded

Vigabatrin exposure

31

Poor quality of scans

62

Movement artefacts

6

No certain diagnosis

29

NEAD

10

Other pathologies

4

The number of participants recruited per year varied, although every attempt
was made to recruit as many as possible. The table below shows the number of scans
included and excluded for analysis according to the year.
Table 101: Number of scans acquired and excluded per year

Year

OCT scans included

OCT Excluded

Total

2008

4

2

6

2009

38

5

43

2010

61

9

70

2011

36

9

45

2012

78

13

91

2013

47

27

74

2014

57

6

63

2015

44

14

58

2016

35

12

47

2017

37

45

82

Participants were invited to be re-scanned in subsequent visits to the CCE.
As the majority of participants did not have their regular clinical follow up at the CCE
and were recruited during admissions, this limited the opportunities to acquire new
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images. The table below shows the number of participants for whom one or more
OCT scans were acquired.

NUMBER OF PATIENTS PER SCAN

OCT Repetitions and Participants
Recruited
400
350

348

300
250
200
150
100

59
20

50
0
1

2

3

7

1

4
5
NUMBER OF SCANS

1

1

1

6

7

8

Figure 25: Number of participants who had at least one OCT scan and repetitions

For the same reason, the interval between admissions and subsequent
acquisition of scans varied according to requests by epilepsy consultants for further
investigations performed at the CCE. On average, the acquisition of the second OCT
occurred between 10 and 30 months after the first (Figure 24).

Figure 26: Interval between the first and second scan in months
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The table below shows the range in months between the first and second scan
according to the identified lobe of epilepsy onset. People with Generalised and
Temporal lobe epilepsy had the longest range between scans.
Table 102: Interval between the first and second OCT in months according to lobe of Origin

Lobe

Months to First Follow-up (Range)

Generalised

10-89

Frontal

7-29

Temporal

6-84

Parietal

*

Occipital

*

Multifocal

8-62

Undetermined

10-41

*Participants with Parietal and Occipital Lobe epilepsy did not have more than one scan acquired

8.4.1 Difference in Thickness according to Epilepsy Focus
I subdivided the cohort according to lobe of origin to assess if this variable
would incur in different rates of pRNFL thinning. Of the people who had up to 4 scans,
the greatest sample came from participants diagnosed with temporal or multifocal
epilepsy. However, the sample size is still well below 86, the minimum required to
obtain statistical significance.
Table 103: Number of participants per repetition of scans according to lobe of origin

Lobe

1

2

3

4

5

6

7

8

Generalised

61

11

1

1

0

0

0

0

Frontal

36

5

1

0

0

0

0

0

Temporal

117

21

9

4

0

0

0

0

Parietal

2

0

0

0

0

0

0

0

Occipital

3

0

0

0

0

0

0

0
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Multifocal

81

18

7

2

1

1

1

1

Undetermined

48

4

2

0

0

0

0

0

When I subdivided the cohort according to the classification, participants with
cryptogenic and symptomatic epilepsy had the highest number of repetitions.
Table 104: Number of participants per repetition of scans according to classification

Classification

1

2

3

4

5

6

7

8

Idiopathic

63

11

1

0

0

0

0

0

Cryptogenic

122

23

11

4

0

0

0

0

Symptomatic

122

22

9

3

1

1

1

1

UE

40

3

0

0

0

0

0

0

I calculated the difference of pRNFL thickness of ODT between the first and
second scan using a paired t-test. Comparing the cohort as a whole, the difference
between the first and second scan was of -0.4µm (C.I.: -3.12 – 2.56, p=0.8). I
performed the same analysis subdividing according to lobe of origin. The table below
shows the results obtained. There were no statistically significant differences in any
of the groups.
Table 105: Paired t-test comparing pRNFL thickness in µm and standard deviation between the first
and second OCT scan

First OCT scan

Second OCT
scan

Difference (C.I., pvalue)

Generalised (n=12)

91.1 (±12.4)

88.8 (±11.4)

2.33 (-5.63 – 9.11, 0.6)

Frontal (n=5)

103.2 (±9.3)

100.7 (±9.7)

2.5 (-12.16 – 15.88, 0.7)

Temporal (n=21)

88.7 (±8.8)

89.8 (±10.6)

-1.1 (-6.33 – 3.35, 0.7)

Multifocal (n=17)

87.7 (±9.4)

87.1 (±8.7)

0.6 (-3.57 – 5.85, 0.8)

Undetermined (n=4)

90.2 (±5.7)

92.2 (±3.2)

-2 (-11.89 – 8.7, 0.5)
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I plotted the ODT values according to lobe of origin and number of repetitions.
Most participants showed a non-significant decrease in thickness which was no
different to that described in the literature for a healthy population (between 0.6 and
2.5µm). In the cases in which there was an increase of thickness, the scans were
reviewed for signal strength as well as examiner. Signal strength between scans did
not vary more than 2 units; the scan circle was centred at the ONH and met all the
inclusion criteria. The acquisition of the scans may have a variance of 5µm, therefore,
it is possible that this apparent increment is within the normal variation of the scan.
The Zeiss Cirrus OCT machine does not correct for cycloversion of the eye, which is
also a possible reason for the observed discrepancy. In the multifocal group, one
participant did not have a plotted value for the first scan but had for subsequent visits.
The reason in this case was that the right eye did not meet the minimum quality
criteria, but the left eye did, so the participant was not excluded from the analysis.

Figure 27: ODT thickness variance in µm of each participant according to lobe of origin. Number of
participants in each repetition as in table 102.
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The comparison of the rate of pRNFL decrement according to lobe of origin
did not identify any clearly significant difference. This analysis is limited due to the
small number of participants who had more than one scan.
8.4.2 Difference in Thickness according to Number of Drugs
Previous cross-sectional studies found a correlation between drug resistance
and thinning of the retina (4). To assess if total AED exposure affects the rate of
decrement of pRNFL thickness, I plotted the ODT values according to the number of
drugs to which each participant had previously been exposed. In the period between
scans, five participants had drug changes which made them change between drug
groups, and for three participants the OCT scan from the right eye did not meet the
minimum quality criteria, although the left eye OCT scan had good quality images,
therefore the participants were not excluded.

Figure 28: ODT thickness variance in µm of each participant in time according to number of AEDs
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A visual inspection does not suggest any particular effect of the number of
AEDs on the rate in which pRNFL thickness changes in time. Because of insufficient
data points I was unable to perform a reliable analysis. To correct for age, sex, ethnic
group, lobe of onset, learning disability and drug resistance, it would be necessary to
have a minimum of 7 scans.

8.5 Analysis of Age
Although I fell short in the number of repetitions necessary to perform an
accurate longitudinal analysis, the effect of epilepsy on pRNFL thickness through time
might be hinted at by the analysis of age at diagnosis and at examination as well as
duration of epilepsy. This, of course, imposes significant limitations on the
interpretation of results. Adequate longitudinal studies are required to confirm any
hypothesis raised by this analysis.
8.5.1 Age at Diagnosis
The information regarding the age at diagnosis was collected from the medical
notes. As described in Chapter 5, the age at diagnosis varied in the subgroups. In
this cohort, people with frontal epilepsy had the earliest onset, at an average age of
12.8, and people with undetermined epilepsy had the latest, at an average of 19.7.
People with parietal and occipital lobe epilepsy had the onset at 10.5 and 29.3 years
respectively, however, there is the caveat that these groups have a small sample.
Participants who were diagnosed with generalised epilepsy had a similar age at
diagnosis to those with frontal lobe epilepsy, at 13.4. The average age at which
people were diagnosed with temporal lobe epilepsy was 18.3 years.
I performed a Pearson correlation to assess if there is an effect of age at
diagnosis on pRNFL thickness, but I failed to identify any significant association.
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Table 106: Pearson correlation between age in years at diagnosis and pRNFL thickness in µm

OCT Segment (n=343)

Age at Diagnosis (p-value)

ODT

0.02 (0.6)

ODS

-0.04 (0.4)

ODI

0.02 (0.6)

ODN

0.07 (0.1)

ODTe

0.01 (0.7)

ODT: right eye total thickness, ODS: right eye superior quadrant thickness, ODI: right eye inferior
quadrant thickness, ODN: right eye nasal quadrant thickness, ODTe: right eye temporal quadrant
thickness

8.5.2 Duration of Epilepsy
In this cohort, there were 4 participants for whom I was unable to calculate
duration of epilepsy as the information regarding age at diagnosis was not available.
In almost all segments, I identified a strong correlation with this variable. Duration of
epilepsy has a high correlation with age at OCT however.
Table 107: Pearson correlation between duration of epilepsy in years and pRNFL thickness in µm

OCT Segment (n=343)

Duration of Epilepsy (p-value)

ODT

-0.26 (<0.0001)

ODS

-0.17 (0.001)

ODI

-0.24 (<0.0001)

ODN

-0.16 (0.002)

ODTe

-0.15 (0.003)

8.5.3 Age at OCT
Of the variables analysed, age at OCT had a highly significant correlation with
ONH thickness. This effect was not observed in controls, which is an unexpected
finding, as other studies identified an indirect correlation between age and pRNFL
thickness. Although the longitudinal analysis could not be performed due to the
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insufficient number of scan repetitions, this result suggests that people with epilepsy
might have an accelerated thinning.
Table 108: Pearson correlation and p-value between age in years at OCT and pRNFL thickness in cases
and control

OCT Segment

Age at OCT Cases (n=347)

Age at OCT Controls (n=98)

ODT

-0.25 (<0.0001)

-0.08 (0.3)

ODS

-0.22 (<0.0001)

-0.1 (0.3)

ODI

-0.23 (<0.0001)

-0.16 (0.1)

ODN

-0.10 (0.04)

0.006 (0.9)

ODTe

-0.15 (0.004)

0.03 (0.7)

In chapter 6 I discussed how certain characteristics affected pRNFL thickness
in cases. Female participants were found to have thicker pRNFL than males. In
controls, I did not identify this effect. I have plotted the average pRNFL thickness of
cases according to age separated by sex. As the longitudinal analysis did not identify
any clear influence of lobe of origin, I did not separate the results by this variable.
ODT
The average thickness at the ONH was associated with age in both male and
female participants. This association was more marked in females ( r= -0.29,
p<0.0001) than males (r=-0.2, p=0.01).
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Figure 29: Pearson correlation and confidence interval (in grey) between ODT thickness in µm and age
in years in cases according to sex (females r=-0.29, p<0.0001; males: r=-0.2, p=0.01)

This correlation was not present in controls, as r=-0.08 (p=0.3).
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Figure 30: Pearson correlation between ODT thickness in µm and age in years in controls (r=-0.08,
p=0.3)
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ODS
The analysis of the superior quadrant of the ONH identified a strong
correlation between age in females (r=-0.28, p<0.0001), but not in males (r=-0.13,
p=0.1).

Figure 31: Pearson correlation and confidence interval (in grey) between ODS thickness in µm and age
in years in cases according to sex (females: r=-0.28, p<0.0001; males: r=-0.13, p=0.1)

In controls, a correlation between age and pRNFL thickness at the superior
quadrant was not present (r=-0.10, p=0.3).
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Figure 32: Pearson correlation between ODS thickness and age in cases (r=-0.10, p=0.3)
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ODI
In the inferior quadrant, the correlation between age and pRNFL thickness is
statistically significant in both male and female cases (r=-0.24, p=0.003 and r=-0.22
and p=0.0009 respectively).

Figure 33: Pearson correlation and confidence interval (in grey) between ODI thickness and age
according to sex (females: r=-0.24, p=0.003; males: r=-0.22, p=0.0009)

In controls, this correlation did not reach statistical significance (r=-0.16,
p=0.1)
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Figure 34: Pearson correlation between ODI thickness and age in controls (r=-0.16, p=0.1)
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ODN
The nasal quadrant of the ONH was the only segment in which no correlation
was found in cases or controls.

Figure 35: Pearson correlation and confidence interval (in grey) between ODN thickness and age in
cases according to sex. In females, r=-0.13 (p=0.06) and males, r=-0.06 (p=0.4)

In controls, there is no association between age and pRNFL thickness
(r=0.006, p=0.9).
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Figure 36: Pearson correlation between ODN thickness and age in controls (r=0.006, p=0.9)
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ODTe
In the temporal quadrant, the correlation between age and pRNFL thickness
was present in females (r=-0.19, p=0.004), but not in males (r=-0.09, p=0.2).

Figure 37: Pearson correlation and confidence interval (in grey )between ODTe thickness and age
according to sex (females: r=-0.19, p=0.004; males: r=-0.09, p=0.2)

In controls, there was no association between these two variables (r=0.038,
p=0.7).
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Figure 38: Pearson correlation between ODTe thickness and age in controls (r=0.038, p=0.7)
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The reason for a difference in the effect of age in cases according to sex is
unknown. There were no differences in the number of people who were drug-resistant
or learning-disabled in the two groups. More studies are necessary to confirm this
finding.
8.5.4 Multiple linear Regression Analysis
I performed a multiple linear regression to assess the effect of age and
duration of epilepsy on pRNFL, correcting for sex, ethnicity, lobe of origin, later history
of SUDEP, learning disability and the number of drugs to which the participant had
been exposed. This analysis found that age at OCT continues to be significant in
certain segments, such as the total and superior quadrant thicknesses, but the effect
of duration of epilepsy disappears.
Table 109: Effect of age on OCT segments after multiple linear regression

Age (S.E., p-value)

Duration of Epilepsy (S.E.,
p-value)

ODT

-0.15 (-2.25, 0.006)

-0.05 (0.05, 0.3)

ODS

-0.27 (0.08, 0.001)

0.04 (0.08, 0.6)

ODI

-0.18 (0.09, 0.051)

-0.14 (0.09, 0.1)

ODN

-0.02 (0.07, 0.7)

-0.11 (0.06, 0.08)

ODTe

-0.12 (0.06, 0.04)

0.001 (0.06, 0.9)

OCT Segment

8.6 Special Case – Rassmussen Encephalitis
Rassmussen Encephalitis is a rare auto-immune inflammatory condition, in
which T-cells usually infiltrate one hemisphere of the brain, leading to cellular damage
and atrophy (321,322). People affected by it tend to develop intractable seizures,
hemiparesis and cognitive decline. The cause is still unknown, but it is suspected that
this chronic inflammation might be triggered by viral infections (321,322).
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In this cohort, a special case is a participant who was diagnosed with
Rassmussen Encephalitis on the left hemisphere. I was able to acquire 8 scans in a
period of 8 years. Of the scans acquired, one did not meet the minimum quality criteria
for the right eye and two of the left eye and was therefore excluded from the
longitudinal analysis. For the right eye, all OCT scans had a signal strength of 9 or
above, with the exception of 4 and 5, which had a signal strength of 7. Of the left eye,
scans 1, 2 and 6 had a signal strength of 9 or above and scan 4 had a quality of 7.
As lower signal strength underestimates pRNFL thickness, this potentially explains
the apparent decrease in thickness in almost all segments at those points in time.
Below is a graph demonstrating the variances in pRNFL thickness in both eyes.
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Figure 39: Right eye pRNFL thickness variation in time of participant with Rassmussen Encephalitis.
Table 110: Total and quadrant pRNFL thickness measured in µm and signal strength at each scan of
participant with Rassmussen Encephalitis

2009

2010

2011

2012

2013

2014

2017

ODT

82

84

81

82

78

84

81

ODS

117

118

112

116

109

117

115
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ODI

96

103

101

102

94

97

100

ODN

44

46

46

43

40

47

43

ODTe

71

70

65

68

69

75

66

SS

10

10

9

7

7

9

9
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Figure 40: Left eye pRNFL thickness variation in time of participant with Rasmussen Encephalitis.
Table 111: Variation of left eye pRNFL thickness measured in µm through time and signal strength

2009

2010

2011

2012

2017

ODT

81

82

78

78

59

ODS

113

117

104

110

48

ODI

102

101

99

98

108

ODN

52

52

52

50

20

ODTe

58

60

57

55

59

SS

10

10

8

7

9
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During the 8 years this participant has been followed up, there were marked
declines in mobility and cognitive abilities, associated with significant brain atrophy
on MRI. Interestingly, there were no significant changes in pRNFL thickness of the
right eye, but a dramatic decrease of pRNFL thickness of the left eye in the total
thickness, superior and nasal quadrants.

8.7 Discussion
In the literature available, it was noticed that pRNFL thickness decreases at a
slow rate in the normal population (149,318,323), but is accelerated in a percentage
of people with MS and glaucoma (81,88,101,186,188,191,319). The rate at which this
happens in people with epilepsy is not yet known. This study has demonstrated a
small pRNFL decrement between the first and second scan which was not statistically
significant. I was unable to produce a reliable longitudinal study, as I did not have
sufficient data points. During the analysis, I could find associations of pRNFL thinning
with drug resistance, learning disability, sex and other factors, which need to be
controlled for, resulting in an increased number of observations required for the
appropriate analysis.
In the participant who was diagnosed with Rasmussen’s Encephalitis, there was
a clear clinical and radiological deterioration during the period of follow up. This was
associated with a marked loss of pRNFL thickness in the left eye, which was not
observed in the right. This finding is difficult to interpret, as it suggests that there was
a pRNFL loss ipsilateral to the affected hemisphere, which could be related to
retrograde

trans-synaptic degeneration.

However,

hemispheric

lesions

are

associated with bilateral pRNFL thickness changes. It is necessary to consider the
possibility of inter-scan variation, such as position of the light beam, which could
identify false differences, as well as the effect of signal strength.
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Vigabatrin provides an example of why it is fundamental to take drug history into
account when assessing pRNFL thickness (3,250,282–284,305,308,313,324). So far,
no other AED seems to cause a similar effect, however, it is possible that other drugs
have a subtler effect which can be dose as well as time dependent. I analysed if the
number of drugs would affect the rate at which thinning occurs, but I was unable to
find any correlation. I did not perform an analysis comparing the AEDs which these
participants were on at the time of the scan. I also did not analyse any other drugs
these participants were on, nor alcohol and tobacco consumption, as the effect of
many other substances and classes of medications on pRNFL thickness is not yet
known.
In chapter 6, I discussed how all types of epilepsy are associated with thinning,
but there is a suggestion that generalised and temporal lobe epilepsy have a stronger
correlation with pRNFL thinning of the inferior quadrant. This analysis did not identify
any variance in the rate of pRNFL loss according to lobe of origin of epilepsy.
I performed an analysis of the impact of age on pRNFL thickness. Although this
cannot be interpreted as a surrogate measure for a longitudinal study, it seems to
suggest that there might be a correlation between the two variables which is worth
exploring. The effect of age on pRNFL thickness was more pronounced in total,
superior and temporal quadrants. A well conducted longitudinal study may find that
thinning occurs at an accelerated rate in the few months following the diagnosis, as
seen in MS, or that the rate may be associated with seizure frequency or severity of
epilepsy. It is necessary for this future study that people are recruited at the time of
diagnosis, and not, as in this case, after an average of 20 years since diagnosis of
epilepsy.
One unexpected finding was the difference associated with sex. The reason for
this is unknown. There was no difference in the percentage of people who were
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learning-disabled or drug-resistant. It is possible that other unaccounted factors were
responsible.
The hypothesis that continued epileptic activity leads to white matter
degeneration identifiable on OCT scans, and that the rate in which it occurs would be
accelerated in those with drug-resistant epilepsy, could not be confirmed at this point.
This is due to a number of factors. Firstly, the number of people who had multiple
scans was insufficient. The minimum sample size necessary would be of 86 people
with at least 7 scans. In this cohort, the number of participants who had at least two
scans was below 60. Secondly, the period of follow up may not have been adequate
to observe any significant change. Thirdly, as seen in MS, perhaps the point at which
thinning is most accelerated is at the time of diagnosis. This population was of people
with a diagnose of epilepsy for an average of over 20 years. Also, one cannot exclude
the effect of therapy on pRNFL thinning, which would obscure relevant findings

8.8 Limitations
Many studies have emphasised the reproducibility of OCT, but an inherent
intra-exam variability is inevitable. The variation is dependent on the technology used
and the manufacturer. To measure this, the coefficient of variation is calculated (CoV).
Time-Domain OCT machines were seen to have a CoV of up to 7.7% in the normal
population (63,168,325). The Spectral-Domain were seen to have a CoV of up to
5.7%, which translates to a variability of up to 12.9µm between scans, the difference
being greater if analysed the 30-degree segments (325). This needs to be considered
in a longitudinal study, as intra-exam variability can lead to misrepresentation of
findings. It is commonly accepted in clinical practice a variation of 5µm in the values
obtained (326). I calculated the average difference in pRNFL thicknesses obtained in
the same session and found to measurement had a high reproducibility, with a mean
difference of 0.8µm.
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The OCT report provides a signal strength score. This reflects the reliability of
the scan, as scans with lower quality images tend to underestimate pRNFL thickness.
One study compared the decrement of pRNFL thickness measured by Time-Domain
OCT as they progressively decreased the quality of image by the use of lenses. It
found an average variation of 13µm in total thickness between scans of quality of 5
and 10 (62). One study using Spectral-Domain OCT found that scans ranging in
quality between 5 and 8, can have a variation of up to 3.4µm, while between 8 and
10, the difference falls below 1µm (327,328). Therefore, for any longitudinal study to
be reliable, it is imperative that only high-quality images are analysed.
A significant limitation of this study is the irregular interval for the repetition of
scans. As most people recruited for this study were inpatients at the SWG unit and
had their regular outpatient appointments at the NHNN, I was only able to re-scan a
limited number of people. Of the participants who had outpatient appointments at the
CCE, a percentage was missed due to other clinical commitments (such as
psychometric assessment or imaging) or they declined having further scans.
OCT studies in the normal population identified a loss of pRNFL thickness at
an average 1.9µm per decade (323). Due to the rate of pRNFL thinning in the general
population, it may be necessary a prolonged period of follow-up for changes to be
noticeable.

8.9 Conclusion
There is an indirect correlation between pRNFL thickness and age in the
normal population, with studies identifying a decrement of 0.3% per year (132, 133,
143, 312, 313). The rate at which pRNFL thickness decreases in people with epilepsy
is as yet unknown. This analysis showed a significant impact of age on pRNFL
thickness in the present cohort. Based on this observation, it is possible to
hypothesise that people with epilepsy will have accelerated thinning, as seen with
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other neurological conditions. At the present time, I was unable to perform a
longitudinal analysis due to insufficient data points. To confirm my hypothesis, it is
necessary to continue to recruit and regularly re-scan all participants for a period of
at least 5 years, ideally from diagnosis, as it is possible that the loss of pRNFL
thickness is accelerated at the onset of epilepsy, as seen in other neurological
conditions.
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Retinal Symmetry Study

9.1 Background
Paired organs are never perfectly symmetrical and have small variations
between them. This can be observed in the segmentation of the lungs and anatomical
position of the kidneys (8). Significant asymmetry, however, is usually pathological
(102, 325–327), as seen in maculopathy (10, 63, 328, 329) or Rassmussen
encephalitis (321,322). Most studies assessing retinal symmetry focus on the healthy
population (101, 156, 157, 305, 312, 325, 326, 330–333) and people with glaucoma
(105,108,253,338,339). In its early stages, it may be difficult to correctly identify signs
of glaucoma (65,105,106,108,186,320,340–342). The correct diagnosis and
assessment of progression is key, as appropriate treatment can halt the progressive
damage caused by the condition (63,101,104,341–344). OCT can assess the ONH
and macula with near biopsy precision (60). The Inferior-Temporal and SuperiorTemporal regions of the ONH seems to be the earliest affected by glaucoma
(71,96,340). Other studies associated asymmetry in the macula with early diagnosis
of glaucoma with sensitivity close to 88% and specificity of 95% (345). OCT is able
to identify changes in pRNFL thickness many years before the development of
changes in the visual field (346). Given that this imaging modality is easy to perform
and does not provoke discomfort to patients, it is a useful tool to use in
ophthalmological clinics.
In the eye, it is possible to estimate intra and interocular symmetry (95, 315,
343, 344), and both measurements can be used to diagnose and assess severity of
glaucoma. For intraocular symmetry, ophthalmologists often use the ISNT rule, which
dictates that there is a progressive loss of pRNFL thickness in the quadrants of the
ONH in a certain order, with the inferior being the thickest and the temporal the
thinnest (Inferior ≥ Superior ≥ Nasal ≥ Temporal) (347,349). This is, however, still a
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matter of debate, as studies have not shown consistent results (349). Comparisons
of different measures of the ONH suggest that the most sensitive and specific area
to examine seems to be the inferior and temporal segments (inferior ≥ temporal).
The degree of intereye asymmetry in people with glaucoma is variable and
depends on the severity of the condition. Previous studies found a difference of up to
23.6µm utilizing a Spectral-Domain OCT (108). To diagnose open angle glaucoma,
the author suggested using as a parameter a difference of 6µm in the total thickness
of the ONH measured by Spectral-Domain OCT. This cutoff point would have a 74.2%
sensitivity and 90% specificity (108).
In neurological conditions, studies using OCT tended to use a one-eye analysis,
as seen in early MS studies, dementia and ataxia (discussed on chapter 4). Since the
publication of recommended reported guidelines, APOSTEL (350), many studies
adopted a two-eyes analysis utilising a general mixed effects model to increase the
quality of image and data. In PD, one author found a significant asymmetry related to
the side most affected by the disease (120); there were, however, methodological
limitations to this study. A recently published study analysing pRNFL thickness in
people with JME with photosensitivity showed that their cohort had asymmetric
retinas with increased thickness in the left eye (351), different than the normal
populations as described in the literature. They analysed each segment separately
as a one-eye analysis, and have not explored the asymmetry further (351).

9.2 Pathophysiology
The semi-decussation of fibres at the optic chiasm was thought to ensure
similar distribution of visual signals in both hemispheres and, thus, the visual pathway
would be symmetrical (6,7,9,10,111,332,352). Ophthalmologists measure cup to disc
ratio (8, 60, 102, 315, 344) and symmetry of macula and optic nerve head as a way
to diagnose and assess progression of glaucoma, because a difference greater than
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9.5μm is strongly suggestive of this condition (105,107,108,338). OCT is not
diagnostic by itself, as an average of 6-14% of the healthy population have a
significant degree of asymmetry (108,329–331). Studies using Time-Domain OCT
found differences ranging from 9 to 12μm between eyes in the healthy population
(107). There is a tendency for the right retina to be slightly thicker than the left
(average of 0.5 μm) (107,162,330,335,336). The comparison of quadrants also
showed them to be thicker on the right, with the exception of the superior, which
tended to be thicker on the left in one study (353). The effect of age in intereye
asymmetry is not yet established. One study suggested that the difference in pRNFL
thickness remains stable throughout time, whilst another study suggested an
increasing asymmetry (88). These studies, however, have methodological limitations.
The idea that crossing and non-crossing fibres do not overlap as they migrate
from the macula to the occipital lobe is somewhat simplistic and misleading. Both
crossing and non-crossing fibres are present in most segments of the ONH, but with
different preponderances. In the temporal and nasal quadrant of the ONH, crossing
fibres predominate. (354). Small segments of purely crossing fibres exist in the
temporal and nasal regions respectively (355). This can be seen in clinical practice,
as often patients with homonymous hemianopias do not have a perfectly symmetrical
visual field defect (256,356,357). There is an anatomical approximation of crossing
and non-crossing fibres as they migrate through the visual pathway towards the
occipital lobe (6,7,254,256).
Imaging techniques, such as OCT (19,109), confocal scanning laser
tomography (358) and stereo-photography (62,310,334,338,343,344) can be used
with high sensitivity and specificity to quantify and monitor progression of pRNFL
changes, due to retrograde trans-synaptic degeneration after a lesion affecting the
visual pathway. One recent study assessed for pRNFL and GCL asymmetry,
measured by OCT, with different pathologies affecting the visual pathway, creating a
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map correlating the site of CNS lesion with observed changes on OCT (359). The
GCL was considered to be the most sensitive area to observe this asymmetry, as
these cells obey the vertical midline. Since crossing and non-crossing fibres mix as
they migrate from macula to ONH, the asymmetry can become less marked. Below
is the suggested map (359).

Figure 41: Visual field defects according to lesion location in the visual pathway and observed pRNFL
atrophy. From Zangerl, 2017 (359)
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Based on the above map, people with epilepsy who have changes in the
temporal lobe could potentially have asymmetry in the ipsilateral inferior-temporal and
temporal-inferior 30-degree segment and in the contralateral temporal, temporalinferior, inferior-temporal and nasal-inferior 30-degree segments. However, it is likely
that there is a greater degree of anatomical variation than this map suggests.

9.3 Functional Asymmetry
When analysing cortical function asymmetries are even greater (157, 252).
There is a clear preference for the right side in handedness (70-90%), footedness
(90%) and eyedness (80%). These are independent variables as there is no
correlation between eyedness and handedness (360). This affects the symmetry of
the brain as studies correlating handedness and cortical morphology have shown
(360). When studying the visual pathway with fMRI there is a difference in intensity
of activation of the hemispheres according to ocular dominance (361). It was also
noticed that the right V1 area had a greater concentration of neurons than the left
(163). There are also variations in visual signal interpretation. Functional MRI studies
suggest that the right hemisphere is responsible for visuospatial attention and
processing. When analysing attention it was also seen that there is a right pseudoneglect in the healthy population (361). This too might be associated with right eye
dominance. Sex also affects laterality and symmetry of the brain as the male brain is
more rightward lateralised (79).

9.4 Hypothesis
Given the retinotopic organisation of the visual pathway and an average 50%
decussation of fibres, I hypothesise that regions of the pRNFL will be asymmetric in
people with focal epilepsy and this will be related to the site of onset due to retrograde
trans-synaptic degeneration.
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9.5 Methods
As described in Chapter 5.

9.6 Analysis
The initial analysis consisted of performing a Pearson correlation and a paired
t-test in cases and controls to compare pRNFL thickness between eyes. I have also
performed an independent t-test analysis of the mean value of both eyes between
cases and control (annex 12). I first analysed all cases and, for the paired t-test,
subdivided into groups according to lobe of origin. Of the participants that had multiple
scans at different points in time, I analysed only the first OCT performed. For the
analysis of total thickness and quadrants, I used a p-value of 0.01, and, for the twelve
30-degree segments, I used a p-value of 0.004 as statistically significant.
The Pearson correlation analysis identified the expected strong correlation
between right and left eye pRNFL thickness in both cases and controls (tables 111
and 112). In controls, this correlation was less significant in the nasal-inferior segment.
I am unable to provide an explanation for this finding.
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Figure 42: Pearson correlation between right and left average thickness in controls (r=0.83, p<0.0001)
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Table 112: Pearson correlation between right and left eye pRNFL thickness and respective p-values in
controls

Controls

r

p-value

ODT-OST

0.83

<0.0001

ODS-OSS

0.77

<0.0001

ODI-OSI

0.80

<0.0001

ODN-OSN

0.65

<0.0001

ODTe-OSTe

0.76

<0.0001

ODSu-OSSu

0.61

<0.0001

ODSN-OSSN

0.66

<0.0001

ODNS-OSNS

0.66

<0.0001

ODNa-OSNa

0.69

<0.0001

ODNI-OSNI

0.42

<0.0001

ODIN-OSIN

0.69

<0.0001

ODIn-OSIn

0.66

<0.0001

ODIT-OSIT

0.73

<0.0001

ODTI-OSTI

0.62

<0.0001

ODTem-OSTem

0.72

<0.0001

ODTS-OSTS

0.68

<0.0001

ODST-OSST

0.61

<0.0001

Right Eye: ODT: total thickness, ODS: superior quadrant thickness, ODI: inferior quadrant thickness,
ODN: nasal quadrant thickness, ODTe: temporal quadrant thickness 30-degree ONH segments of the
right eye: ODTem: temporal, ODTS: temporal-superior, ODST: superior temporal, ODSu: superior,
ODSN: superior-nasal, ODNS: nasal-superior, ODNa: nasal, ODNI: nasal-inferior, ODIN: inferior-nasal,
ODIn: inferior, ODIT: inferior-temporal, ODTI: temporal-inferior
Left Eye: OST: total thickness, OSS: superior quadrant thickness, OSI: inferior quadrant thickness, OSN:
nasal quadrant thickness, OSTe: temporal quadrant thickness 30-degree ONH segments: OSTem:
temporal, OSTS: temporal-superior, OSST: superior temporal, OSSu: superior, OSSN: superior-nasal,
OSNS: nasal-superior, OSNa: nasal, OSNI: nasal-inferior, OSIN: inferior-nasal, OSIn: inferior, OSIT:
inferior-temporal, OSTI: temporal-inferior

The analysis of all cases identified a similar result. The strongest correlation
was found for the total thickness. The correlation was less marked in the 30-degree
segments.
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Figure 43: Pearson correlation between right and left total thickness in cases (r=0.88, p<0.0001)
Table 113: Pearson correlation between right and left eye pRNFL thickness in cases

Cases

r

p-value

ODT-OST

0.88

<0.0001

ODS-OSS

0.74

<0.0001

ODI-OSI

0.79

<0.0001

ODN-OSN

0.73

<0.0001

ODTe-OSTe

0.71

<0.0001

ODSu-OSSu

0.62

<0.0001

ODSN-OSSN

0.62

<0.0001

ODNS-OSNS

0.60

<0.0001

ODNa-OSNa

0.60

<0.0001

ODNI-OSNI

0.66

<0.0001

ODIN-OSIN

0.73

<0.0001

ODIn-OSIn

0.66

<0.0001

ODIT-OSIT

0.59

<0.0001

ODTI-OSTI

0.58

<0.0001
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ODTem-OSTem

0.51

<0.0001

ODTS-OSTS

0.63

<0.0001

ODST-OSST

0.56

<0.0001

The paired t-test analysis identified asymmetry in multiple segments of both
cases and controls. I describe the results in more detail below:
9.6.1.1 Total Thickness:
I identified a statistically significant asymmetry in total pRNFL thickness when
I analysed all cases. TLE and multifocal epilepsy reached borderline significance, and
it is possible that this is due to the insufficient number of participants.
Table 114: Total pRNFL thickness difference in µm and standard deviation between right and left eye

Lobe

Right Eye

Left Eye

Difference (C.I., p-value)

All cases (n=278)

89.5 (±10)

88.5 (±10.9)

1 (0.46 – 1.67, p=0.001)

Generalised (n=51)

91.7 (±11.3)

89.7 (±12.7)

1.9 (0.41 – 3.80, p=0.04)

Frontal (n=30)

88.9 (±12.7)

88.4 (±10.3)

0.5 (-0.98 – 2.11, 0.4)

Temporal (n=86)

89.1 (±9.6)

88.1 (±10.7)

0.9 (0.10 – 1.77, 0.02)

87 (±3)

88.2 (±9.5)

-0.3 (-7.92 – 7.25, 0.8)

Multifocal (n=68)

88.2 (±9.5)

86.6 (±10.1)

1.5 (0.09 – 2.99, 0.03)

Undetermined
(n=40)

90.1 (±9.7)

90.2 (±10.6)

-0.07 (-1.39 – 1.24, 0.9)

Control (n=98)

94.3 (±9.4)

93.1 (±10.3)

1.1 (-0.002 – 2.28, 0.05)

Occipital (n=3)

9.6.1.2 Superior Quadrant:
The analysis of the superior quadrant asymmetry did not identify any
statistically significant association with any of the groups.
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Table 115: Superior Quadrant pRNFL thickness in µm and standard deviation difference between right
and left eye

Lobe

Right Eye

Left Eye

Difference (C.I., p-value)

111.3 (±15.4)

110.07 (±16.6)

1.24 (-01.3 – 2.8, 0.07)

114 (±18)

112.2 (±19.3)

1.7 (-1.54 - 5.10, p=0.2)

Frontal (n=30)

108.5 (±12.2)

109.3 (±12.2)

-0.8 (-4.15 – 2.55, 0.6)

Temporal (n=86)

110.9 (±14.9)

109.5 (±18.1)

1.4 (-0.91 – 3.80, 0.2)

Occipital (n=3)

114.3 (±15.8)

122.6 (±13.6)

-8.3 (-15.92 - -0.74, 0.04)

Multifocal (n=68)

111.2 (±14.9)

108.5 (±14.3)

2.7 (-0.39 – 5.89, 0.08)

Undetermined
(n=40)

110.6 (±16.2)

110.7 (±16.8)

-0.1 (-4.07 – 3.77, 0.9)

Control (n=98)

115.8 (±14.9)

115.1 (±15.1)

0.6 (-1.35 – 2.72, 0.5)

All cases (n=278)
Generalised (n=51)

9.6.1.3 Inferior Quadrant:
The analysis of the inferior quadrant is especially interesting, as fibres from
this quadrant migrate through the temporal lobe. I found a significant asymmetry for
all cases and also for TLE. The average thickness of the inferior quadrant in the left
eye was greater than in the right eye. This finding goes against the currently available
literature, which suggests that the right eye tends to be thicker in all segments.
The majority of participants with TLE had left focus (41 Left: 32 Right:11
Bilateral: 2 Unknown). I analysed this subgroup according to laterality, and this
difference remained in both people with left and right TLE (annex 11).
Table 116: Inferior Quadrant pRNFL thickness in µm and standard deviation difference between right
and left eye

Lobe

Right Eye

Left Eye

Difference (C.I, p-value)

113.2 (±16.9)

115.2 (±18.2)

-2 (-2.96 - -0.6p, 0.003)

116.2 (±18)

116.4 (±20.1)

-0.2 (-3.43 – 2.92, 0.8)

Frontal (n=30)

114.4 (±18.3)

114.7 (±18.3)

-0.3 (-4.32 – 3.72, 0.8)

Temporal (n=86)

111.9 (±16.9)

114.9 (±17.1)

-3 (-5.08 - -0.96, 0.005)

All cases (n=278)
Generalised (n=51)
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Occipital (n=3)

122.6 (±12)

128.6 (±2)

-6 (-30.84 – 18.84, 0.4)

Multifocal (n=68)

110.9 (±16.5)

112.9 (±19.4)

-2 (-5.32 – 1.23, 0.2)

Undetermined
(n=40)

114.3 (±15.04)

117.2 (±16.4)

-2.9 (0,61 - -1.66, 0.1)

Control (n=98)

122.7 (±15.2)

122.9 (±15.4)

-0.2 (-2.13 – 1.67, 0.8)

9.6.1.4 Nasal Quadrant
An unexpected finding was the identification of a significant asymmetry in the
nasal quadrant in both cases and controls. In this analysis, controls had an even
greater asymmetry than cases.
Table 117: Nasal Quadrant pRNFL thickness in µm and standard deviation difference between right and
left eye

Lobe

Right Eye

Left Eye

Difference (C.I., p-value)

All cases (n=278)

71.3 (±12.2)

68.4 (±12.5)

2.9 (1.84 – 3.96, <0.0001)

Generalised (n=51)

72.2 (±11.5)

69.4 (±12.8)

3.4 (1.38 – 5.55, 0.002)

Frontal (n=30)

72.2 (±14.2)

69 (±12.2)

3.1 (-0.29 – 6.63, 0.07)

Temporal (n=86)

71.2 (±13)

67.7 (±12.6)

3.5 (1.46 – 5.60, 0.001)

Occipital (n=3)

81.6 (±9.8)

71.3 (±0.5)

10.3 (-15.04 – 35.70, 0.2)

Multifocal (n=68)

69.6 (±10.9)

66.9 (±10.7)

2.6 (0.46 – 4.77, 0.01)

Undetermined
(n=40)

71 (±12.2)

70.4 (±15.2)

0.5 (3.46 – 0.40, 0.6)

Control (n=98)

73.2 (±10.6)

69.5 (±12)

3.7 (1.84 – 5.63, <0.0001)

9.6.1.5 Temporal Quadrant:
In the temporal quadrant, I also identified a significant asymmetry in both
cases and controls. People with multifocal epilepsy were found to have the greatest
asymmetry. People with TLE were less asymmetric than controls.
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Table 118: Temporal Quadrant pRNFL thickness in µm and standard deviation difference between right
and left eye

Lobe

Right Eye

Left Eye

Difference (C.I., p-value)

62.4 (±11.1)

60.3 (±10.4)

2.04 (1.18 – 2.88, <0.0001)

61 (±11.8)

63.7 (±11.7)

-2.6 (0.07 – 5.29, 0.04)

Frontal (n=30)

60.5 (±12.1)

60.7 (±11.5)

-0.1 (-2.59 – 2.92, 0.9)

Temporal (n=86)

60.5 (±9.4)

62.1 (±9.8)

-1.6 (0.36 – 2.86, 0.01)

Occipital (n=3)

65.3 (±6.5)

70 (±7.9)

-4.6 (-7.58 – 16.92, 0.2)

58 (±9)

60.9 (±12.5)

-2.8 (-49 – 5.30, 0.01)

Undetermined
(n=40)

64.5 (±10)

62.6 (±11.4)

1.9 (-0.78 – 4.58, 0.1)

Control (n=98)

64.2 (±10.8)

66.2 (±10.4)

-1.9 (0.51 – 3.46, 0.009)

All cases (n=278)
Generalised (n=51)

Multifocal (n=68)

9.6.1.6 30-degree segments:
Considering the suggested map of figure 39, I would expect asymmetry in
cases in the nasal-inferior, inferior-temporal, temporal-inferior and temporal
segments. The paired t-test analysis of the 30-degree segments identified a
statistically significant asymmetry in multiple segments in both cases and controls, as
described below:
Table 119: Paired t-test analysis comparing right and left eye pRNFL thickness in µm and standard
deviation in controls

(standard deviation)

Left Eye
(standard
deviation)

(C.I., p-value)

Su

114.42 (±24.2)

113.68 (±26.1)

0.73 (-3.71 – 5.18. 0.7)

SN

100.91 (±23.04)

110.35 (±18.4)

-9.43 (-12.95 - -5.92, <0.0001)

NS

89.23 (±16.56)

87.97 (±19.7)

1.26 (-1.75 – 4.28, 0.4)

Na

61.98 (±11.45)

57.73 (±9.5)

4.24 (2.57 – 5.91, <0.0001)

NI

68.52 (±13.71)

61.66 (±13.05)

6.85 (3.98 – 9.72, <0.0001)

IN

102.08 (±25.9)

96.05 (±20.1)

6.03 (2.26 – 9.79, 0.002)

Controls

Right Eye

Difference
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In

135.66 (±26.1)

135.39 (±23.1)

0.27 (-3.78 – 4.33, 0.2)

IT

130.19 (±24.3)

136.53 (±27.5)

-6.33 (-10.19 - -2.48, 0.002)

TI

65.82 (±12.9)

66.23 (±14.7)

-0.41 (-2.85 – 2.07, 0.7)

Te

52.02 (±9.01)

50.72 (±9.3)

1.29 (-0.67 – 2.65, 0.06)

TS

79.58 (±18.3)

75.78 (±14.9)

3.80 (1.10 – 6.5, 0.006)

ST

131.24 (±22.02)

122.3 (±21.52)

8.92 (5.07 – 12.78, <0.0001)

Of the twelve 30-degree segments, controls had a statistically significant
asymmetry in six, mostly in the nasal area.
Table 120: Paired t-test comparing right and left pRNFL thickness in µm and standard deviation in cases

Right Eye

Difference

(standard deviation)

Left Eye (standard
deviation)

(C.I., p-value)

Su

112.5 (±26.2)

108.5 (±25.4)

4 (1.37 – 6.67, 0.0006)

SN

93.5 (±9.9)

106.1 (±23.8)

-12.6 (-14.89 - -10.36, <0.0001)

NS

87.6 (±18.8)

88.4 (±20.4)

-0.7 (-2.86 – 1.26, 0.4)

Na

60.1 (±12.3)

55.7 (±10.7)

4.3 (3.16 – 5.61, <0.0001)

NI

66.6 (±15.2)

60.9 (±14.01)

5.6 (4.22 – 7.07, <0.0001)

IN

92.2 (±22.5)

91.1 (±23.8)

1.06 (-0.95 – 3.08, 0.1)

In

122.5 (±25.8)

128.3 (±27.4)

-5.8 (-8.38 - -3.22, <0.0001)

IT

123.5 (±23.2)

125.5 (±22.7)

-1.9 (-4.40 – 0.49, 0.02)

TI

64.09 (±15.7)

60.3 (±14.2)

3.7(2.08 – 5.32, <0.0001)

Te

48.6 (±9)

48.4 (±9)

0.2 (-0.88 – 1.28, 0.6)

TS

74.1 (±16.3)

71.8 (±14.6)

2.2 (0.71 – 3.84, <0.0001)

ST

126.7 (±24.05)

115.7 (±20.1)

10.9 (8.47 – 13.43, <0.0001)

Cases

In cases, only four of the twelve 30-degree segments were not identified as
having a statistically significant asymmetry. For the segments identified as
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asymmetric, cases had a greater degree of asymmetry in the majority of the analysed
areas, with the exception of the nasal segments and temporal-superior.
When I repeated the analysis, subdividing the results according to the lobe of
origin, a statistically significant asymmetry was identified in most lobes, with the
exception of parietal and occipital lobe epilepsy, probably due to the small number of
participants. People with TLE had the greatest number of asymmetric 30-degree
segments. The complete analysis can be found in annex 13. Below I describe which
segments were significant according to lobe of origin:
•

Generalised: superior-nasal (-15.46µm, C.I.: -21.91 - -9, p<0.0001), nasal
(5.16µm, C.I.: 2.86 – 7.45, p<0.0001), nasal-inferior (6.66µm, C.I.: 2.86 –
10.45, p=0.001) and superior-temporal (14.30µm, C.I.: 2.60 – 9.05,p<0.0001)

•

Frontal: superior-nasal (-14.60µm, -21.18 - -8.01, p<0.0001) and nasal
(5.56µm, C.I.: 1.90 – 9.22, p=0.004)

•

Temporal: superior-nasal (-9.53µm, C.I.: -13.69 - -5.37, p<0.0001), nasal
(5.10µm, C.I.: 2.77 – 7.43, p<0.0001), nasal-inferior (4.71µm, C.I.;1.92 – 7.51,
p=0.001), inferior (-6.21µm, C.I.: -10.31 - -2.11, p=0.003), temporal-inferior
(4.12µm, C.I.: 1.54 – 6.70 , p=0.002) and superior-temporal (10.09µm, C.I.:
2.03 – 6.04, p<0.0001)

•

Parietal: no statistically significant asymmetry

•

Occipital: no statistically significant asymmetry

•

Multifocal: superior-nasal (-13.17µm, C.I.: -17.54 - -8.8, p<0.0001) and nasalinferior (-5.82µm, C.I.: 3.34 – 8.3, p<0.0001)

•

Undetermined: superior-nasal (-12.57µm, C.I.: -17.97 - -7.17, p<0.0001),
nasal-inferior (5.50µm, C.I.: 2.46 – 8.53, p=0.001) and superior-temporal
(13.20µm, C.I.: 7.42 – 18.97, p<0.0001)
I selected only people with TLE and performed a paired t-test comparing the

groups according to EEG laterality. I found a statistically significant asymmetry in the
superior-temporal segment (13.97µm, C.I.: 7.97 – 19.97, p<0.0001) in people with left
focus and superior-nasal (-15.05µm, C.I.: -23.16 - -6.95, p=0.001), nasal (7.47µm,
C.I.: 3.27 – 11.66, p=0.001), inferior (-10.73µm, C.I.: -17.38 - -4.08, p=0.002) and
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temporal-inferior (-7.08µm, C.I.: 2.68 – 11.48, p=0.002) segments in people whose
focus was on the right. People with bilateral focus and undetermined focus did not
have any identifiable asymmetry.
The control group had thicker pRNFL thickness in all assessed segments
compared to cases (with the exclusion of people with parietal and occipital epilepsy,
as the small number of participants in these groups limit comparison). I identified a
significant difference in almost all analysed segments, especially in patients with
temporal lobe epilepsy and multifocal epilepsy. An unexpected finding was that
controls also presented with significant asymmetry, at times greater than cases, in
the nasal and temporal quadrants.
9.6.2 Signal strength
When analysing symmetry, one important aspect to account for is the effect
of the quality of the image. Many studies demonstrate how signal strength affects the
perceived pRNFL thickness, with scans showing progressively thinner retinas as the
quality decreases (161). This also affects the repeatability of the scans since, with
qualities below 8, some studies suggest an inter-scan variability of more than 3µm,
while above 8, this difference decreases to 1µm (166,362).
Analysing the signal strength of the scans, a bias was noticed where the left
eye consistently had a lower quality than the right. I compared the difference between
the quality of all 278 OCT scans of cases and 98 scans from controls. The table below
shows the frequency with which the qualities were equal or varied:
Table 121: Number of scans according to which eye had a greater signal strength

Right>Left

Right=Left

Right<Left

Cases

135

114

29

Controls

55

33

10
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The right eye had a higher signal strength in more than 50% of scans in both
cases and controls. The left eye had a higher signal strength in approximately 10%
in both cases and controls.
Out of the 278 participants who had scans acquired from both eyes, 223 had
a difference smaller than or equal to 1 point and 55 had a difference equal or greater
than 2 points. The reason why there is a difference in signal strength between right
and left eyes is unknown. I reviewed the method of image acquisition and tested if
the order of examination altered the measurements, but I did not identify any effect.
Other authors who compared pRNFL thickness between right and left eyes observed
similar differences in quality in their studies.
Table 122: Number of participants vs the difference of arbitrary units of signal strength (right minus left)

Difference SS.

-2

-1

0

1

2

3

Cases

4

25

114

84

40

11

Controls

0

10

33

37

15

3

I subdivided the paired t-test results according to the difference in signal
strength scores (right minus left). The graph below demonstrates how the identified
difference in pRNFL thickness varied according to difference in signal strength.
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Average Difference Between Right and
Left Eye according to Difference in Image
Quality
MEASURED RNFL DIFFERENCE

Total
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Nasal

Temporal
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Figure 44: Average difference in pRNFL thickness between eyes according to signal strength

In figure 42, it can be observed how the difference in signal strength can affect
the asymmetry analysis, as images with lower quality will underestimate pRNFL
thickness, even if still within the inclusion criteria.
9.6.2.1 Regression Analysis:
I performed a multiple linear regression model to correct for age, sex and
signal strength in controls. I identified the presence of a significant asymmetry in the
nasal quadrant as well as in the superior-nasal, nasal, inferior-nasal and superiortemporal 30-degree segments. The difference in signal strength led to an observed
asymmetry in the inferior quadrant.
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Table 123: Regression analysis demonstrating real asymmetry (R.C. Asymmetry) and observed
difference according to signal strength (R.C.Signal strength) in controls
p-value

R. C. Asymmetry
(S.E.)

R. C. Signal strength
(S.E.)

Asymmetry

p-value
SS.

ODT-OST

0.26 (0.76)

1.37 (0.67)

0.72

0.04

ODS-OSS

0.58 (1.35)

0.32 (1.19)

0.66

0.78

ODI-OSI

-2.55 (1.22)

3.31 (1.08)

0.04

0.002

ODN-OSN

5.17 (1.07)

-0.86 (0.94)

<0.0001

0.36

ODTe-OSTe

1.34 (0.89)

-0.53 (0.79)

0.13

0.49

ODSu-OSSu

0.79 (2.95)

0.06 (2.60)

0.78

0.97

ODSN-OSSN

-10.51 (2.12)

-0.26 (1.87)

<0.0001

0.88

ODNS-OSNS

0.98 (1.87)

0.81 (1.65)

0.60

0.62

ODNa-OSNa

5.17 (1.07)

-0.86 (0.94)

<0.0001

0.36

ODNI-OSNI

8.15 (1.83)

-0.46 (1.62)

<0.0001

0.77

ODIN-OSIN

1.35 (2.10)

3.82 (1.85)

0.52

0.04

ODIn-OSIn

-3.56 (2.65)

5.32 (2.33)

0.182

0.02

ODIT-OSIT

-4.68 (2.23)

0.62 (1.97)

0.03

0.75

ODTI-OSTI

1.01 (1.60)

-2.42 (1.41)

0.53

0.09

ODTem-OSTem

1.34 (0.89)

-0.53 (0.79)

0.13

0.49

ODTS-OSTS

1.49 (1.65)

3.05 (1.46)

0.36

0.03

ODST-OSST

8.79 (2.48)

2.13 (2.19)

0.0006

0.33

Control
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INTEREYE RNFL THICKNESS DIFFERENCE

Asymmetry and Image Quality Effect in
Controls
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Figure 45: Asymmetry between eyes in controls and effect of signal strength in measurements of
asymmetry

In cases, part of the identified asymmetry on paired t-test was due to signal
strength on the total thickness, but all other segments did not reach statistical
significance. The analysis identified a significant asymmetry in the nasal and temporal
quadrant, as well as in the superior-nasal, nasal, inferior-nasal, inferior and superiortemporal 30-degree segments. If I consider the pattern of pRNFL asymmetry
suggested in figure 39, the results suggest that epilepsy is associated with changes
in visual tract fibres crossing the temporal lobe.
Table 124: Regression analysis demonstrating real asymmetry (R.C. Asymmetry) and observed
difference according to signal strength (R.C. Signal strength)in cases
p-value

Cases

R. C. Asymmetry
(S.E.)

R. C. Signal strength
(S.E.)

Asymmetry

p-value
SS.

ODT-OST

0.62 (0.39)

0.81 (0.31)

0.12

0.01

ODS-OSS

-0.15 (0.84)

1.18 (0.67)

0.85

0.07

ODI-OSI

-1.81 (0.83)

1.04 (0.66)

0.03

0.11

ODN-OSN

2.92 (0.68)

0.44 (0.54)

<0.0001

0.42

ODTe-OSTe

1.51 (0.59)

0.53 (0.47)

0.01

0.26
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ODSu-OSSu

1.65 (1.73)

3.03 (1.39)

0.34

0.03

ODSN-OSSN

-13.63 (1.43)

0.95 (1.14)

<0.0001

0.40

ODNS-OSNS

-0.02 (1.33)

0.09 (1.06)

0.98

0.93

ODNa-OSNa

3.88 (0.79)

0.70 (0.63)

<0.0001

0.27

ODNI-OSNI

5.55 (0.91)

0.24 (0.73)

<0.0001

0.73

ODIN-OSIN

0.58 (1.27)

2.09 (1.02)

0.64

0.04

ODIn-OSIn

-4.84 (1.64)

-0.54 (1.31)

0.003

0.68

ODIT-OSIT

-1.92 (1.58)

1.98 (1.26)

0.22

0.11

ODTI-OSTI

2.42 (1.02)

1.14 (0.81)

0.01

0.16

-0.008 (0.72)

-0.13 (0.57)

0.99

0.81

ODTS-OSTS

2.56 (1.03)

0.04 (0.82)

0.01

0.95

ODST-OSST

8.80 (1.57)

3.10 (1.26)

<0.0001

0.01

ODTem-OSTem
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Figure 46: Asymmetry between eyes in cases and effect of signal strength in measurements of
asymmetry

To assess whether the variance of asymmetry was different between cases
and controls, I performed an independent samples t-test. With the exception of the
nasal quadrant, there was no statistically significant difference between groups. As
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previously observed, for unknown reasons, controls were found to have a significant
asymmetry in this quadrant. Asymmetry secondary to signal strength, however,
affected the difference between cases and controls in the inferior quadrant and the
inferior, temporal-inferior and temporal-superior 30-degree segments.
Table 125: Independent samples t-test comparing regression coefficients of asymmetry and signal
strength between cases and controls
Asymmetry Difference
(C.I.)

p-value

Signal strength
Difference (C.I.)

p-value

ODT-OST

0.35 (-0.45 to 1.16)

0.46

-0.56 (-1.24 to 0.10)

0.15

ODS-OSS

-0.74 (-2.34 to 0.86)

0.43

0.86 (-0.46 to 2.19)

0.27

ODI-OSI

0.74 (-0.79 to 2.28)

0.42

-2.27 (-3.54 to -0.99)

0.003

-2.24 (-3.54 to -0.95)

0.001

1.30 (0.23 to 2.38)

0.04

ODTe-OSTe

0.16 (-0/94 to 1.27)

0.79

1.07 (0.15 to 1.99)

0.05

ODSu-OSSu

0.85 (-2.52 to 4.23)

0.67

2.96 (0.16 to 5.7)

0.07

ODSN-OSSN

-3.12 (-5.78 to -0.46)

0.05

1.21 (-0.97 to 3.41)

0.35

ODNS-OSNS

-1.00 (-3.43 to 1.42)

0.49

-0.71 (-2.72 to 1.28)

0.54

ODNa-OSNa

-1.29 (-2.72 to 0.13)

0.13

1.57 (0.39 to 2.75)

0.02

ODNI-OSNI

-2.60 (-4.49 to -0.70)

0.02

0.71 (-0.87 to 2.29)

0.44

ODIN-OSIN

-0.77 (-3.22 to 1.67)

0.59

-1.72 (-3.75 to 0.30)

0.15

ODIn-OSIn

-1.27 (-4.41 to 1.86)

0.49

-5.87 (-8.47 to -3.27)

0.0002

ODIT-OSIT

2.76 (-0.12 to 5.65)

0.11

1.36 (-1.02 to 3.75)

0.34

ODTI-OSTI

1.41 (-0.12 to 5.65)

0.22

3.56 (1.96 to 5.17)

0.0003

-1.35 (-2.62 to -0.09)

0.07

0.40 (-0.64 to 1.44)

0.52

ODTS-OSTS

1.07 (-0.89 to 3.04)

0.36

-3.01 (-4.64 to -1.38)

0.002

ODST-OSST

0.004 (-2.97 to 2.98)

0.99

0.97 (-1.49 to 3.43)

0.50

ODN-OSN

ODTem-OSTem

The regression analysis confirmed the asymmetry identified in the paired ttest study in both cases and controls, albeit with less impact and in fewer segments.
It also measured the impact that the difference in signal strength had in the cohort.
Future studies of symmetry and longitudinal must consider this variable and correct
their results accordingly.
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The pRNFL thickness asymmetry was more marked in certain 30-degree
segments than in total thickness or quadrants. Part of the explanation is that 30degree segments are more likely to have distortions due to the presence of blood
vessels and cycloversion of the eye. The total thickness is the average of all segments,
therefore these factors are less likely to affect its values.
The identified asymmetry in the nasal quadrant of controls is an unexpected
finding. However, other studies found similar results. As a possible explanation for
the perceived asymmetry in this area, they suggested that the nasal location of the
ONH and the angulation of the infrared light beam could lead to less precise
measurements.
9.6.2.2 Regression Analysis according to Lobe:
The next step of the analysis was to compare the degree of asymmetry
according to the lobe of origin of epilepsy after correction for signal strength, age, sex
and laterality on EEG. This analysis is limited, as dividing the results according to
lobe of origin drastically reduces the number of participants in each group. I describe
below the results of the analysis for participants with generalised epilepsy and TLE.
The results for the remaining lobes can be found in annex 13.
9.6.2.2.1 Generalised Epilepsy:
The hypothesis is that people with generalised epilepsy would not have a
significant asymmetry of pRNFL thickness, as typically people with this type of
epilepsy do not have any anatomical abnormalities identified on MRI (42). This
analysis did not identify a statistically significant difference in this group.
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Table 126: Symmetry regression analysis of people with generalised epilepsy
Regression Coefficient
(standard error)

p-value

ODT-OST

0.72 (1.37)

0.5

ODS-OSS

-2.69 (2.61)

0.3

ODI-OSI

2.64 (2.61)

0.3

ODN-OSN

-0.70 (2.3)

0.7

ODTe-OSTe

0.97 (1.9)

0.6

ODSu-OSSu

0.93 (5.7)

0.8

ODSN-OSSN

-10.74 (4.5)

0.01

ODNS-OSNS

-1.43 (4.2)

0.7

ODNa-OSNa

0.22 (2.5)

0.9

ODNI-OSNI

-2.45 (3.2)

0.4

ODIN-OSIN

0.48 (4.1)

0.9

ODIn-OSIn

1.23 (5.3)

0.8

ODIT-OSIT

6.07 (4.8)

0.2

ODTI-OSTI

0.28 (3.2)

0.9

ODTem-OSTem

0.48 (2.25)

0.8

ODTS-OSTS

3.47 (3.34)

0.3

ODST-OSST

5.97 (5.18)

0.2

Generalised

Though the obtained result confirms the hypothesis, its interpretation needs
to be made with care, as the small sample in this group probably affected the results.
9.6.2.2.2 Temporal Lobe Epilepsy:
Unlike people with generalised epilepsy, people with TLE often have
abnormalities in the temporal lobe identified on MRI (42,211). As fibres from the visual
pathway migrate through Meyer’s loop, this could make them vulnerable to localised
damage, which would lead to changes in pRNFL thickness (141,142,227). Below I
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show the regression analysis results correcting for signal strength, age, sex and EEG
laterality:
Table 127: Symmetry regression analysis of people with temporal lobe epilepsy

Temporal

Regression Coefficient
(standard error)

p-value

ODT-OST

2.43 (5.68)

0.6

ODS-OSS

0.19 (11.3)

0.9

ODI-OSI

1.68 (10.8)

0.8

ODN-OSN

-1.77 (9.52)

0.8

ODTe-OSTe

6.42 (7.99)

0.4

ODSu-OSSu

-4.82 (23.7)

0.8

ODSN-OSSN

5.19 (18.7)

0.7

ODNS-OSNS

-5.37 (17.4)

0.7

ODNa-OSNa

-1.39 (10.4)

0.8

ODNI-OSNI

-2.60 (13.4)

0.8

ODIN-OSIN

3.62 (17.2)

0.8

ODIn-OSIn

-3.94 (21.9)

0.8

ODIT-OSIT

3.38 (20.2)

0.8

ODTI-OSTI

0.56 (13.6)

0.8

ODTem-OSTem

1.35 (9.32)

0.8

ODTS-OSTS

17.8 (13.8)

0.1

ODST-OSST

13.39 (21.4)

0.5

The analysis of pRNFL asymmetry in people with TLE did not identify any
segment which had a statistically significant association. It is possible that the
analysis was limited by the small number of participants. Considering that I was able
to identify a significant asymmetry when I analysed the entire cohort, it is necessary
to repeat this analysis once enough participants are recruited.
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9.7 Discussion
The one-eye analysis demonstrates that people with epilepsy are more likely
to have thinning of the pRNFL at the ONH. I hypothesise that this finding is secondary
to retrograde trans-synaptic degeneration. However, unlike many of the other
neurological conditions studied with OCT, epilepsy is an umbrella term which
describes a group of different pathologies that have in common the occurrence of
seizures as one of their manifestations (35,363). It is known that different epileptic
syndromes affect the brain differently, as people with IGE tend to have normal brains
on MRI, and people with TLE are often found to have hippocampal sclerosis
(37,180,211,266,364). Due to these differences, I considered the hypothesis that
epileptic activity could affect the brain differently according to specific characteristics
of its syndrome. I hypothesise that the same mechanism that leads to the thinning of
pRNFL could affect the two retinas differently, and so I would be able to identify a
degree of asymmetry between right and left eyes.
To test the hypothesis, I compared the difference in pRNFL thickness between
eyes of cases and controls. I identified an unanticipated significant asymmetry in both
groups, which at times were greater in the controls. Upon reviewing the examination
protocol as well as all obtained scans to assess for the presence of previously
unidentified bias, I found that signal strength was consistently inferior on the left eye,
and this led to the distortion observed in the paired t-test analysis. Once I corrected
for this, asymmetry was still present, but less marked.
There is still no consensus on the degree of asymmetry between eyes in the
healthy population (162,329,334,335,337). This degree of uncertainty can be partially
explained by the limitations of technology. In the case of OCT, studies using TimeDomain (107) and Spectral-Domain (108,330,331,335,365) identified different
degrees of asymmetry. It is probable that as technology evolves, this degree of
uncertainty will decrease. Despite this caveat, I was able to identify a greater degree
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of asymmetry in cases than in controls. Zangerl et al. suggested a map of ipsi and
contra-lateral pRNFL thinning according to the location of the lesion in the visual
pathway (359). Since seizures often originate from the temporal lobe or spread using
pathways located in this area (142,233,237,356,366), I hypothesised that fibres from
the visual pathway which migrate through this lobe would potentially be affected
differently and lead to pRNFL asymmetry at the ONH. According to the map provided
by the authors (359), people with temporal lobe lesions affecting the visual pathway
would have ipsilateral changes in the inferior-temporal and temporal-inferior
segments, and contra-lateral changes in the temporal, temporal-inferior, inferiortemporal and nasal-inferior. This was confirmed in the analysis that included all
participants of this cohort. However, when I subdivided the cohort into groups
according to lobe of origin, I was unable to find any statistically significant result,
probably due to the small sample size.
Perhaps the most relevant finding of this study was the impact of signal
strength on pRNFL thickness measured by the OCT machine. The Zeiss Cirrus
manufacturers suggest that scans with a signal strength above 5 are accurate and
clinicians should consider this as a cutoff point for reliability (140). Especially when
assessing for intereye asymmetry, it is necessary to strive for high quality scans which
do not differ more than one point from each other. As seen in figure 42, lower quality
scans underestimate pRNFL thickness, and differences above 2 points can
miscalculate the degree of asymmetry. This potentially leads to wrong diagnosis and
affects treatment decisions.
The analysis of intereye asymmetry is complex due to many factors, such as
signal strength and the mixture of crossing and non-crossing fibres at the ONH.
However, if in the future this asymmetry can be confirmed, it may help in the
clarification of epilepsy phenotype and potentially be helpful in aiding clinical
decisions, such as epilepsy surgery.
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9.8 Limitations
In the healthy population, it is believed that the pRNFL asymmetry at the ONH
is constant throughout life (107,108,110). In people with MS, there is an accelerated
thinning in the first 6 months after diagnosis (244,367,368). As far as I am aware,
there is only one cross-sectional study comparing pRNFL symmetry in people with
MS, which suggested the presence of asymmetry during episodes of optic neuritis,
but it was not conclusive (369). There are no longitudinal studies comparing
asymmetry of pRNFL thickness in people with MS throughout time. I identified a
degree of asymmetry in our cohort. However, it is not known if the rate of pRNFL
thickness loss differs between eyes with time. The average duration of epilepsy in
this cohort was of 21.2 years. A longitudinal study starting at the time of diagnosis
would be adequate to elucidate this question.
Figure 39 demonstrates the migration pattern of fibres from the macula to the
ONH (359). Whilst at the macula fibres respect the midline and crossing fibres are
found in the nasal area and non-crossing fibres in the temporal area, as they migrate
towards the ONH, this division becomes less reliable (6,7). Measuring pRNFL
thickness at the ONH will give us an estimate of the theoretical preponderance of
each type of fibre in the different segments. It is probable that there is some degree
of anatomical variation according to the individual and even between eyes without
any relation to pathology. The assessment of the intereye asymmetry at the macula
might prove to be more accurate than at the ONH.
I chose to compare the groups according to the lobe of origin, as this may
have an association with a localised structural effect. However, it is possible that
different pathologies affecting the same lobe cause different changes to the anatomy
or physiology of the area.
A Time-Domain OCT study compared pRNFL thickness in children according
to eye dominance and did not identify a correlation between these two variables,
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despite finding that the dominant eye was on average longer and more myopic (370).
In the present study, I did not test for eye dominance. Though there is no evidence of
difference in pRNFL thickness due to eye dominance, there are no studies in adults
using Spectral-Domain OCT to confirm this.
In one of the studies that compared pRNFL thickness symmetry in a healthy
population, the authors discuss the importance of comparing axial length and disc
area of the ONH (139). These measures can be affected by differences in refractive
error (161). Though the exclusion criteria did not allow participants with extremes of
refractive error to be recruited, I did not assess for differences in the permitted range.
I also measured visual acuity with bedside tests, therefore it is possible that I missed
significant differences.
I was able to find evidence of pRNFL thickness asymmetry at the ONH in
people with epilepsy when I assessed all participants of this cohort. When I analysed
the difference of asymmetry according to the lobe of origin of epilepsy, the small
sample size of each subgroup was insufficient to produce reliable results.
When recruiting participants, I attempted to obtain scans from both eyes.
However, in a significant percentage, I was only able to obtain images with adequate
quality in one eye. It is possible that this led to an imbalance in the data I analysed.
For an unknown reason, the left eye signal strength was systematically inferior
to the right eye. As lower signal strength underestimates pRNFL thickness, I had to
assess how this impacted on the analysis. This correction prevented us from
performing certain analyses and created a systematic bias which limited the
interpretation of the results.
I also did not dilate the pupils of the participants. Though the Zeiss Cirrus OCT
machine is capable of obtaining high quality scans in such circumstances (371), the
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dilatation of pupils could have increased the signal strength, thus avoiding the bias
caused by the difference in signal strength that I have observed.
Symmetry analysis imposes particular challenges (372). Most studies using
OCT utilise one-eye analysis, in which they systematically assess one specific eye or
randomly choose between them. One-eye analysis is simpler to perform but may
overestimate an observation and miss a local effect in the opposite eye (372). Using
the mean value of both eyes can minimise the observed effect and provide more
conservative results.
A challenge when analysing both eyes is to ensure that the regions studied
are exact anatomical equivalents. One limitation of the Zeiss Cirrus OCT machine for
analysis of symmetry and longitudinal changes is that it does not consider
cycloversion of the eyes (140). The correction for this parameter needs to be done
manually, which is difficult and time consuming. Most studies using this technology
demonstrate a wide interval of what is considered acceptable. When correcting for
this factor (either manually, or, as in the Spectralis OCT machine, using an inbuilt
software comparing the ONH position in relation to the macula), intra-exam variability
is lower.
Lastly, it is possible that other factors not previously identified were associated
with differences in pRNFL thickness and this were not corrected for.

9.9 Conclusion
A certain degree of asymmetry is found on all human organs. In the retina, the
degree to which this happens is still debated. Previous OCT studies identified
differences in pRNFL thickness between 8.8-11.7µm in the healthy population
(107,162,330,331,335,337). This study identified an asymmetry which was
associated with the lobe of origin of epilepsy in the initial analysis, but which was also
partly explained by the difference in signal strength. Previous studies have shown
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how OCT machines progressively underestimate pRNFL thickness as signal strength
decreases (166,362). Once controlled for this, I found that cases had a greater degree
of asymmetry than controls, although it was present in both groups. The control
population was found to have asymmetry in the nasal quadrant and in 4 of the twelve
30-degree segments (superior-nasal, nasal, nasal-inferior and superior-temporal). In
this cohort, I also found asymmetry in the nasal and temporal quadrants as well as in
the superior-nasal, nasal, nasal-inferior, inferior and superior-temporal 30-degree
segments. This is highly relevant as segments from the inferior quadrant correspond
to fibres travelling through the temporal lobe. Our theory is that ongoing epileptic
activity leads to localised damage in the brain, which would induce pRNFL thinning
secondary to retrograde trans-synaptic degeneration. When analysing by lobe of
origin, I found a non-statistically significant asymmetry in people with generalised and
temporal lobe epilepsy. It is probable that the small number of participants prevented
us from finding relevant associations.
The correlation between asymmetry and origin of epilepsy needs to be
explored further, as, if it is confirmed, this could help clarify epilepsy phenotype.
Though the results support the hypothesis that people with epilepsy may present with
intereye asymmetry of pRNFL thickness, it is necessary to consider the special
characteristics of this cohort. Most of the cases of TLE had left hemisphere focus. As
I recruited participants from a highly specialised centre, most of the participants had
drug-resistant epilepsy.
Future studies should also consider comparing intereye asymmetry in people
who underwent temporal lobectomy and assess for possible associations with visual
field defect.
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OCT and MRI

10.1 Introduction
Magnetic Resonance Imaging (MRI) is a technique which uses strong
magnetic fields, approximately 100,000 times stronger than the Earth’s (373,374),
and radiofrequency to generate high resolution scans, especially in tissues containing
high density of water or fat (211). Given MRI’s superior soft-tissue contrast over CT,
MRI has become especially useful in the investigation of neurological conditions. The
technique was first described in 1973 and in, 1977, the first study in humans was
published (375). Since then, signal strength has improved dramatically, and it may
reach a near microscopic level with the evolution of the technique (211). This modality
of imaging provides different types of image contrast. By modulating the direction and
time of recovery of the magnetic spin that makes the MRI signal, it is possible to
obtain scans which highlight different aspects of the anatomy (373). T1 images can
be useful to identify anatomical abnormalities and disruption of blood-brain barrier;
T2 images are often used for the identification of lesions and inflammation (373).
In contrast with other imaging techniques, MRI does not use ionizing radiation,
therefore does not seem to have a short- or long-term effect on the body. Gadolinium
is often used to enhance contrast between tissues (376). It was believed to be safe
to use in humans, although recent reports have described gadolinium-induced fibrosis
as well as deposition of the agent in tissues (376). The occurrence of these sideeffects is still a matter of debate, but there is consensus that gadolinium contrast
should be avoided in people with kidney disease. Compared to CT scans, MRI has a
greater signal strength which is not affected by surrounding bone structure. Therefore,
it is possible to obtain detailed images from the posterior fossa (377).Due to the
imaging protocols, however, the time required for image acquisition is much greater .
Some people find the exam intolerable due to duration, levels of noise and
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claustrophobia. Additionally, because of the strong magnetic field of the scanner, it is
not safe to undergo MRI examination in people who have certain medical implants
inserted (378).
As MRI is able to produce images with clear differentiation between grey and
white matter, as well as show the presence of inflammation, oedema and other
abnormalities, it is helpful in the diagnosis of multiple neurological diseases. More
recently, the development of MRI guided stereotactic surgery and radiosurgery has
allowed surgeons to have real-time guidance to remove pathological tissue, whilst
avoiding critical structures, such as arteries, eloquent cortex, and white matter fibre
bundles (141,364). This has been especially helpful in epilepsy surgery, as the
identification of the visual tract prevents unnecessary section of fibres, thus avoiding
the occurrence of quadrantanopia, a frequent sequelae of anterior temporal lobe
resections (141).
MRI can aid the clinician to make a diagnosis after a first seizure (such as
herpes simplex encephalitis, abscesses, tumours or stroke) and predict prognosis, as
the presence of seizures at the onset of these conditions is associated with a worse
outcome (37,211). If a seizure is classified as unprovoked, there is an increased
hazard ratio for further seizures (2.44 within 1-4 years) in people with abnormal MRIs
(241).
In people with chronic epilepsy, the ILAE recommends that an MRI should be
acquired if (279,379):
-

the seizure has a focal onset;

-

onset is before the age of one or in adulthood;

-

there is the presence of a focal deficit;

-

the person failed to achieve seizure control after the trial of one AED;

-

there was a loss of seizure control or change of seizure pattern;

In many centres, however, almost all patients will have an MRI scan. In people
with IGE, a syndrome usually associated with normal MRI scans, abnormalities can

250

be found in 24% of cases (88% of which are non-specific) (380). MRI seems to be an
especially helpful tool in identifying the epileptogenic zone in people with refractory
focal epilepsy, as it identifies lesions in 75-80% of cases, and having a detected lesion
is associated with improved post-surgical seizure-freedom rates (211). In newly
diagnosed epilepsy, however, this percentage is much smaller, reaching an
aetiological diagnosis in only 12-14% of cases. MRI is not required if evidence
suggests diagnosis of IGE in people who achieve early remission (379).
Given the usual pathologies associated with chronic epilepsy, specific MRI
protocols were developed to increase the likelihood of identification of common
radiological features in this population. Usual sequences used include T1, T2 and
FLAIR with coronal, axial and sagittal planes (37,180,381,382). Most commonly
identified abnormalities are

reduced hippocampal volumes, basal ganglia

abnormalities, ventricular abnormalities and diffuse cortical atrophy (37,364).
10.1.1 Temporal Lobe Epilepsy
Mesial temporal lobe epilepsy is one of the most frequent types of epilepsy
and one of the least likely to be under control with the use of AEDs alone (21,30,383).
Surgery provides the best chance of seizure freedom in those who are medically
refractory and surgical prognosis is closely related to the agreement between MRI
abnormalities, electrophysiological evidence and seizure semiology (57,201,217,227).
People who undergo temporal lobectomy for treatment of epilepsy become seizurefree in close to 75% of cases in the first 2 years (57). The hallmark abnormality
identified in this group is hippocampal sclerosis, but other abnormalities include
temporal lobe atrophy, dilatation of temporal horn and pathologic changes in the
amygdala and entorhinal cortex (210,211,381). Radiologic characteristics of
hippocampal sclerosis include hippocampus atrophy as observed on T1-weighted
images and increased signal intensity of hippocampus on T2 and FLAIR
(210,268,384). Automated segmentation methods are available to estimate the
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volume of the hippocampus, as the visual comparison will only detect an asymmetry
greater than 20% between the structures (385).
Other common MRI abnormalities identified include encephalomalacia and
gliosis, which, when present, are often identified as the epileptogenic focus (210,211).
The anatomical location of these lesions is associated with the cause. The presence
of gliosis in an arterial territory is consistent with stroke (211). Bifrontal and bitemporal
encephalomalacia often occurs after head trauma (59).
10.1.2 Neoplasms
Seizures can be a manifestation of a neoplasm, most often with low-grade
tumours (gangliogliomas and DNETs), though also present in metastases and
aggressive tumours (lymphomas, glioblastomas and astrocytomas) (386). Of the lowgrade primary brain tumours, gangliogliomas, which are formed of abnormal neuronal
and glial cells, have a greater tendency to develop in the temporal lobes (192). They
are associated with the development of refractory epilepsy. These isointense lesions
with cystic components are not associated with mass effect on MRI. DNETs, which
are static or slowly progressive benign tumours with pseudocystic appearance found
in the superficial cortical regions, most frequently in the frontal and temporal lobes
are also frequently identified on MRI. Seizure freedom can be achieved if complete
resection of the tumour is possible (192). Though MRI is sensitive in detecting these
neoplasms, it is not yet specific enough to differentiate between astrocytomas and
gangliomas. More aggressive tumours are often diffuse, associated with significant
changes in anatomy and vasogenic oedema, and surgery is not often indicated.
Meningiomas, usually benign tumours, can cause seizures due to compression of
parenchyma. Its resection may lead to resolution of epilepsy. On MRI, it presents with
intense homogenous gadolinium enhancement with a dural tail (37,386).
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10.1.3 Vascular causes
AVMs and cavernomas are often associated with seizures and have typical
characteristics on MRI (37). AVMs appear as a tangle of flow voids with adjacent
gliosis and haemosiderin deposits. Cavernomas appear as a multicystic lesion with
haemosiderin deposits of different ages, which may evolve over time and in up to
50% of cases are multiple. Seizures are thought to occur due to the irritative effect of
haemosiderin deposits. The resection of these lesions can induce seizure freedom in
75% of people, which suggests the epileptogenic zone may extend beyond borders
of the identified area (387).
10.1.4 Infections
Worldwide, infections are frequently responsible for the development of
epilepsy. In resource-poor countries, neurocysticercosis is the most common cause
of acquired epilepsy (37). MRI can be helpful in the diagnosis, as the scolex of the
parasite can be identified surrounded by a small cyst. With its degeneration, it is
possible to identify oedema and a gadolinium ring enhancement. In the final stage,
there is resolution of the oedema and development of a hypointensity on T1 and T2.
At this stage, CT scans are more sensitive to identify the resulting calcification
associated with the resolution of the infection (33).
10.1.5 Malformations of cortical development
Clinical and pathological characteristics of these conditions are described on
chapter 3. Imaging characteristics include the presence of uni- or bilateral
abnormalities in migration of neurons, hypoplasia, atrophy, thickening of cortex,
blurring of the grey and white matter junction, demyelination and abnormal gyral
sulcal patters (such as simplified gyration, polymicrogyria, etc.) (37,46,49,50,58).
Surgical treatment is possible, and prognosis depends on the completeness of
resection. The current rate of seizure freedom after surgery is on average 30-50% of
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cases. This suggests that the epileptogenic zone may extend beyond the
abnormalities seen on MRI (58,230).
10.1.6 Normal MRI
In people with epilepsy whose MRIs are described as non-lesional, the likely
cause is thought to be a small area of cortical dysplasia. With technological
development, it is expected that fewer cases will be classified as non-lesional (37).
10.1.7 Epilepsy surgery
Hippocampal sclerosis is often the radiological finding in people with mesial
temporal epilepsy (210,381,388). However, the identification of this lesion does not
necessarily mean that it is the epileptogenic zone. The best outcome of temporal
lobectomy is achieved in people with unilateral hippocampal volume loss without any
other

abnormality

and

concordant

clinical

and

electrophysiological

tests

(56,201,222,225,229,230,236,239,364). Postoperatively, MRI is used to identify the
extent of resection and presence of residual pathology (42).
An average of 5-20% of people who undergo temporal lobectomy develop a
clinically evident visual field defect (222,233,235,238). In order to prevent the section
of fibres of the optic radiation and other tracts, surgeons can be guided by
tractography maps (135, 201, 228, 229, 232, 232, 233, 359). This imaging technique
identifies the direction of water diffusion in and around axons, delimitating the tracts
in the white matter with reasonable resolution.

10.2 OCT and MRI
Previous studies have described OCT as a surrogate marker of white matter
integrity (4, 75, 84, 179, 183, 253). Studies of normal population (318), as well as MS
(83, 179, 183, 186, 384, 385), epilepsy (4) and cognitive decline (2, 75, 141, 144–
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147, 182) have corroborated the close relationship between loss of pRNFL thickness
and brain volume. Below, I describe some of the findings available in the literature:
10.2.1 Normal Population
To be able to draw conclusions about correlations between pRNFL thickness
and brain volume in people with any pathology it is crucial to have the information on
how this occurs in a healthy population. There are many studies available that
describe the loss of brain volume with age. One study described the loss of 0.49% of
total brain volume after a period of 3.5 years (269), with a 0.31% decrement of the
grey matter and 0.71% of the white matter. The normative database from the Zeiss
Cirrus OCT machine corrects the thickness classification according to age as it has
also identified that participants had a decrement of 0.19 µm per year (139).
Studies comparing the rate of decrement observed on OCT and MRI scans
identified the presence of a correlation between the two measurements. Researchers
compared the thickness of retinal structures of 79 healthy individuals participating in
a healthy ageing study with psychometric tests and brain volume (from 3T-MRI). They
identified that pRNFL thinning was associated with loss of volume in the medial
temporal lobe (beta 0.31, p=0.006) and entorhinal region (beta=0.32, p=0.02), but no
correlation with hippocampal volume or psychometric test scores (212). They suggest
that OCT may become useful as a screen tool for AD-related degeneration.
The Rotterdam study (80), which is a prospective population-based research
investigating chronic diseases in people older than 45 years from a district in
Rotterdam, compared OCT data of 2124 people with MRI findings. They confirmed
the results of Casaletto, but also identified a correlation between pRNFL thickness
and hippocampal volume (z-score: -0.045, p=0.013). They conclude that OCT
correlates with brain atrophy and worse microstructure of white matter on MRI and
that neuronal damage occurs in both retinal and brain structures concomitantly.
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10.2 2 Multiple Sclerosis
Multiple sclerosis is an autoimmune inflammatory condition affecting myelin
which is associated with neurodegeneration (9,87). It was the first neurological
disease to have correlations with pRNFL thinning identified by OCT (as discussed on
chapter 4) (1). Brain parenchymal fraction (total brain volume divided by total
intracranial volume) can be used as a parameter to quantify neurodegeneration (191).
In people with MS, it was correlated with disability progression (83,188). One study
comparing pRNFL thickness and brain parenchymal fraction (BPF) identified a weak
association which was independent of any previous history of optic neuritis (86). They
suggested that OCT could be useful to monitor axonal damage through time. The
authors also suggest that CGL would be the best surrogate marker of grey matter,
whilst pRNFL and IPL are of white matter.
A longitudinal study, performed in a population of 107 participants with
relapsing-remitting, primary progressive and secondarily progressive MS, found a
correlation between pRNFL as well as GCIP (ganglion cells plus inner plexiform layer)
thinning and brain atrophy (368). The pRNFL-thinning correlation was statistically
significant in the caudate and brainstem (partial correlation coefficients of 0.438 and
0.329 respectively) and the CGIP with the cortical grey matter volume, thalamus and
cerebral volume fraction (partial correlation coefficients of 0.371, 0.379 and 0.449
respectively). The authors suggest that GCIP could be used in the clinical setting for
monitoring neurodegeneration in this population.
10.2.3 Epilepsy
There are an abundant number of studies which show a correlation between
TLE and smaller volume in grey and white matter of the temporal lobe and
hippocampus, as well as cingulate cortex, thalamus and insula both ipsi- and
contralateral (38, 175, 193, 211, 261–264, 376, 377, 380, 386–388). The reduction of
volume was also seen to extend to the frontal lobe (205, 261, 376, 388). The
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suggested mechanism behind this is the occurrence of trans-synaptic degeneration
of the limbic system due to ongoing electrical discharges.
Balestrini compared the brain parenchymal fraction and pRNFL thickness in
people with epilepsy, subdividing in groups according to the presence of
abnormalities on MRI (4). This study found a statistically significant correlation
between the two measurements. In people whose MRI was classified as lesional, the
Pearson correlation between the grey matter fraction and total pRNFL thickness was
0.33 (p=0.045) and 0.29 (p=0.010) in those who were classified as non-lesional.
Similar to the previously mentioned studies, it suggested that OCT could be a
surrogate marker of neurodegeneration.

10.3 Methods
Of the 348 people recruited, 339 had at least one3T MRI scan acquired at the
Chalfont Centre for Epilepsy. For the initial descriptive statistics, we performed t-test
and regression analysis, I considered the neuroradiology report of all the 339 scans.
For the comparison of volume with pRNFL thickness, I selected scans acquired within
a 12-month period from the OCT (n=182). I included only those with a high-resolution
3D T1-weighted scan. If more than one adequate scan was available, I used the scan
closest to the date of the OCT acquisition. I reviewed each of the T1 images and
excluded people who had identifiable lesions (such as tumours and arterial-venous
malformations), previous surgery, or movement/imaging artifacts that affected the
signal strength. In total, I included data of 172 MRI scans.
MRI scans were performed between 2008 and 2013 on the GE Excite HDx 3T
HDx(General Electric, Wakashua, WI, USA) and between 2014 and 2018 on the GE
MR750 3T (General Electric, Wakashua, WI, USA) at the MRI unit of the Chalfont
Centre for Epilepsy, part of the Epilepsy Society, Chalfont St Peter, UK. On each
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scanner, two scan protocols were used for 3D volumetric imaging. On the HDx, these
were acquired with an 8-channel head coil. Detailed sequence parameters were:
-

3D inversion-recovery fast spoiled gradient-recalled echo (IR-FSPGR) image
in an oblique coronal plane, field-of-view (FOV) 240x240x167 mm (left-right,
inferior-superior, anterior-posterior), matrix size 256x256x152 for a voxel size
of 0.9375x0.9375x1.1 mm, parallel imaging acceleration factor 2. Sequence
timings were: echo time (TE) 3.0 ms, repetition time (TR) 8.1 ms, inversion
time (TI) 450 ms.

-

3D inversion-recovery fast spoiled gradient-recalled echo (IR-FSPGR)
BRAVO image in an oblique coronal plane, FOV 240x240x167 mm, matrix
size 256x256x152 for a voxel size of 0.9375x0.9375x1.1 mm, parallel imaging
acceleration factor 2. Sequence timings were: TE/TR/TI 3.5/9.0/400 ms.
On the MR750 these were acquired with a 32-channel head coil. Detailed

sequence parameters were:
-

3D inversion-recovery fast spoiled gradient-recalled echo (IR-FSPGR) image
in an oblique coronal plane, FOV 256x256x220 mm, matrix size 256x256x220
for an isotropic 1 mm voxel size, parallel imaging acceleration factor 2.
Sequence timings were: TE/TR/TI 3.1/7.5/400 ms.

-

3D inversion-recovery fast spoiled gradient-recalled echo (IR-FSPGR) image
in an oblique coronal plane, FOV 270x270x235 mm, matrix size 256x256x220
for a 1.05x1.05x1.2 mm voxel size, parallel imaging acceleration factor 2.
Sequence timings were: TE/TR/TI 3./7.4/400 ms.
These four types of scans were all analysed in the same way using automated

brain segmentation software. Whole-brain parcellation was performed using
Geodesic Information Flows (GIF; Cardoso IEEE TMI 2015), from which white matter
and cortical grey matter volumes were obtained per lobe (frontal, temporal, occipital
and parietal) as well as insular and cingulate. Bilateral deep grey matter, total
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cerebellar, and total intracranial volumes were also extracted. For two subcortical
structures, the hippocampus and thalamus, dedicated segmentation methods were
used to accurately calculate volumes in presence of pathology. Hippocampal volumes
were calculated using HippoSeg (Winston et al., Epilepsia 2013). Thalamic volumes
were calculated using a similar method (courtesy of Dr. Josephine Barnes and Dr.
Emily Manning at the Dementia Research Centre).
I also calculated the respective fraction of each of these areas to correct for
total intracranial volume. I tested the values for normality and performed a Pearson’s
correlation to compare the pRNFL thickness and the different fractions. I performed
a multiple linear regression analysis to assess the correlation between pRNFL
thickness and volume correcting for age, sex, laterality, lobe of onset, learning
disability, previous use of valproate, drug resistance, number of previously tried drugs,
MRI scanner and signal strength. I considered as statistically significant a p-value of
0.01.

10.4 Analysis
I revised the neuroradiology report from the 339 MRI scans available from the
cohort. I subdivided the reports according to MRI findings. The majority of the scans
were considered normal (n=176). Seventy-five participants had identifiable
hippocampal sclerosis and DCD. The MRI scan of 76 participants identified tumours,
cysts, AVMs or other abnormalities. Twelve participants had temporal lobectomy, and
8 were unavailable. The table below describes the frequency of each radiological
finding according to lobe of onset.
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Table 128: Number of participants according to lobe and respective MRI findings. G: Generalised, F:
Frontal, T: Temporal, P: Parietal, O:Occipital, M: Multifocal, U Undetermined
Normal

Hippocampal
Sclerosis

DCD

Other

Postoperative

Not
available

G

50 (82.2%)

3 (4.9%)

0 (0%)

4 (6.6%)

0 (0%)

4 (6.6%)

F

24 (66.7%)

0 (0%)

5
(13.9%)

6 (16.7%)

0 (0%)

1 (2.8%)

T

29 (24.8%)

39 (33.3%)

8 (6.8%)

30 (25.6%)

11 (9.4%)

0 (0%)

P

1 (50%)

0 (0%)

1 (50%)

0 (0%)

0 (0%)

0 (0%)

O

1 (33.3%)

0 (0%)

0 (0%)

2 (66.7%)

0 (0%)

0 (0%)

M

41 (51.2%)

4 (5%)

8 (10%)

25 (31.3%)

1 (1.3%)

1 (1.3%)

U

30 (62.5%)

1 (2.1%)

6
(12.5%)

9 (18.8%)

0 (0%)

2 (4.2%)

Lobe

I calculated the average measures and standard deviation of the total
thickness as well as of each of the quadrants of the subgroups. People with previous
temporal lobectomy had thinner pRNFL thickness in almost all segments compared
to the other subgroups.
Table 129: Average pRNFL thickness in µm and standard deviation according to MRI report

Lobe

Normal
(n=176)

Hippocampal
Sclerosis
(n=47)

DCD
(n=28)

Other
(n=76)

Postoperative
(n=12)

Not
available
(n=8)

ODT

89.79 (±9.8)

89.87 (1±0.5)

88.48
(±11.8)

88.21
(±10.1)

83.08
(±10.7)

87.50
(±6.8)

ODS

112.05
(±15.6)

110.17 (±15.9)

108.48
(±14.8)

108.89
(±15.7)

107.42
(±17.3)

105
(±10.5)

ODI

113.75
(±16.5)

114.05 (±16.9)

113.11
(±21.3)

111.90
(±17.1)

102.08
(±16.2)

115.13
(±11.2)

ODN

70.79 (±11.1)

71.55 (±13.9)

71.11
(±12.9)

71.79
(±12.5)

65.33
(±14.2)

69.25
(±8.5)

ODTe

62.59 (±11.5)

63.51 (±11.1)

61.04
(±10.1)

60.01
(±10.8)

57.58
(±10.1)

61 (±9)

ODT: right eye total thickness, ODS: right eye superior quadrant thickness, ODI: right eye inferior quadrant
thickness, ODN: right eye nasal quadrant thickness, ODTe: right eye temporal quadrant thickness

I analysed the difference in pRNFL thickness between people with normal MRI
and hippocampal sclerosis using an independent sample t-test. There was no
statistically significant difference between groups in any of the studied segments.
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Table 130: Independent samples t-test analysis of average pRNFL thickness in µm and standard
deviation in people with normal MRI and hippocampal sclerosis on neuroimaging report

Difference

Normal MRI (n=175)

Hippocampal Sclerosis
(n=47)

(C.I., p-value)

ODT

89.79 (±9.8)

89.87 (±10.5)

-0.07 (-3.3 – 3.1, 0.9)

ODS

112.05 (±15.6)

110.17 (±15.9)

1.87 (-3.2 – 6.9, 0.4)

ODI

113.75 (±16.5)

114.09 (±16.9)

-0.33 (-5.7 – 5.04, 0.9)

ODN

70.79 (±11.1)

71.55 (±13.9)

-0.76 (-4.5 – 3.05, 0.6)

ODTe

62.59 (±11.5)

63.51 (±11.1)

-0.92 (-4.6 – 2.7, 0.6)

10.4.1.1 TLE only
The next analysis was to compare the pRNFL thickness between people with
TLE but normal MRI and those with hippocampal sclerosis. Again, I was unable to
identify any statistically significant difference between groups. The small number of
participants in each group might have prevented the identification of a significant
result.
Table 131: Independent samples t-test analysis comparing pRNFL thickness in µm and standard
deviation in people with TLE but normal MRI and people with TLE and hippocampal sclerosis on
neuroimaging report

TLE and Normal MRI
(n=29)

TLE and Hippocampal
Sclerosis (n=39)

Difference(C.I., pvalue)

ODT

89 (±7.8)

89.56 (±10)

-0.56 (-5.05 – 3.9, 0.8)

ODS

111.86 (±13.4)

109.15 (±15.2)

2.70 (-4.4 – 9.8, 0.4)

ODI

112.79 (±14.8)

112.90 (±16.9)

-0.10 (-7.9 – 7.7, 0.9)

ODN

70.66 (±9.9)

70.59 (±13.8)

0.06 (-5.9 – 6.1, 0.9)

ODTe

60.79 (±7.6)

65.41 (±10.6)

-4.61 (9.2 – 0.02, 0.05)
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10.4.1.2 TLE with hippocampal sclerosis and surgical patients
I compared the pRNFL thickness of people with hippocampal sclerosis and
those who underwent temporal lobectomy. Though there was a marked difference in
thickness between the groups, this reached only borderline significance in the
temporal quadrant.
Table 132: Independent samples t-test analysis comparing pRNFL thickness in µm and standard
deviation in people with hippocampal sclerosis on MRI report and people who underwent temporal
lobectomy

Hippocampal Sclerosis
(n=39)

Post-Operative
(n=11)

Difference (C.I., p-value)

ODT

89.56 (±10)

82.27 (±10.8)

7.29 (0.2 – 14.3, 0.04)

ODS

109.15 (±15.2)

106.45 (±17.8)

2.69 (-8.1 – 13.5, 0.6)

ODI

112.90 (±16.9)

101.27 (±16.8)

11,62 (-0.01 – 23.2, 0.05)

ODN

70.59 (±13.8)

64.55 (±14.6)

6.04 (-3.5 – 15.6, 0.2)

ODTe

65.41 (±10.6)

56.91 (±10.3)

8.5 (1.2 – 15.7, 0.02)

10.4.1.3 Regression analysis
I performed a multiple linear regression analysis to assess the correlation of
MRI changes in neuroradiology reports (such as hippocampal sclerosis, lesions,
previous surgery) and pRNFL thickness, and after the correction for age, sex,
ethnicity, lobe of onset, learning disability and drug resistance, none of the segments
had a statistically significant correlation (complete analysis can be found in annex 14).
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10.4.2 Volume analysis
10.4.2.1 Descriptive Statistics
I calculated the average volume in millilitres, standard deviation and range of
different areas of the brain on all participants.
Table 133: Average volume in millilitres of each studied area of the brain and its respective standard
deviation and range
Brain Region

Mean volume (SD)

Range

Total Intracranial Volume

1436.53 (±146.55)

1002.62-1906.95

Whole Brain

1140.28 (±121.49)

786.6-1504.68

Left Hippocampus

2.73 (±0.4)

1.42-3.73

Right Hippocampus

2.84 (±0.4)

1.5-4

Left Thalamus

6.65 (±0.7)

4.49-8.71

Right Thalamus

6.64 (±0.7)

4.75-8.83

Left White Matter

226.05 (±27.1)

160.76-316.39

Right White Matter

227.02 (±27.53)

161.56-320.2

Left Cortical Grey Matter Frontal
Lobe

91.03 (±10.67)

57.44-123.83

Right Cortical Grey Matter Frontal
Lobe

92.24 (±10.2)

56.99-122.35

Left Cortical Grey Matter Temporal
Lobe

66.9 (±7.81)

42.46-91.68

Right Cortical Grey Matter
Temporal Lobe

67.92 (±8.3)

42.86-92.17

Left Cortical Grey Matter Parietal
Lobe

44.1 (±6.66)

27.03-63.27

Right Cortical Grey Matter Parietal
Lobe

43.86 (±6.56)

27.69-62.19

Left Cortical Grey Matter Occipital
Lobe

31.66 (±5.02)

21.04-47.27

Right Cortical Grey Matter
Occipital Lobe

32.6 (±5.19)

18.11-50.06

Left Cortical Grey Matter Insula

5.65 (±0.7)

2.63-8.18
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Right Cortical Grey Matter Insula

5.88 (±0.7)

3.87-8.19

Left Cortical Grey Matter Cingulate

15.73 (±2.32)

10.92-25.13

Right Cortical Grey Matter
Cingulate

14.4 (±2.17)

9.52-20.09

Left Deep Grey Matter

19.63 (±2.2)

13.9-26.54

Right Deep Grey Matter

19.44 (±2.1)

13.89-26.26

Cerebellar

131.9 (±15.4)

71.56-177.39

I describe in the table below the mean volume in millilitres and standard
deviation of each brain area subdivided according to the lobe of onset:
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Table 134: Average volume in millilitres and standard deviation of each area of the brain according to lobe of onset

IGE (n=25)

Frontal (n=21)

Temporal
(n=63)

Parietal (n=0)

Occipital (n=2)

Multifocal
(n=39)

Undetermined (n=22)

Total Intracranial Volume

1433.37
(±103.66)

1432.62
(±139.69)

1415.99
(±166.44)

N/A

1440.3
(±115.08)

1482.38
(±156.95)

1419.44 (±113.36)

Whole Brain

1149.82
(±103.15)

1125.1 (±108.34)

1126.29
(±134.97)

N/A

1160.14
(±49.12)

1178.76
(±131.01)

1114.1 (±91.5)

Left Hippocampus

2.71 (±0.3)

2.8 (±0.3)

2.6 (±0.4)

N/A

3.22 (±0.7)

2.88 (±0.3)

2.75 (±0.2)

Right Hippocampus

2.83 (±0.3)

2.8 (±0.3)

2.77 (±0.4)

N/A

3.33 (±0.9)

2.99 (±0.3)

2.81 (±0.2)

Left Thalamus

6.62 (±0.7)

6.48 (±0.7)

6.61 (±0.8)

N/A

7.64 (±0.7)

6.83 (±0.8)

6.55 (±0.6)

Right Thalamus

6.59 (±0.6)

6.47 (±0.7)

6.58 (±0.8)

N/A

7.31 (±0.7)

6.92 (±0.7)

6.47 (±0.6)

Left White Matter

226.15 (±21.54)

220.8 (±27.56)

223.73 (±29.94)

N/A

231.19 (±28.51)

234.23 (±28.76)

222.86 (±20.52)

Right White Matter

226.74 (±21.39)

223.47 (±29.29)

223.77 (±28.36)

N/A

232.44 (±23.96)

236.5 (±30.7)

222.99 (±23.5)

Left Cortical Grey Matter
Frontal Lobe

92.46 (±8.73)

92.46 (±8.91)

89.8 (±11.94)

N/A

93.83 (±1.12)

93.04 (±12.23)

87.52 (±7.16)

Right Cortical Grey
Matter Frontal Lobe

92.78 (±8.02)

92.94 (±9.74)

90.68 (±11.29)

N/A

94.09 (±2.11)

95.34 (±11.29)

89.66 (±7.1)

Left Cortical Grey Matter
Temporal Lobe

67.66 (±7.52)

66.49 (±6.12)

65.82 (±8.77)

N/A

68.97 (±1.91)

69.36 (±8.24)

64.97 (±5.52)

Brain Region
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Right Cortical Grey
Matter Temporal Lobe

68.96 (±7.61)

67.54 (±6.92)

66.56 (±8.94)

N/A

71.89 (±0.02)

70.88 (±9.16)

65.63 (±5.96)

Left Cortical Grey Matter
Parietal Lobe

45.25 (±7.5)

43.09 (±5.26)

43.64 (±6.89)

N/A

42.79 (±3.42)

45.05 (±7.56)

43.34 (±4.66)

Right Cortical Grey
Matter Parietal Lobe

44.86 (±7.27)

43.19 (±5.42)

43.11 (±6.62)

N/A

41.69 (±2.14)

45.36 (±7.35)

42.66 (±5.02)

Left Cortical Grey Matter
Occipital Lobe

32.44 (±4.78)

31.33 (±4.65)

31.3 (±5.23)

N/A

27.3 (±0.7)

32.45 (±5.48)

30.81 (±4.29)

Right Cortical Grey
Matter Occipital Lobe

33.7 (±4.48)

32.59 (±4.65)

32.07 (±5.36)

N/A

27.45 (±0.2)

33.98 (±5.51)

30.76 (±5.07)

Left Cortical Grey Matter
Insula

5.74 (±0.6)

5.75 (±0.6)

5.6 (±0.8)

N/A

5.66 (±0.1)

5.75 (±0.8)

5.42 (±0.6)

Right Cortical Grey
Matter Insula

5.95 (±0.6)

6.01 (±0.6)

5.71 (±0.7)

N/A

5.61 (±0.1)

6.17 (±0.9)

5.67 (±0.6)

Left Cortical Grey Matter
Cingulate

15.98 (±2.1)

15.7 (±1.87)

15.6 (±2.63)

N/A

17.45 (±0.8)

16.23 (±2.36)

14.79 (±1.77)

Right Cortical Grey
Matter Cingulate

14.65 (±2.22)

14.27 (±1.92)

14.18 (±2.18)

N/A

16.04 (±0.2)

14.99 (±2.28)

13.54 (±1.81)

Left Deep Grey Matter

19.78 (±2.07)

19.3 (±1.71)

19.44 (±2.4)

N/A

21.18 (±0.6)

20.31 (±2.4)

19.01 (±1.73)

19.47 (±2)

19.16 (±1.71)

19.12 (±2.21)

N/A

20.4 (±0.6)

20.39 (±2.24)

18.8 (±1.65)

133.1 (±11.32)

126.76 (±16.28)

132.13 (±17.22)

N/A

138.24 (±3.64)

134.17 (±16.13)

131.03 (±12.26)

Right Deep Grey Matter
Cerebellar
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To correct for the measurement distortions due to the head size of each
participant, I calculated the fraction of each segment divided by the total intracranial
volume. The Pearson correlation between the pRNFL thickness and the calculated
fractions from the entire cohort (n=172) identified multiple associations:
Table 135: Pearson correlation analysis comparing pRNFL thickness with fraction of each segment and
p-values
Brain Area Fraction

ODT

ODS

ODI

ODN

ODTe

Whole Brain

0.324
(<0.0001)

0.358
(<0.0001)

0.202
(0.008)

0.134
(0.07)

0.234
(0.002)

Left Hippocampus

0.014 (0.8)

0.015 (0.8)

-0.031 (0.6)

-0.04
(0.6)

0.150
(0.05)

Right Hippocampus

0.099 (0.1)

0.083 (0.2)

0.061 (0.4)

0.008
(0.9)

0.153
(0.04)

Left Thalamus

0.341
(<0.0001)

0.377
(<0.0001)

0.219
(0.004)

0.167
(0.028)

0.213
(0.005)

Right Thalamus

0.380
(<0.0001)

0.437
(<0.0001)

0.267
(<0.0001)

0.141
(0.06)

0.220
(0.004)

Left White Matter

0.243
(0.001)

0.231
(0.002)

0.181
(0.01)

0.163
(0.03)

0.103
(0.1)

Right White Matter

0.207
(0.007)

0.193
(0.01)

0.158
(0.03)

0.143
(0.06)

0.073
(0.3)

Left Cortical Grey Matter
Frontal

0.155
(0.04)

0.192
(0.01)

0.059 (0.4)

0.069
(0.3)

0.145
(0.05)

Right Cortical Grey Matter
Frontal

0.068 (0.3)

0.106 (0.1)

-0.003 (0.9)

-0.016
(0.8)

0.135
(0.07)

Left Cortical Grey Matter
Temporal

0.116 (0.1)

0.205
(0.007)

-0.011 (0.8)

0.049
(0.5)

0.112
(0.1)

Right Cortical Grey Matter
Temporal

0.143
(0.06)

0.226
(0.003)

0.011 (0.8)

0.035
(0.6)

0.159
(0.03)

Left Cortical Grey Matter
Parietal

0.201
(0.008)

0.234
(0.002)

0.121 (0.1)

0.037
(0.6)

0.204
(0.007)

Right Cortical Grey Matter
Parietal

0.163
(0.03)

0.211
(0.005)

0.099 (0.1)

-0.01
(0.9)

0.181
(0.01)

Left Cortical Grey Matter
Occipital

0.134
(0.07)

0.14 (0.06)

0.085 (0.2)

0.04 (0.6)

0.129
(0.09)

Right Cortical Grey Matter
Occipital

0.139
(0.07)

0.190
(0.01)

0.083 (0.2)

0.015
(0.8)

0.094
(0.2)

0.06 (0.4)

0.061 (0.4)

0.004 (0.9)

0.13
(0.09)

-0.008
(0.9)

Left Cortical Grey Matter
Insula
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Right Cortical Grey Matter
Insula

-0.061 (0.4)

0.003 (0.9)

-0.122 (0.1)

0.016
(0.8)

-0.052
(0.4)

Left Cortical Grey Matter
Cingulate

0.14 (0.06)

0.097 (0.2)

0.125 (0.1)

0.086
(0.2)

0.109
(0.1)

Right Cortical Grey Matter
Cingulate

0.118 (0.1)

0.150
(0.04)

0.059 (0.4)

0.048
(0.5)

0.1 (0.1)

Left Deep Grey Matter

0.285
(<0.0001)

0.286
(<0.0001)

0.196
(0.01)

0.179
(0.01)

0.149
(0.05)

Right Deep Grey Matter

0.262
(0.001)

0.262
(0.001)

0.177
(0.02)

0.138
(0.071)

0.173
(0.023)

Cerebellar

0.212
(0.005)

0.210
(0.006)

0.181
(0.01)

0.05 (0.5)

0.149
(0.05)

I repeated the analysis according to the lobe of onset to assess for the
presence of inherent variations associated with the anatomical origin. Below I
describe the results:
10.4.2.2 Generalised
I analysed the MRI scan of 25 participants who were diagnosed with
generalised epilepsy. I identified a significant correlation between pRNFL and the
following fractions: whole brain, right hippocampus, right thalamus, right and left white
matter, and cerebellar.
Table 136: Pearson correlation between pRNFL thickness and brain volume fractions in people with
generalised epilepsy and p-values
Brain Area Fraction

ODT

ODS

ODI

ODN

ODTe

Whole Brain

0.532
(0.006)

0.477 (0.01)

0.514
(0.009)

0.335
(0.1)

0.284
(0.1)

Left Hippocampus

0.356
(0.08)

0.399 (0.04)

0.201 (0.3)

0.278
(0.1)

0.232
(0.2)

Right Hippocampus

0.418
(0.03)

0.438
(<0.0001)

0.241 (0.2)

0.463
(0.02)

0.153
(0.4)

Left Thalamus

0.383
(0.05)

0.36 (0.07)

0.311 (0.1)

0.279
(0.1)

0.222
(0.2)

0.48 (0.01)

0.495 (0.01)

0.403
(0.04)

0.313
(0.1)

0.221
(0.2)

Right Thalamus
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Left White Matter

0.387
(0.05)

0.227 (0.2)

0.494
(0.01)

0.271
(0.1)

0.196
(0.3)

Right White Matter

0.389
(0.05)

0.211 (0.3)

0.485
(0.01)

0.302
(0.1)

0.208
(0.3)

Left Cortical Grey Matter
Frontal

0.407
(0.04)

0.387 (0.05)

0.315 (0.1)

0.207
(0.3)

0.353
(0.08)

Right Cortical Grey Matter
Frontal

0.369
(0.06)

0.317 (0.1)

0.335 (0.1)

0.077
(0.7)

0.426
(0.03)

0.332 (0.1)

0.420 (0.03)

0.222 (0.2)

0.255
(0.2)

0.074
(0.7)

Right Cortical Grey Matter
Temporal

0.381
(0.06)

0.406 (0.04)

0.264 (0.2)

0.336
(0.1)

0.155
(0.4)

Left Cortical Grey Matter
Parietal

0.411
(0.04)

0.419 (0.03)

0.420
(0.03)

0.2 (0.3)

0.163
(0.4)

0.3 (0.1)

0.289 (0.1)

0.342
(0.09)

0.104
(0.6)

0.148
(0.4)

0.268 (0.1)

0.251 (0.2)

0.143 (0.4)

0.281
(0.1)

0.226
(0.2)

Right Cortical Grey Matter
Occipital

0.344
(0.09)

0.311 (0.1)

0.266 (0.1)

0.237
(0.2)

0.285
(0.1)

Left Cortical Grey Matter
Insula

-0.107
(0.6)

-0.108 (0.6)

-0.047
(0.8)

-0.023
(0.9)

-0.152
(0.4)

0.089 (0.6)

0.114 (0.5)

0.075 (0.7)

0.035
(0.8)

0.031
(0.8)

Left Cortical Grey Matter
Cingulate

0.337
(0.09)

0.304 (0.1)

0.27 (0.1)

0.284
(0.1)

0.21 (0.3)

Right Cortical Grey Matter
Cingulate

0.352
(0.08)

0.234 (0.2)

0.281 (0.1)

0.359
(0.07)

0.291
(0.1)

Left Deep Grey Matter

0.347
(0.08)

0.274 (0.1)

0.398
(0.04)

0.186
(0.3)

0.183
(0.3)

Right Deep Grey Matter

0.356
(0.08)

0.278 (0.1)

0.375
(0.06)

0.209
(0.3)

0.222
(0.2)

Cerebellar

0.385
(0.05)

0.495 (0.01)

0.321 (0.1)

0.209
(0.3)

0.038
(0.8)

Left Cortical Grey Matter
Temporal

Right Cortical Grey Matter
Parietal
Left Cortical Grey Matter
Occipital

Right Cortical Grey Matter
Insula
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10.4.2.3 Frontal
In this cohort, 21 participants were classified as having frontal lobe epilepsy.
The correlation between pRNFL thickness and brain volume was found almost
exclusively in the thalamus bilaterally.
Table 137: Pearson correlation between pRNFL thickness and brain volume fractions in people with
frontal lobe epilepsy and p-values
Brain Area Fraction

ODT

ODS

ODI

ODNa

ODTe

0.255 (0.2)

0.397 (0.07)

0.188
(0.4)

0.047
(0.8)

0.16 (0.4)

-0.072
(0.7)

-0.033 (0.8)

0.027
(0.9)

-0.342
(0.1)

0.216 (0.3)

0.214 (0.3)

0.189 (0.4)

0.187
(0.4)

-0.002
(0.9)

0.346 (0.1)

Left Thalamus

0.643
(0.002)

0.720
(<0.001)

0.461
(0.03)

0.208
(0.3)

0.597
(0.004)

Right Thalamus

0.608
(0.003)

0.561
(0.008)

0.516
(0.01)

0.155
(0.5)

0.621
(0.003)

Left White Matter

-0.067
(0.7)

-0.144 (0.5)

-0.122
(0.5)

0.135
(0.5)

-0.115
(0.6)

Right White Matter

0 (0.9)

-0.229 (0.3)

-0.034
(0.8)

0.196
(0.3)

0.001 (0.9)

Left Cortical Grey Matter
Frontal

-0.064
(0.7)

0.125 (0.5)

-0.087
(0.7)

-0.062
(0.7)

-0.105
(0.6)

Right Cortical Grey Matter
Frontal

-0.058
(0.8)

0.062 (0.7)

-0.147
(0.5)

0.08 (0.7)

-0.095
(0.6)

Left Cortical Grey Matter
Temporal

0.249 (0.2)

0.479 (0.02)

0.022
(0.9)

0.164
(0.4)

0.191 (0.4)

Right Cortical Grey Matter
Temporal

0.339 (0.1)

0.477 (0.02)

0.164
(0.4)

0.125
(0.5)

0.329 (0.1)

Left Cortical Grey Matter
Parietal

0.121 (0.6)

0.283 (0.2)

0.156
(0.5)

-0.026
(0.9)

-0.033
(0.8)

Right Cortical Grey Matter
Parietal

0.004 (0.9)

0.169 (0.4)

0.073
(0.7)

-0.14
(0.5)

-0.079
(0.7)

Left Cortical Grey Matter
Occipital

0.047 (0.8)

0.115 (0.6)

0.124
(0.5)

-0.187
(0.4)

0.055 (0.8)

Whole Brain

Left Hippocampus

Right Hippocampus
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Right Cortical Grey Matter
Occipital

0.189 (0.4)

0.27 (0.2)

0.262
(0.2)

-0.206
(0.3)

0.201 (0.3)

Left Cortical Grey Matter
Insula

0.234 (0.3)

0.31 (0.1)

0.136
(0.5)

-0.019
(0.9)

0.359 (0.1)

Right Cortical Grey Matter
Insula

0.257 (0.2)

0.281 (0.2)

0.163
(0.4)

0.058
(0.8)

0.317 (0.1)

Left Cortical Grey Matter
Cingulate

0.191 (0.4)

0.23 (0.3)

0.087
(0.7)

0.026
(0.9)

0.296 (0.1)

Right Cortical Grey Matter
Cingulate

0.162 (0.4)

0.165 (0.4)

0.201
(0.3)

-0.13
(0.5)

0.28 (0.2)

Left Deep Grey Matter

0.326 (0.1)

0.519 (0.01)

0.255
(0.2)

-0.066
(0.7)

0.342 (0.1)

Right Deep Grey Matter

0.326 (0.1)

0.440 (0.04)

0.304
(0.1)

-0.13
(0.5)

0.431
(0.05)

0.393
(0.07)

0.614
(0.003)

0.364
(0.1)

-0.018
(0.9)

0.258 (0.2)

Cerebellar

10.4.2.4 Temporal
I analysed the correlation between right eye pRNFL thickness and brain
volume in 63 people with temporal lobe epilepsy. Almost all OCT segments had a
significant correlation with whole brain fraction as well as bilateral white matter
fraction. I did not identify a correlation between pRNFL thickness and grey matter
from temporal lobe or insula.
Table 138: Pearson correlation between pRNFL thickness and brain volume fractions in people with
temporal lobe epilepsy and p-values
Brain Area Fraction
Whole Brain

Left Hippocampus

Right Hippocampus

Left Thalamus

ODT

ODS

ODI

ODN

ODTe

0.483
(<0.001)

0.431
(<0.001)

0.372
(0.003)

0.21
(0.09)

0.434
(<0.0001)

-0.061
(0.6)

-0.013
(0.9)

-0.095
(0.4)

-0.044
(0.7)

0.02 (0.8)

0.082 (0.5)

0.126 (0.3)

0.068
(0.5)

-0.031
(0.8)

0.068 (0.5)

0.313
(0.01)

0.299
(0.01)

0.262
(0.03)

0.235
(0.06)

0.099 (0.4)
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Right Thalamus

0.401
(0.001)

0.413
(0.001)

0.308
(0.01)

0.236
(0.06)

0.196 (0.1)

Left White Matter

0.460
(<0.001)

0.383
(0.002)

0.358
(0.004)

0.302
(0.01)

0.320 (0.01)

Right White Matter

0.376
(0.002)

0.322
(0.01)

0.301
(0.01)

0.213
(0.09)

0.283 (0.02)

Left Cortical Grey Matter
Frontal

0.355
(0.004)

0.306
(0.01)

0.263
(0.03)

0.163
(0.2)

0.311 (0.01)

Right Cortical Grey Matter
Frontal

0.177 (0.1)

0.125 (0.3)

0.133
(0.2)

0.049
(0.7)

0.222 (0.08)

Left Cortical Grey Matter
Temporal

0.134 (0.2)

0.159 (0.2)

0.074
(0.5)

0.069
(0.5)

0.104 (0.4)

Right Cortical Grey Matter
Temporal

0.151 (0.2)

0.201 (0.1)

0.079
(0.5)

0.017
(0.8)

0.161 (0.2)

Left Cortical Grey Matter
Parietal

0.264
(0.03)

0.204 (0.1)

0.211
(0.09)

-0.035
(0.7)

0.483
(<0.001)

Right Cortical Grey Matter
Parietal

0.296
(0.01)

0.277
(0.02)

0.239
(0.05)

-0.035
(0.7)

0.461
(<0.001)

0.172 (0.1)

0.216
(0.09)

0.084
(0.5)

-0.001
(0.9)

0.247 (0.05)

Right Cortical Grey Matter
Occipital

0.228
(0.07)

0.252
(0.04)

0.13 (0.3)

0.036
(0.7)

0.285 (0.02)

Left Cortical Grey Matter
Insula

0.214
(0.09)

0.169 (0.1)

0.088
(0.4)

0.279
(0.02)

0.117 (0.3)

0.034 (0.7)

0.047 (0.7)

-0.071
(0.5)

0.205
(0.1)

-0.06 (0.6)

0.224
(0.07)

0.061 (0.6)

0.291
(0.02)

0.184
(0.1)

0.104 (0.4)

0.19 (0.1)

0.118 (0.3)

0.148
(0.2)

0.165
(0.1)

0.152 (0.2)

Left Deep Grey Matter

0.244
(0.05)

0.228
(0.07)

0.136
(0.2)

0.271
(0.03)

0.096 (0.4)

Right Deep Grey Matter

0.258
(0.04)

0.273
(0.03)

0.146
(0.2)

0.221
(0.08)

0.129 (0.3)

0.059 (0.6)

0.068 (0.5)

0.079
(0.5)

-0.013
(0.9)

0.024 (0.8)

Left Cortical Grey Matter
Occipital

Right Cortical Grey Matter
Insula
Left Cortical Grey Matter
Cingulate
Right Cortical Grey Matter
Cingulate

Cerebellar
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10.4.2.5 Occipital
Due to the small number of people in this group (n=2), it was not possible to
calculate the Pearson Correlation.
10.4.2.6 Multifocal
The only correlation identified in the analysis of the MRI of 39 people
diagnosed with multifocal epilepsy was between superior quadrant thickness of the
right eye and left thalamus volume.
Table 139: Pearson correlation between pRNFL thickness and brain volume fractions in people with
multifocal epilepsy and p-values
Brain Area Fraction

ODT

ODS

ODI

ODN

ODTe

0.164 (0.3)

0.166 (0.3)

0.022
(0.8)

0.096 (0.5)

0.238
(0.1)

Left Hippocampus

-0.137
(0.4)

-0.314
(0.05)

-0.078
(0.6)

-0.193
(0.2)

0.282
(0.08)

Right Hippocampus

-0.044
(0.7)

-0.189
(0.2)

0.046
(0.7)

-0.168
(0.3)

0.156
(0.3)

Left Thalamus

0.352
(0.02)

0.442
(0.005)

0.182
(0.2)

0.096 (0.5)

0.233
(0.1)

Right Thalamus

0.261 (0.1)

0.363
(0.02)

0.207
(0.2)

-0.05 (0.7)

0.109
(0.5)

Left White Matter

0.036 (0.8)

-0.039
(0.8)

0.067
(0.6)

0.089 (0.5)

-0.061
(0.7)

Right White Matter

0.002 (0.9)

-0.072
(0.6)

0.033
(0.8)

0.092 (0.5)

-0.095
(0.5)

Left Cortical Grey Matter
Frontal

-0.078
(0.6)

0.095 (0.5)

-0.18
(0.2)

-0.108
(0.5)

0.081
(0.6)

Right Cortical Grey Matter
Frontal

-0.116
(0.4)

0.079 (0.6)

-0.192
(0.2)

-0.261
(0.1)

0.158
(0.3)

Left Cortical Grey Matter
Temporal

0.086 (0.6)

0.227 (0.1)

-0.089
(0.5)

-0.042
(0.8)

0.226
(0.1)

Right Cortical Grey Matter
Temporal

0.143 (0.3)

0.25 (0.1)

-0.059
(0.7)

0.006 (0.9)

0.273
(0.09)

Left Cortical Grey Matter
Parietal

0.148 (0.3)

0.162 (0.3)

-0.022
(0.8)

0.23 (0.1)

0.139
(0.3)

Whole Brain
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Right Cortical Grey Matter
Parietal

0.099 (0.5)

0.087 (0.5)

-0.04
(0.8)

0.203 (0.2)

0.125
(0.4)

Left Cortical Grey Matter
Occipital

0.149 (0.3)

0.068 (0.6)

0.109
(0.5)

0.155 (0.3)

0.116
(0.4)

Right Cortical Grey Matter
Occipital

0.078 (0.6)

0.083 (0.6)

0.075
(0.6)

0.125 (0.4)

-0.079
(0.6)

Left Cortical Grey Matter
Insula

-0.073
(0.6)

-0.019
(0.9)

-0.041
(0.8)

0.026 (0.8)

-0.173
(0.2)

Right Cortical Grey Matter
Insula

-0.350
(0.02)

-0.2 (0.2)

-0.264
(0.1)

-0.313
(0.05)

-0.159
(0.3)

0.008 (0.9)

0.128 (0.4)

-0.009
(0.9)

-0.15 (0.3)

0.061
(0.7)

Right Cortical Grey Matter
Cingulate

-0.068
(0.6)

0.17 (0.3)

-0.112
(0.4)

-0.245
(0.1)

0.038
(0.8)

Left Deep Grey Matter

0.268
(0.09)

0.222 (0.1)

0.224
(0.1)

0.051 (0.7)

0.177
(0.2)

Right Deep Grey Matter

0.121 (0.4)

0.022 (0.8)

0.155
(0.3)

-0.079
(0.6)

0.169
(0.3)

Cerebellar

0.259 (0.1)

0.122 (0.4)

0.181
(0.2)

0.079 (0.6)

0.349
(0.03)

Left Cortical Grey Matter
Cingulate

10.4.2.7 Undetermined
In the subgroup of people with undetermined epilepsy (n=22), I was able to
identify a correlation between pRNFL thickness of the inferior quadrant of the right
eye and bilateral cortical volume of the temporal lobe.
Table 140: Pearson correlation between pRNFL thickness and brain volume fractions in people with
undetermined epilepsy and p-values
Brain Area Fraction

ODT

ODS

ODI

ODN

ODTe

Whole Brain

-0.25
(0.2)

0.16 (0.4)

-0.44
(0.03)

-0.30
(0.1)

-0.16
(0.4)

0.10 (0.6)

0.13 (0.5)

-0.06 (0.7)

0.08 (0.7)

0.17 (0.4)

-0.09
(0.6)

-0.15
(0.5)

-0.19 (0.3)

0.02 (0.8)

0.16 (0.4)

0.02 (0.9)

0.40
(0.05)

-0.21 (0.3)

-0.24
(0.3)

0.008
(0.9)

Left Hippocampus
Right Hippocampus

Left Thalamus
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Right Thalamus

0.03 (0.8)

0.47
(0.02)

-0.20 (0.3)

-0.28
(0.2)

0.005
(0.9)

Left White Matter

-0.10
(0.6)

0.33 (0.1)

-0.27 (0.2)

-0.20
(0.3)

-0.25
(0.2)

Right White Matter

-0.018
(0.9)

0.41
(0.05)

-0.17 (0.4)

-0.15
(0.4)

-0.30
(0.1)

Left Cortical Grey Matter Frontal

-0.28
(0.1)

-0.14
(0.5)

-0.37
(0.08)

-0.14
(0.5)

-0.06
(0.7)

Right Cortical Grey Matter
Frontal

-0.32
(0.1)

-0.12
(0.5)

-0.42
(0.05)

-0.16
(0.4)

-0.16
(0.4)

Left Cortical Grey Matter
Temporal

-0.37
(0.08)

-0.14
(0.5)

-0.50
(0.01)

-0.33
(0.1)

0.04 (0.8)

Right Cortical Grey Matter
Temporal

-0.41
(0.05)

-0.08
(0.7)

-0.54
(0.008)

-0.40
(0.06)

-0.06
(0.7)

Left Cortical Grey Matter
Parietal

-0.30
(0.1)

0.023
(0.9)

-0.37
(0.08)

-0.42
(0.04)

-0.05
(0.8)

Right Cortical Grey Matter
Parietal

-0.21
(0.3)

0.11 (0.6)

-0.3 (0.1)

-0.40
(0.06)

-0.01
(0.9)

Left Cortical Grey Matter
Occipital

-0.08
(0.6)

-0.10
(0.3)

-0.04 (0.8)

-0.10
(0.6)

-0.01
(0.9)

Right Cortical Grey Matter
Occipital

-0.18
(0.4)

-0.03
(0.8)

-0.24 (0.2)

-0.15
(0.4)

-0.08
(0.7)

Left Cortical Grey Matter Insula

-0.09
(0.6)

0 (1)

-0.25 (0.2)

0.09 (0.6)

-0.08
(0.7)

Right Cortical Grey Matter
Insula

-0.23
(0.3)

-0.07
(0.7)

-0.42
(0.04)

0.02 (0.9)

-0.12
(0.5)

-0.3 (0.1)

-0.24
(0.3)

-0.34 (0.1)

-0.25
(0.2)

0.08 (0.7)

-0.28
(0.2)

0.038
(0.8)

-0.33 (0.1)

-0.22
(0.3)

-0.28
(0.2)

Left Deep Grey Matter

0.21 (0.3)

0.44
(0.03)

-0.11 (0.6)

0.18 (0.4)

0.03 (0.8)

Right Deep Grey Matter

0.25 (0.2)

0.43
(0.04)

-0.11 (0.6)

0.26 (0.2)

0.09 (0.6)

Cerebellar

0.03 (0.8)

0.09 (0.6)

-0.06 (0.7)

-0.02
(0.9)

0.09 (0.6)

Left Cortical Grey Matter
Cingulate
Right Cortical Grey Matter
Cingulate
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I performed an independent samples t-test to assess if any of the fractions
had an association with sex, laterality (right vs left as well as focal vs generalised),
history of exposure to sodium valproate, drug resistance and learning disability. I did
not identify a statistically significant difference according to sex or laterality. People
with previous exposure to valproate (n=110) had an average lower volume fraction in
the following areas: whole brain (0.019, C.I.: 0.01 – 0.02, p<0.0001), right and left
thalamus (0.002, C.I.: 0.0009 – 0.0003, p<0.0001 and 0.00019, C.I.: 0.0007 – 0.0003
p=0.001 respectively), grey matter of right frontal lobe ( 0.0015, C.I.: 0.0004 – 0.002,
p=0.01), grey matter from the right and left temporal lobe (0.001, C.I.: 0.0008 – 0.003,
p<0.0001 and -0.002, C.I.: 0.001 – 0.03, p<0.0001 respectively), grey matter from left
insula (0.0001, C.I.: 0.00004 – 0.0002, p=0.007), right and left grey matter from the
basal ganglia (0.005, C.I.: 0.0002 – 0.0008, p<0.0001 bilaterally). In people who were
drug-resistant (n=149), the independent samples t-test identified a difference of
volume fraction in the following segments: whole brain volume (0.02, C.I.: 0.007 –
0.03, p=0.003), right and left thalamus (0.0002, C.I.: 0.0001 – 0.0003, p<0.0001 and
0.0003, C.I.: 0.0001 – 0.0005, p<0.0001 respectively), grey matter volume from the
left temporal lobe (0.002, C.I.: 0.007 – 0.003, p=0.003), left basal ganglia (0.0006,
C.I.: 0.0001 – 0.001, p=0.001) and cerebellar (0.005, C.I.: 0.001 – 0.009, p=0.002). I
did not identify any correlation between the fractions and learning disability. It is
possible that this lack of effect is due to the small number of participants (n=15).
I performed a Pearson correlation to assess the effect of age and number of
drugs the participant had been previously exposed to and found a statistically
significant correlation in both variables.
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Table 141: Pearson correlation between brain volume fraction and age and number of AEDs exposure
and p-values
Brain Area Fraction

Correlation Age

Correlation Number of Drugs

-0.454 (<0.001)

-0.240 (0.001)

Left Hippocampus

-0.057 (0.4)

-0.165 (0.03)

Right Hippocampus

-0.048 (0.5)

-0.12 (0.1)

Left Thalamus

-0.300 (<0.0001)

-0.313 (<0.0001)

Right Thalamus

-0.334 (<0.0001)

-0.297 (<0.0001)

Left White Matter

-0.03 (0.6)

-0.091 (0.2)

Right White Matter

-0.011 (0.8)

-0.098 (0.1)

Left Cortical Grey Matter
Frontal

-.0469 (<0.0001)

-0.191 (0.012)

Right Cortical Grey Matter
Frontal

-0.427 (<0.0001)

-0.208 (0.006)

Left Cortical Grey Matter
Temporal

-0.402 (<0.0001)

-0.210 (0.006)

Right Cortical Grey Matter
Temporal

-0.408 (<0.0001)

-0.169 (0.02)

Left Cortical Grey Matter
Parietal Fraction

-0.404 (<0.0001)

-0.05 (0.5)

Right Cortical Grey Matter
Parietal Fraction

-0.381 (<0.0001)

-0.045 (0.5)

Left Cortical Grey Matter
Occipital Fraction

-0.165 (0.03)

0.021 (0.7)

Right Cortical Grey Matter
Occipital Fraction

-0.177 (0.02)

-0.029 (0.7)

Left Cortical Grey Matter
Insula Fraction

-0.204 (0.007)

-0.177 (0.02)

Right Cortical Grey Matter
Insula Fraction

-0.153 (0.04)

-0.116 (0.1)

Left Cortical Grey Matter
Cingulate Fraction

-0.381 (<0.0001)

-0.127 (0.09)

Right Cortical Grey Matter
Cingulate Fraction

-0.398 (<0.0001)

-0.075 (0.3)

Left Deep Grey Matter
Fraction

-0.431 (<0.0001)

-0.269 (<0.0001)

Whole Brain
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Right Deep Grey Matter
Cerebellar

This

cohort

was

-0.411 (<0.0001)

-0.236 (0.002)

-0.229(0.003)

-0.207 (0.006)

unevenly

distributed

according

to

demographic

characteristics as well as epilepsy phenotype. Due to this imbalance, the analysis
loses reliability in certain underrepresented subgroups, such as in people whose
epilepsy originates in occipital lobe. There was a predominance of female participants
(68 males and 104 females). Of the 172 participants analysed, 15 had learning
disabilities. Fifty-six participants had a left side focus and 34 had right focus on EEG.
The majority of participants had temporal lobe epilepsy (n=63). Only 23 people were
not drug-resistant.
10.4.2.8 ODT
I performed a multiple linear regression analysis to identify possible
correlation between pRNFL thickness and brain volume. I corrected the analysis for
the effect of age, sex, learning disability, drug resistance, OCT signal strength, MRI
scanner used to acquire images and total intracranial volume. This analysis confirmed
that age and sex were strongly associated with thickness of ODT (-0.9, S.E.: 0.05,
p=0.01 and 6, S.E.: 1.8, p=0.001 respectively)
A borderline significant correlation between ODT and right grey matter of
insula (coefficient -3.46, S.E.: 1.4, p=0.02) was identified. The white matter from the
left hemisphere had a borderline correlation of 0.14 (S.E.: 0.7, p=0.03). A statistically
significant correlation was found with the thalamus bilaterally (right: 5.43, S.E.: 1.6,
p=0.002; left: 4.61, S.E.: 1.4, p=0.002).

278

10.4.2.9 ODS
The multiple linear regression of this quadrant identified a significant effect of
sex and age in the correlation of the majority of brain volumes assessed (complete
analysis in annex 15).
I identified a statistically significant correlation between pRNFL thickness from
the superior quadrant and the volume of the thalamus bilaterally (right: 10.909, S.E.:
2.6, p<0.0001; left: 8.896, S.E.: 2.3, p<0.0001). Some structures reached borderline
statistical significance, these were:
-

Left deep grey matter: 2.51, S.E: 1.05, p=0.019

-

Whole brain volume: 0.088, S.E.: 0.03, p=0.015

-

Right occipital lobe: 0.67, S.E.: 0.3, p=0.05

-

Right white matter: 0.207, S.E.: 0.1, p=0.051

-

Left white matter: -0.285, S.E.: 0.1, p=0.02

10.4.2.10 ODI
As seen in other segments, age and sex were strongly associated with pRNFL
thickness from the inferior quadrant (complete analysis can be found on annex 16).
There was a statistically significant association between the volume of right thalamus
and the retinal thickness of the inferior quadrant (coefficient 6.37, S.E.: 3.2, p=0.005)
and borderline significant correlation with the volume of the grey matter from the right
insula (coefficient -6.59, S.E.: 2.6, p=0.015).

10.4.2.11 ODN
The analysis assessing for a correlation between the nasal quadrant of the
right eye and brain volume did not identify any statistically significant result.
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10.4.2.12 ODTe
The multiple linear regression analysis of the temporal quadrant identified a
significant effect of sex, age and learning disability in the thickness of this quadrant.
None of the brain areas assessed had a statistically significant correlation with ODTe.
10.4.3 Analysis according to lobe of onset:
To assess if the lobe of onset led to a difference in the correlation between
pRNFL thickness and brain volume, I analysed the results according to this variable:
10.4.3.1 IGE:
In people with IGE, I identified a borderline significant correlation between the
right hippocampus volume and ODT (coefficient: 31.108, S.E.: 14.4, p=0.053) as well
as whole brain volume and ODS (coefficient 0.678, S.E.: 0.2, p=0.029). None of the
other analysed segments had a statistically significant correlation.
10.4.3.2 Frontal:
In people with FLE, I identified a borderline correlation between left thalamus
volume and ODT (coefficient 12.82, S.E.: 5.1, p=0.028) and ODS (coefficient: 14.134,
S.E.: 5.3, p=0.021). None of the segments reached statistical significance.
10.4.3.3 Temporal:
In this subgroup, I identified a borderline significant correlation between the
thickness of ODT and:
-

whole brain volume: (coefficient 0.104, S.E.: 0.03, p=0.02)

-

left hemisphere white matter: (coefficient: 0.288, S.E.: 0.1, p=0.018)

-

Right thalamus: (coefficient: 7.35, S.E.: 2.8, p=0.015)

-

Left thalamus: (coefficient 6.02, S.E.: 2.6, p=0.029)

The analysis of ODS identified a borderline correlation with the volumes of
whole brain (coefficient: 0.126, S.E.: 0.05, p=0.02) and left white matter (coefficient:
0.373 , S.E.: 0.1, p=0.035). In the inferior quadrant thickness, a borderline significant
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correlation was found with the whole brain volume (coefficient: 0.170, S.E.: 0.06,
p=0.018), volumes of the left thalamus (coefficient: 10.647, S.E.: 5.03, p=0.04), right
thalamus (coefficient:12.777, S.E.: 5.4, p=0.025), and left white matter (coefficient:
0.446, S.E.:0.2, p=0.03).
10.4.3.4 Occipital:
Due to the small number of participants with epilepsy onset in this lobe, the
multiple linear regression analysis did not identify any significant result.
10.4.3.5 Multifocal:
In the analysis of this subgroup, the variable with greatest association was
learning disability, which was statistically significant in all performed analysis. I
identified a borderline significant correlation between superior quadrant thickness and
volume of left hippocampus (coefficient: -19.208, S.E.: 6.8, p=0.015), and left
thalamus volume (coefficient: 10.152, S.E.: 3.7, p=0.012)

Discussion
In this study, I tested two hypotheses. The first was that pRNFL thickness
would

be

associated

with

reported

abnormalities

on

MRI

identified

by

neuroradiologists, such as presence of hippocampal sclerosis or temporal lobectomy
for treatment of refractory TLE. The second, that pRNFL thickness would have a
direct association with grey, and, especially, white matter volume, and this potentially
would be greater at the respective anatomical seizure onset.
The first hypothesis was not confirmed, and I was unable to find any
statistically significant correlation between pRNFL thickness and reported MRI
changes. It is possible that this was due to the small sample size of certain groups
(such as people with hippocampal sclerosis or previous temporal lobectomy), or that
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any of the possible identifiable correlations were obscured by the characteristics of
this highly selected drug-resistant population with a long duration of epilepsy.
For the second hypothesis, I did not find a direct correlation between pRNFL
thickness and cortical grey or white matter volumes. Whilst other studies were able
to find correlations in average thickness as well as superior and inferior quadrants in
people with neurodegenerative disorders (mainly multiple sclerosis and Alzheimer’s
disease) (2,88,151,152,184), this study identified a statistically significant correlation
of thalamic volume bilaterally with average thickness and superior quadrant and right
thalamic volume with inferior quadrant thickness of the entire cohort. This result was
only borderline statistically relevant when I assessed for the different lobes of onset.
It is possible that this analysis was affected by the small number of participants in
certain subcategories (such as frontal and occipital lobe epilepsies), presence of
confounding factors or that the association is discrete, it being necessary for a greater
number of participants to reach the required statistical power. The thalamus, a
structure part of the limbic circuit, is a major hub in the brain, connecting cortical
structures to basal ganglia and cerebellum (394). Its functions include regulation of
sleep-awake cycle, processing and relay of sensory modalities and memory, as it is
connected to the hippocampus via the Papez circuit (272). This structure may trigger,
halt or influence seizure propagation. Previous MRI studies suggest that the volume
of the anterior nucleus of the thalamus, especially on the right, is closely associated
with focal and generalised epilepsies (395). A suggested explanation for this is that
epilepsies have a common vulnerability in the thalamocortical pathway. This could be
the mechanism of seizure onset, spreading to other cortical areas or if might be a
consequence of recurrent seizures and/or treatment. This structure is also part of the
visual pathway, as the LGN is located in the thalamic lateral nucleus, and it is the site
where the synapse occurs between the first and second neuron (6). The method for
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quantification of thalamic volume considers the structure as a whole, and it is likely
that part of the accounted volume represents fibres from the optic radiation.
Deep brain stimulation (DBS) is a technique in which electrodes inserted in
different areas of the brain deliver repetitive electrical stimulation (272,396). It is most
frequently used in the treatment of movement disorders, such as Parkinson’s disease,
dystonia and essential tremor (397). Current studies are exploring the use of this
technique in the treatment of other neurological and psychiatric disorders (398). In
epilepsy, studies analysed the reduction of seizure frequency while targeting different
areas of the brain, as well as comparing any difference in the results if the device was
turned on or off (272,396). The selected areas included the anterior nucleus of the
thalamus, the hippocampus, the cerebellum, and the ictal region among others. The
SANTE study, which focused on stimulating the anterior nucleus of the thalamus, was
able to decrease seizure frequency on an average of 25-30% in a significant
percentage of people with focal and secondary generalised seizures in the first few
months after insertion (399). However, none of the participants became seizure-free
and side effects included depression and perceived worsening of memory, which was
not confirmed in psychometric assessment. Some authors suggest that, as seizure
frequency reduction occurs even when the DBS is off, the observed change in seizure
frequency is related to the “microthalamotomy” and not to the device itself (400). This
treatment modality identifies as a possible target the thalamic region, and though
partially effective in reducing seizure frequency, it is still not often offered to patients
as results are less marked than with movement disorders. Though these studies
reinforce the role of the thalamus in epilepsy, the clinical use for the correlation
between retinal thickness and this brain structure still remains to be defined.
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Limitations
The initial analysis included all MRI reports available. For the volumetric
analysis, I only included people whose scans were performed within a 12-month
period from the OCT scan. This led to a difference in the number of participants as
well as distribution of lobe of onset. Though I tried to correct for these factors in this
statistical analysis, it is possible that it may still have affected the results.
This analysis considered the volume of thalamus as a single structure. It is
possible that results will vary if a comparison is carried out between the different
segments of this brain region and retinal thickness.
Due to the observed effect of signal strength, I focused the analysis in results
from the right eye. It is possible that this led to misrepresentation of information from
the left hemisphere which resulted in not identifying a local effect.
Though 3T MRI scans are the best modality of imaging presently available, it
does still have limitations on precision. Small lesions may not be identified and only
be recognised “a posteriori”. The imaging report also depends on the identifying skills
of the neuroradiologist, thus potentially introducing human error.
During the period in which participants were recruited for the OCT study, there
was an upgrade in the MRI scanner. Even though the analysis did not identify a clear
effect of the scanner used, it is possible that this difference could have affected the
results.

Conclusion
Previous studies in the normal population as well as in people with
neurodegenerative conditions (such as multiple sclerosis and Alzheimer’s disease)
have identified a correlation between pRNFL thickness measured by OCT and
changes in both grey and white matter on MRI. The analysis did not identify any
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statistically significant result when I compared thickness at the ONH to the different
diagnosis on neuroradiology reports. This study failed to identify a statistically
significant correlation between the presence of hippocampal sclerosis on the
neuroradiology report and the pRNFL thickness at the ONH, possibly due to the small
number of participants with this finding.
Comparing the volume of different areas of the brain to right eye
measurements obtained by OCT, I observed a significant correlation of thalamic
volume bilaterally with the average and superior quadrant thickness. This association
was only present in the right thalamus on the inferior quadrant thickness. I analysed
the correlation of pRNFL thickness and the different areas of the brain according to
the lobe of onset and were only able to identify borderline significant results. These
results still suggest a possible correlation with thalamic volume. Many studies have
focused on the role of the thalamus in epilepsy, both in regard of origin and spreading
of seizures. Further studies are necessary to explore this relation in greater depth.
Given that patients are more likely to tolerate being scanned with OCT instead of MRI,
it is important to explore how retinal imaging could be useful in medical practice as a
surrogate biomarker of neurodegeneration.
MRI imaging is an ever-evolving technique which is likely to reach a near
histopathological precision in the future. This analysis focused only on correlations
between retinal thickness and volumetric measurements. I did not investigate the
relation between pRNFL thickness and DTI or tractography, techniques which explore
in great detail characteristics of white matter. As OCT is described as a surrogate
marker of white matter integrity, the comparison of the two techniques should be the
next way forward.
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Limitations

11.1 Epilepsy
11.1.1 Recruitment and Target Population
People are currently recruited from the SWG ward, part of the Chalfont Centre
for Epilepsy. As this is a highly specialised centre for investigation and treatment of
epilepsy, participants are more likely to be drug-resistant than the average population
with this condition, therefore observations found in this cohort may not be
representative of the entire population.
I attempted to recruit the maximum number of participants during their
admission to our centre or when they came for their outpatient appointment. This led
to an imbalance between distribution of sex, age and ethnic group. All these variables
were identified as having a significant effect on pRNFL thickness.
The majority of participants had longstanding refractory epilepsy, often
multifocal or of unknown onset. A significant number of those who underwent epilepsy
surgery did not become seizure-free. It is possible that people who are responsive to
treatment have a pattern of pRNFL thickness similar to the average population.
This study was non-blinded. As the same researcher recruited and examined
participants also acquired the OCT scans, it is possible that this led to biases. It is
possible that each researcher considered a participant unfit to perform the scan
differently. Inbuilt software provides tools for objective data analysis; however, quality
control has a subjective component.
11.1.2 Phenotyping
Epilepsy is not a disease in itself, but a syndrome-complex of different
conditions which have in common the manifestation of seizures. I subdivided the
cohort according to lobe of onset as identified clinically, radiologically or
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electrographically. As this is an artificial way of categorizing epilepsy, it is possible
that grouping different diseases under the same category led to a dilution of observed
effect
I have not identified a clear correlation of pRNFL thickness and lobe of onset,
however there was a significant difference in the number of participants in each
subgroup. It is possible that people with occipital lobe epilepsy will have the most
marked association with pRNFL thickness, which was not found in this study as only
two participants were diagnosed with this type of epilepsy.

11.2 OCT
11.2.1 Machine
Despite OCT being considered an optic biopsy, there is still some variance
between scans inherent to the machine. In clinical practice, ophthalmologists allow
for a variation of ±5µm. This study identified a variation of ±3µm when comparing
quadrants and of ±0.8µm when comparing average thickness. This variation, however,
may affect longitudinal and symmetry studies.
The Zeiss Cirrus OCT machine does not correct the thickness report
according to the anatomical location of segments according to their relation to the
macula. Therefore, any variation in the positioning of the participant on the chin-rest
may lead to the thickness of a segment being mislabelled. This significantly affects
the analysis of the 30-degree segments, and, to a smaller extent, the average and
quadrant thicknesses.
For unknown reasons, the Zeiss Cirrus OCT machine used in this study
consistently produced a lower signal strength on the left eye. Though I used the
conservative signal strength threshold of 7 arbitrary units, I was still able to identify
an effect of signal strength in the analysis. This led to my choice of performing one-
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eye analysis instead of the average thickness of both eyes. This study demonstrates
the importance of accounting for the effect of this variable, as it may significantly affect
longitudinal and symmetry analysis.

11.3 Methodology
11.3.1 Study Design
When this study was first designed, it was decided to analysed the pRNFL
thickness from the ONH. Data from the macula was collected, but so far not analysed.
By adding this information, better statistical models could be created, and this could
help to elucidate matters further, such as analysis of segments as well as asymmetry.
Future studies should consider utilising generalised estimating equation
models, as suggested by the APOSTEL guidelines.
11.3.2 Ophthalmological examination
pRNFL thickness does not depend solely on GCL axons. As seen in MS,
inflammation leads to migration of cells and proteins leading to initial increase in
thickness. Also, neurons may preserve normal morphological characteristics despite
malfunctioning
Participants had their previous medical history reviewed and were assessed
for visual acuity and colour vision. This was performed by a clinician but not by a
trained ophthalmologist. Therefore, it is possible ophthalmological conditions were
undiagnosed. Though visual acuity was assessed, the analysis was not corrected for
this. Ideally, refractive errors should also have been analysed, as it is known that
myopic eyes tend to be thinner in most quadrants compared to other forms of
ametropia.
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11.4 Drug History
The drug analysis was dichotomic, assessing only if a person was exposed to
different AEDs. In people previously exposed to vigabatrin, the observed pRNFL
thinning was dose related. Though I attempted to obtain total dose exposure,
information available in clinical notes was incomplete, preventing this analysis from
being performed.
Most participants were taking more than one AED at the time of the scan. It is
possible that interactions between different AEDs may lead to different effects in
pRNFL thickness.

11.5 Symmetry
Despite this study identifying a degree of asymmetry in retinal thickness in
people with epilepsy, I was unable to correlate this to specific lobes of onset. Some
subgroups that I hypothesised to have asymmetries were underrepresented, such as
people with previous temporal lobectomy.
Based on the retinotopic relations of pRNFL fibres at the ONH, the inferiortemporal 30-degree segment would be the one most likely associated with temporal
lobe epilepsy, if fibres from the Meyer’s loop are affected. As the Zeiss Cirrus OCT
machine does not correct the position of the image according to the position of the
macula, the identification of each of the 30-degree segments provided by the machine
is less precise, making the analysis of each segment less reliable.
The analysis focused on pRNFL measurements. Macular retinal ganglion cells
exhibit a retinotopic organization whereby the vertical midline of the ganglion cell layer
corresponds to the vertical midline of the visual field. Hence a study to demonstrate
asymmetries in this layer could have a greater sensitivity than studies of the pRNFL
where the crossing and non-crossing fibres are largely intermingled.
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11.6 Longitudinal
The most important limitation of the longitudinal study was the insufficient
number of participants who had enough repetitions to produce a reliable analysis.
Given all the variables known to affect pRNFL thickness, it would be necessary for at
least 7 repetitions in 86 participants of each lobe of onset to observe a statistically
significant effect.
I also did not acquire sufficient OCT repetitions in the control group to provide
a reliable comparison between groups.
The rate of pRNFL thickness loss has been determined in the normal
population, with some studies suggesting that the rate is less than to 2µm per decade.
Given the intra-scan variability, to obtain reliable results, the minimum time of follow
up would probably be greater than to 5 years.

11.7 MRI
One of the most important limitations on this study is that MRI scans were
obtained from two different scanners. Though the analysis did not identify a
statistically significant difference between the volumes of the two scanners, it is
possible that this may have affected the results.
I did not have a control group that had both MRI and OCT scans.
I only analysed the relation between brain volume and retinal thickness.

11.8 Cognition
11.8.1 Learning disability
This clinical characteristic was analysed as a dichotomic variable. It is
possible that different correlations would have been identified if I had subdivided the
groups according to severity and aetiology.
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People with severe learning disability were not recruited for participation in
this study, as they did not meet the clinical conditions to perform the scan. However,
this assessment was done by the researcher and it is possible that there were
inconsistencies during this study.
11.8.2 Cognitive studies
Though psychometric data were collected, I did not analyse the correlations
between pRNFL thickness and cognitive studies in this population. As epilepsy and
AEDs affect cognition in different manners, it is possible that the observed changes
were affected by the cognitive status of the participant.
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Conclusion
OCT is a modality of imaging which can provide helpful insights into many
different neurological conditions (3,119,123,130,134,184). Thus far, correlations
between OCT and the diagnosis of drug-resistant epilepsy and learning disability
have been found (4). This study identified on the cohort that age and sex were two of
the factors with the greatest impact on pRNFL thickness. I was also able to replicate
previous results identifying the correlation between learning disability and drug
resistance with pRNFL thickness, though with less significance than previously
identified. Other factors, such as history of temporal lobectomy, did not reach
statistically significant difference probably due to the small sample size.
Almost all segments of pRNFL thickness at the ONH were thinner in people
with epilepsy compared to controls, particularly the average, superior and inferior
quadrants. However, these correlations did not appear statistically significant once I
corrected for confounding factors and compared according to lobe of onset. Given
the small sample size of certain subgroups, it is possible that this correlation may be
identified by increasing the number of participants. If such a pattern is present, this
could be helpful in defining seizure phenotype in clinical practice, especially in those
people with normal or equivocal MRI and EEG.
When analysing pRNFL thickness, drug history is relevant. As seen with
vigabatrin (3), in order to interpret the natural course of pRNFL thinning in time, it is
necessary to exclude the retinotoxic effect of those medications which a person is
prescribed. This analysis failed to identify any association between other AEDs and
pRNFL thickness, when assessed as a dichotomic variable. Further studies are
necessary to definitively clarify the lack of association, by also analysing time of
exposure and total doses received.
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I was unable to produce a longitudinal analysis study, due to the small number
of participants with more than one scan but I observed a particularly significant effect
of age which was not seen on controls. This finding could be interpreted as an effect
of epilepsy in the density of pRNFL and is suggestive that this population lose
ganglion cell axons at a higher rate than the normal population. However, only a
longitudinal study starting at the time of diagnosis and with enough participants could
confirm this hypothesis.
The correlation between pRNFL thickness measured by OCT and brain
volume has been shown in many different neurological conditions. I identified a
significant correlation with thalamic volume. One possible explanation for this finding
is that the LGN is located at the thalamus. Though this is a small structure, it is
possible that any factor affecting the visual pathway will lead to a reduction in volume
in this area. It is also important to consider precision limitations of the method, as it
may consider fibres from the optic tract as part of the thalamus. It is also possible that
this study is underpowered, and with a greater number of participants, correlations
with other brain areas might also be identified. The correlation between the two
techniques needs to be further explored, as, if confirmed that pRNFL thickness is a
surrogate marker of neurodegeneration, which can be traced to certain areas of the
brain, this would provide helpful clinical information. The quick and precise acquisition
of retinal images is likely to be better tolerated by patients than MRI, as well as it does
not present contraindications such as those caused by the presence of metal
structures in the body.
I hypothesised that the damage of ongoing focal seizures could lead to
localised changes in pRNFL thickness, which could be identified as asymmetries of
certain segments of the ONH. I was especially interested in asymmetries of the
inferior quadrant, as fibres from this area are retinotopically related to the temporal
lobe. I was able to identify asymmetries in both cases and controls which were greatly
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influenced by signal strength, as there is a direct correlation between signal strength
and measurement accuracy of pRNFL thickness. Once I corrected for this, people
with epilepsy had asymmetry of the inferior 30-degree segment. The analysis
according to lobe of onset failed to identify any correlation. Further studies are
necessary to confirm these findings.
With the high repeatability and tolerability of OCT, if further studies confirm
and expand our findings, OCT could become a useful tool in clinical practice.
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Way Forward
This study had methodological and chronological limitations. Below I suggest
what can be improved and possible ways to continue this study.

13.1 Phenotyping and Variables of Interest
I chose to analyse the population according to the lobe of onset according to
clinical and electrographic characteristics, as I believed the anatomical effects of
epilepsy could result in different patterns of pRNFL changes. This led to
underrepresentation of certain lobes of onset. It is necessary to recruit a greater
number of participants in order to obtain sufficient numbers to generate a reliable
analysis.
Studies in the normal population found a correlation between retinal thickness
and refractive errors. Though I tested visual acuity, I did not correct for this variable.
Future studies should consider adding this variable to the analysis.

13.2 Drug History
Retinal thickness changes are believed to be related to underlying pathology,
but it is important to examine the long-term effect of AEDs. Due to the possibility of
discrete effects of AEDs on pRNFL thickness, further studies should attempt to
measure the effect of total drug exposure as well as duration of use of medication.
To obtain the most reliable results, a longitudinal study should be carried out in people
with

newly

diagnosed

epilepsy.

To

account

for

pharmacokinetic

and

pharmacodynamic variations in individuals, analysis of serum levels of AEDs should
also be performed.
Retigabine is a novel AED which acts on the potassium channel. This drug is
no longer routinely prescribed as it was observed to induce blue-grey discolouration
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of the skin and sclera (288,304). Studies have not yet been performed to identify the
effects of this drug on pRNFL thickness.

13.3 Symmetry
Due to the confounding factors, especially signal strength, it is necessary to
have a greater sample size to identify asymmetries in the different segments of the
ONH. The confirmation of retinal asymmetry, particularly in longitudinal studies either
from diagnosis or after surgery, would confirm that localised damage is induced by
seizure focus or section of fibres of the visual pathway.
In this study, I discussed asymmetry of the total, quadrants and 30-degree
segments. As the Zeiss Cirrus OCT machine does not correct for cyclotorsion, future
studies should attempt to develop an algorithm to correct for the position of the
macula as this would lead to more precise identification of each segment and allow
anatomical comparisons.
I only analysed pRNFL thickness at the ONH. As fibres migrate from the
different areas of the retina to the ONH, crossing and non-crossing fibres mix,
resulting in certain areas having a preponderance of one type, but no area has
exclusively non-crossing fibres. It is worth considering comparing pRNFL thickness
at the ONH to that at the macula, as this structure respects the midline and has a
predictable pattern of crossing fibres. It is also worth considering that the most
sensitive area to study asymmetry could be the macula.

13.4 Longitudinal
For reliable longitudinal results, the ideal study would recruit participants at
the time of diagnosis and re-scan them regularly at each clinical appointment, as this
would prevent confounding factors found in a highly drug-resistant population with
longstanding diagnosis.
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Previous OCT studies in people with stroke identified that after one year of
the event, changes in pRNFL thickness could be identified at the ONH
(19,80,94,134,401). It is possible that the same could be observed in people who
undergo temporal lobectomy. Ideally, this study should acquire the first scan prior to
surgery and repeat it in the following years. Visual field defects should also be
measured to assess if there would be any variance on thinning according to this. As
people who undergo temporal lobectomy tend to be younger, and trans-synaptic
degeneration has a correlation with age, it is possible that the time of follow up
required to identify an effect is longer than that observed in the stroke study.

13.5 MRI
The MRI study only compared the volume of different structures of the brain
and pRNFL thickness. However, this technology can measure different aspects of the
brain by using different protocols, such as cortical thickness, VBM, DTI and
tractography. DTI would be especially interesting to study, as it focusses on
characteristics of white matter, which have been previously correlated with pRNFL
thickness.

13.6 Cognitive Studies
Previous studies have shown the close relationship between pRNFL thickness
and cognition (118,147,150,152,187). As people with epilepsy often have memory
complaints and deficits identified on psychometric assessment, it is necessary to
assess how cognitive status affects all areas of the ONH in this population and if this
effect is equally distributed on pRNFL thickness according to cognitive domains.
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Figure 47: Information sheet
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New Participant Consent Form
EpiPGX Study (Study Number: 11/0506)
Chief Investigator: Professor SM Sisodiya
Version 2.0- 09/10/2012

1.
2.

Please
initial

I confirm that I have read and understood the information sheet (version 2.0, dated
09/10/2012) for the above study. I have had the opportunity to consider the information,
ask questions and have had these answered satisfactorily.
I understand that my participation is voluntary and that I am free to withdraw at any
time, without giving a reason, and without my clinical care being affected.

3.

I understand that sections of my medical records may be looked at by the research team
and regulatory authorities where it is relevant to my taking part in this research.

4.

I consent to providing a blood sample or in some circumstances a saliva sample, and
understand that some of my sample will be stored in the form of DNA.

5.

I understand that my sample will be coded and stored indefinitely for use in research projects
investigating the causes of epilepsy and the response to antiepileptic drug treatment.

6.

I understand that my sample and associated coded data may be shared with scientists
outside the National Hospital of Neurology and Neurosurgery to help with their
research projects
I understand that I may be contacted again in the future to provide a further sample but that
I am free to decline without my initial participation or my clinical care being affected.

7.
8.

I understand that my GP and neurologist will be informed of my participation in this research.

9.

I agree to take part in this research.

_____________________
Name of patient

_________
Date

______________________
Signature

_____________________
Name of person taking consent
(if different from the Investigator)

_________
Date

______________________
Signature

_____________________
Name of Investigator

_________
Date

______________________
Signature

1 copy for patient

1 copy for Researcher

1 copy to be kept with hospital notes

v2.0 09/10/2012

Figure 48: Consent form
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Annex 2: Left eye analysis
Classification of pRNFL thickness according to lobe of onset:
OST
Table 142: Number of participants and percentage according to classification of total thickness of the
left eye per lobe of onset
Lobe

Normal

Borderline

Thin

Generalised

37 (75.5%)

8 (16.3%)

4 (8.2%)

Frontal

22 (73.3%)

6 (20%)

2 (6.7%)

Temporal

67 (79.8%)

13 (15.5%)

4 (4.8%)

*

*

*

Occipital

3 (100%)

0 (0%)

0 (0%)

Multifocal

49 (70%)

17 (24.3%)

4 (5.7%)

34 (82.9%)

6 (14.6%)

1 (2.4%)

Parietal

Undetermined

OSS
Table 143: Number of participants and percentage according to classification of superior quadrant
thickness of the left eye per lobe of onset
Lobe

Normal

Borderline

Thin

Generalised

42 (85.7%)

3 (6.1%)

4 (8.2%)

Frontal

25 (83.3%)

2 (6.7%)

3 (10%)

Temporal

64 (77.1%)

11 (13.3%)

8 (9.6%)

*

*

*

Occipital

3 (100%)

0 (0%)

0 (0%)

Multifocal

57 (81.4%)

6 (8.6%)

7 (10%)

Undetermined

31 (75.6%)

6 (14.6%)

4 (9.8%)

Parietal

OSI
Table 144: Number of participants and percentage according to classification of inferior quadrant
thickness of the left eye per lobe of onset
Lobe

Normal

Borderline

Thin

Generalised

39 (79.6%)

5 (10.2%)

5 (10.2%)

Frontal

22 (73.3%)

4 (13.3%)

4 (13.3%)

Temporal

75 (88.2%)

5 (5.9%)

5 (5.9%)
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Parietal

*

*

*

Occipital

3 (100%)

0 (0%)

0 (0%)

Multifocal

53 (75.7%)

5 (7.1%)

12 (17.1%)

Undetermined

36 (87.8%)

4 (9.8%)

1 (2.4%)

OSN
Table 145: Number of participants and percentage according to classification of nasal quadrant
thickness of the left eye per lobe of onset
Lobe

Normal

Borderline

Thin

Generalised

45 (91.8%)

2 (4.1%)

2 (4.1%)

Frontal

28 (93.3%)

2 (6.7%)

0 (0%)

Temporal

78 (91.8%)

7 (8.2%)

0 (0%)

*

*

*

Occipital

3 (100%)

0 (0%)

0 (0%)

Multifocal

63 (90%)

7 (10%)

0 (0%)

37 (90.2%)

3 (7.3%)

1 (2.4%)

Parietal

Undetermined

OSTe
Table 146: Number of participants and percentage according to classification of temporal quadrant
thickness of the left eye per lobe of onset
Lobe

Normal

Borderline

Thin

41 (82%)

8 (16%)

3 (2%)

Frontal

25 (83.3%)

4 (13.3%)

1 (3.3%)

Temporal

79 (92.9%)

4 (4.7%)

2 (2.4%)

*

*

*

Occipital

3 (100%)

0 (0%)

0 (0%)

Multifocal

61 (87.1%)

4 (5.7%)

5 (7.1%)

Undetermined

40 (97.6%)

0 (0%)

1 (24%)

Generalised

Parietal
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Independent samples t-test between cases and controls
Table 147: Independent samples t-test analysis comparing pRNFL thickness in µm and standard
deviation of the left eye between cases and controls
OCT

Average Thickness
(n=283)

Average Thickness
Controls (n=98)

Average Difference (pvalue)

OST

88.5 (±10.9)

93.1 (±10.3)

-4.6 (<0.0001)

OSS

110.2 (±16.8)

115.1 (±15.1)

-4.9 (0.01)

OSI

115.2 (±18.3)

122.9 (±15.4)

-7.7 (<0.0001)

OSNa

68.4 (±12.4)

69.5 (±12)

-1.1 (0.4)

OSTe

60.3 (±10.4)

64.2 (±10.8)

-3.8 (0.001)

OSSu

108.6 (±25.7)

113.6 (±26.1)

-4.9 (0.09)

OSSN

106.1 (±23.8)

110.3 (±18.4)

-4.1 (0.1)

OSNS

88.4 (±20.3)

87.9 (±19.7)

0.4 (0.8)

OSNa

55.6 (±10.7)

57.7 (±9.5)

-2 (0.08)

OSNI

61 (±13.9)

61.6 (±13)

-0.6 (0.6)

OSIN

91.4 (±23.9)

96 (±20.1)

-4.6 (0.08)

OSIn

128.5 (±27.6)

135.3 (±23.1)

-6.8 (0.02)

OSIT

125.2 (±22.7)

136.5 (±27.5)

-11.3 (<0.0001)

OSTI

60.2 (±14.2)

66.2 (±14.7)

-5.9 (<0.0001)

OSTe

48.5 (±9.7)

50.7 (±9.3)

-2.1 (0.06)

OSTS

71.9 (±14.6)

75.7 (±14.9)

-3.8 (0.02)

OSST

116 (±20.3)

122.3 (±21.5)

-6.2 (0.009)

OST: left eye total thickness, OSS: left eye superior quadrant thickness, OSI: left eye inferior quadrant
thickness, OSN: left eye nasal quadrant thickness, OSTe: left eye temporal quadrant thickness 30degree ONH segments of the left eye: OSTem: temporal, OSTS: temporal-superior, OSST: superior
temporal, OSSu: superior, OSSN: superior-nasal, OSNS: nasal-superior, OSNa: nasal, OSNI: nasalinferior, OSIN: inferior-nasal, OSIn: inferior, OSIT: inferior-temporal, OSTI: temporal-inferior
Table 148: Average thickness in µm and standard deviation of each segment of the left eye according
to lobe of onset
Lobe

OST

OSS

OSI

OSN

OSTe

Generalised
(n=51)

89.7 (±12.7)

112.2 (±19.3)

116.4 (±20.1)

69.4 (±12.8)

61 (±11.8)

Frontal (n=31)

88.9 (±10.6)

110.6 (±14.2)

115.6 (±18.8)

69 (±12)

60.4 (±11.9)

Temporal
(n=87)

88.3 (±10.7)

109.6 (±18)

115.1 (±17.1)

67.9 (±12.6)

60.6 (±9.4)
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Parietal (n=0)

*

*

*

*

*

Occipital (n=3)

97.3 (±3.5)

122.6 (±13.6)

128.6 (±2)

71.3 (±0.5)

65.3 (±6.5)

Multifocal
(n=70)

86.5 (±10.1)

108.6 (±14.4)

112.6 (±19.6)

66.9 (±10.5)

58 (±9)

90 (±10.6)

110.3 (±16.7)

117.3 (±16.2)

70.1 (±15.1)

62.4 (±11.3)

Undetermined
(n=41)
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Table 149: Average thickness in µm and standard deviation of each 30-degree segments according to lobe of onset

Lobe

OSSu

OSSN

OSNS

OSNa

OSNI

OSIN

OSIn

OSIT

OSTI

OSTe

OSTS

OSST

Generalised
(n=51)

110.1
(±27.1)

111.5

90.6

55.4

(±28.4)

(±22.2)

(±10.9)

61.9
(±13.5)

91.9
(±24.5)

129.2
(±29.7)

127.6
(±23.2)

62.2
(±16.2)

48.7
(±12.8)

71.1
(±14.6)

114.7
(±18.8)

Frontal (n=31)

105.5
(±27.1)

106.4
(±17.4)

89.9
(±16.9)

56.1
(±11.6)

61.3
(±13.7)

92.7
(±25.1)

130.5
(±30.5)

121.4
(±23.5)

57.8
(±17)

49
(±10.3)

74.2
(±16.3)

121.2
(±20.5)

Temporal (n=87)

108.1
(±26.9)

104.5
(±25.2)

88.1
(±21.1)

54.4
(±9.5)

61.1
(±15.2)

90.4
(±23.5)

129.1
(±26)

125
(±20.2)

59.1
(±11.2)

48.6
(±8.3)

73.4
(±15.5)

116.3
(±19.8)

Parietal (n=0)

*

*

*

*

*

*

*

*

*

*

*

*

Occipital (n=3)

119
(±32.4)

114
(±13.2)

87 (±8.1)

70 (±9.5)

57 (±1.7)

86 (±6)

136
(±19.9)

163.3
(±9)

72.3
(±13.5)

48.6
(±2.3)

75 (±14)

134.3
(±11.5)

Multifocal (n=70)

108.6
(±21.7)

104.3
(±22)

85.6
(±17.8)

55.5 (±9)

59
(±13.4)

90.8
(±24)

126.8
(±29.9)

120.2
(±23)

58
(±12.7)

47.5
(±9.8)

68.4
(±12.5)

113.5
(±20.9)

109.7
(±27)

105.6
(±21.9)

90.1
(±23)

57.2
(±14.1)

62.8
(±13.3)

93.3
(±24.8)

127.3
(±23.6)

131.2
(±23.3)

64.8
(±16.4)

49.2
(±8.5)

73.3
(±14.2)

115.8
(±21.6)

Undetermined
(n=41)
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Figure 49: pRNFL thickness in µm and standard error of 30-degree segment of the left eye according to
lobe of onset
30-degree ONH segments of the left eye: OSTem: temporal, OSTS: temporal-superior, OSST: superior
temporal, OSSu: superior, OSSN: superior-nasal, OSNS: nasal-superior, OSNa: nasal, OSNI: nasalinferior, OSIN: inferior-nasal, OSIn: inferior, OSIT: inferior-temporal, OSTI: temporal-inferior

Table 150: Average left eye thickness in µm and standard deviation according to learning disability
OCT

Average Thickness
Learning Disability
(n=254)

Average Thickness
Non-Learning Disability
(n=30)

Average Difference (pvalue)

OST

84.3 (±11.40)

89.04 (±10.83)

4.74 (0.02)

OSS

103.33 (±17.10)

111.02 (±16.63)

7.68 (0.01)

OSI

108.97 (±19.92)

116.01 (±17.99)

7.04 (0.04)

OSNa

68 (±10.13)

68.49 (±12.71)

0.48 (0.8)

OSTe

56.77 (±11.37)

60.79 (±10.22)

4.02 (0.04)

OSSu

101.4 (±26.56)

109.55 (±25.53)

8.15 (0.1)

OSSN

98.1 (±25.03)

107.13 (±23.52)

9.03 (0.04)

OSNS

85.77 (±18.12)

88.76 (±20.55)

2.98 (0.4)

OSNa

56.23 (±9.92)

55.58 (±10.84)

-0.65 (0.7)

OSNI

61.8 (±14.86)

60.91 (±13.88)

-0.89 (0.7)

OSIN

88.87 (±23.26)

91.72 (±24.06)

2.85 (0.5)

OSIn

124.33 (±29.18)

129.07 (±27.49)

4.73 (0.3)
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OSIT

114.07 (±26.12)

126.52 (±21.95)

12.45 (0.004)

OSTI

54 (±14.83)

60.99 (±13.97)

6.98 (0.01)

OSTe

45.87 (±12.03)

48.87 (±9.47)

2.99 (0.1)

OSTS

69.77 (±16.55)

72.15 (±14.37)

2.38 (0.3)

OSST

111.67 (±16.34)

116.53 (±20.7)

4.86 (0.2)

Table 151: Average left eye thickness in µm and standard deviation in participants with and without
epilepsy surgery
OCT

Average Thickness
Surgical (n=16)

Average Thickness
Non-Surgical (n=268)

Average Difference (pvalue)

OST

85.5 (±9.9)

88.7 (±11)

3.21 (0.2)

OSS

108.1 (±17.1)

110.3 (±16.8)

2.13 (0.6)

OSI

108.3 (±17.2)

115.6 (±18.3)

7.29 (0.1)

OSNa

64.4 (±10.6)

68.6 (±12.5)

4.23 (0.1)

OSTe

60.8 (±8.6)

60.3 (±10.5)

-0.47 (0.8)

OSSu

105 (±25.73)

108.91 (±26.03)

3.91 (0.5)

OSSN

101.75 (±23.8)

106.44 (±22.69)

4.69 (0.4)

OSNS

82.06 (±20.14)

88.82 (±22.41)

6.75 (0.1)

OSNa

55.31 (±10.89)

55.67 (±7.82)

0.35 (0.8)

OSNI

56.38 (±14.12)

61.28 (±10.11)

4.90 (0.1)

OSIN

83.94 (±23.94)

91.86 (±23.75)

7.92 (0.1)

OSIn

119.5 (±27.49)

129.11 (±29.68)

9.60 (0.1)

OSIT

121.75 (±23.13)

125.41 (±13.58)

3.66 (0.5)

OSTI

61.56 (±14.30)

60.17 (±12.84)

-1.39 (0.7)

OSTe

48.13 (±9.87)

48.57 (±8.65)

0.45 (0.8)

OSTS

72.63 (±14.61)

71.86 (±14.89)

-0.76 (0.8)

OSST

118 (±20.29)

115.9 (±21.22)

-2.10 (0.6)

Table 152: Average left eye thickness in µm and standard deviation of all segments according to history
of 12 months of seizure freedom
OCT

Average Thickness
Seizure-free 12 Months
(n=96)

Average Thickness
Non-Seizure-free 12
Months (n=196)

Average Difference (pvalue)
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OST

88.38 (±10.85)

88.61 (±11.05)

0.22 (0.8)

OSS

110.01 (±16.91)

110.29 (±16.82)

0.27 (0.8)

OSI

114.68 (±17.70)

115.52 (±18.59)

0.84 (0.7)

OSNa

68.37 (±12.41)

68.46 (±12.49)

0.09 (0.9)

OSTe

60.55 (±10.94)

60.29 (±10.18)

-0.26 (0.8)

OSSu

108.24 (±26.52)

108.89 (±25.42)

0.65 (0.8)

OSSN

106.55 (±23.40)

106.02 (±24.04)

-0.53 (0.8)

OSNS

87.72 (±18.42)

88.77 (±21.12)

1.04 (0.6)

OSNa

55.93 (±10.87)

55.53 (±10.69)

-0.40 (0.7)

OSNI

61.3 (±15.73)

60.87 (±13.13)

-0.42 (0.8)

OSIN

89.78 (±24.70)

92.15 (±23.64)

2.36 (0.4)

OSIn

126.78 (±26.17)

129.37 (±28.33)

2.58 (0.4)

OSIT

126.81 (±21.63)

124.49 (±23.18)

-2.31 (0.4)

OSTI

62.64 (±15.58)

59.18 (±13.44)

-3.45 (0.058)

OSTe

48.1 (±10.60)

48.75 (±9.43)

0.64 (0.6)

OSTS

70.61 (±14.24)

72.48 (±14.76)

1.86 (0.3)

OSST

115.63 (±19.64)

116.19 (±20.65)

0.56 (0.8)

Table 153: Average left eye pRNFL thickness in µm and standard deviation between drug-resistant and
drug-sensitive cases according to sex
Drug-resistant
Female (n=149)

Drug-sensitive
Female (n=29)

Drug-resistant
Male (n=91)

Drug-sensitive
Male (n=18)

OST

89.7 (±11.8)

92.2 (±7.3)

85.6 (±9.5)

88.3 (±11.9)

OSS

112 (±18.7)

113.2 (±10.5)

105.6 (±13.7)

114 (±18.2)

OSI

116.7 (±19.3)

120 (±13.5)

111.7 (±17.2)

113.6 (±18.4)

OSN

68.6 (±13.2)

71.7 (±11.6)

67.4 (±11.1)

67.7 (±13.2)

OSTe

61.3 (±9.5)

64 (±13.9)

58.3 (±10.9)

57.8 (±7.5)

333

Figure 50: Pearson correlation between left total thickness in µm and age in years according to sex and
confidence interval. Females (n=178): r=-0.3, p<0.0001; Males (n=108): -0.1, p=0.06

Figure 51: Density plot (proportion) of OST pRNFL thickness in µm in participants according to drug
resistance and sex. Females: drug-resistant= 149; drug-sensitive= 29; Males: drug-resistant=91; drugsensitive=18
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Figure 52: Pearson correlation between superior quadrant thickness in µm and age in years according
to sex (Females: r=-0.4, p<0.0001; Males: r=-0.06, p=0.4)

Figure 53: Density plot (proportion) of participants superior quadrant thickness in µm according to sex.
Females: drug-resistant= 149; drug-sensitive= 29; Males: drug-resistant=91; drug-sensitive=18
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Figure 54: Pearson correlation between inferior quadrant thickness in µm and age in years according to
sex (Females: r=-0.4, p<0.0001; Males: r=-0.2, p=0.01)

Figure 55: Density plot (proportion) of participants according to inferior quadrant thickness in µm and
drug resistance. Females: drug-resistant= 149; drug-sensitive= 29; Males: drug-resistant=91; drugsensitive=18
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Figure 56: Pearson correlation between nasal quadrant thickness in µm and age in years according to
sex (Female: r=-0.1, p=0.02; Males: -0.09, p=0.3)

Figure 57: Density plot (proportion) of participants pRNFL thickness of nasal quadrant in µm according
to drug resistance. Females: drug-resistant= 149; drug-sensitive= 29; Males: drug-resistant=91; drugsensitive=18
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Figure 58: Pearson correlation between temporal lobe thickness in µm and age in years according to
sex (Females: r=-0.2, p<0.0001; Males: r=-0.09, p=0.3)

Figure 59: Density plot (proportion) of participants temporal quadrant thickness in µm according to sex
and drug resistance. Females: drug-resistant= 149; drug-sensitive= 29; Males: drug-resistant=91; drugsensitive=18
Table 154: Independent samples t-test analysis comparing pRNFL thickness in µm and standard
deviation of people with generalised epilepsy and controls
OCT

Average Thickness
(n=51)

Average Thickness
Controls (n=98)

Average Difference (pvalue)

OST

89.7 (±12.7)

93.1 (±10.3)

-3.3 (0.08)

OSS

112.2 (±19.3)

115.1 (±15.1)

-2.9 (0.3)

OSI

116.4 (±20.1)

122.9 (±15.4)

-6.4 (0.02)
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OSNa

69.4 (±12.8)

69.5 (±12)

0 (0.9)

OSTe

61 (±11.8)

64.2 (±10.8)

-3.2 (0.09)

OSSu

110.1 (±27.1)

113.6 (±26.1)

-3.5 (0.4)

OSSN

111.5 (±28.4)

110.3 (±18.4)

1.1 (0.7)

OSNS

90.6 (±22.2)

87.9 (±19.7)

2.6 (0.4)

OSNa

55.4 (±10.9)

57.7 (±9.5)

-2.3 (0.1)

OSNI

61.9 (±13.5)

61.6 (±13)

0.2 (0.9)

OSIN

91.9 (±24.5)

96 (±20.1)

-4.1 (0.2)

OSIn

129.2 (±29.7)

135.3 (±23.1)

-6.1 (0.1)

OSIT

127.6 (±23.2)

136.5 (±27.5)

-8.9 (0.051)

OSTI

62.2 (±16.2)

66.2 (±14.7)

-3.9 (0.1)

OSTe

48.7 (±12.8)

50.7 (±9.3)

-1.9 (0.2)

OSTS

71.1 (±14.6)

75.7 (±14.9)

-4.6 (0.07)

OSST

114.7 (±18.8)

122.3 (±21.5)

-7.5 (0.03)

Table 155: Independent samples t-test analysis comparing pRNFL thickness in µm and standard
deviation of people with frontal lobe epilepsy and controls
OCT

Average Thickness
(n=31)

Average Thickness
Controls (n=98)

Average Difference (pvalue)

OST

88.9 (±10.6)

93.1 (±10.3)

-4.2 (0.052)

OSS

110.6 (±14.2)

115.1 (±15.1)

-4.4 (0.1)

OSI

115.6 (±18.8)

122.9 (±15.4)

-7.3 (0.03)

OSNa

69 (±12)

69.5 (±12)

-0.5 (0.8)

OSTe

60.4 (±11.9)

64.2 (±10.8)

-3.8 (0.09)

OSSu

105.5 (±27.1)

113.6 (±26.1)

-8.1 (0.1)

OSSN

106.4 (±17.4)

110.3 (±18.4)

-3.9 (0.2)

OSNS

89.9 (±16.9)

87.9 (±19.7)

1.9 (0.6)

OSNa

56 (±11.6)

57.7 (±9.5)

-1.6 (0.4)

OSNI

61.3 (±13.7)

61.6 (±13)

-0.3 (0.9)

OSIN

92.7 (±25.1)

96 (±20.1)

-3.2 (0.4)

OSIn

130.5 (±30.5)

135.3 (±23.1)

-4.8 (0.3)

OSIT

121.4 (±23.5)

136.5 (±27.5)

-15 (0.006)
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OSTI

57.8 (±17)

66.2 (±14.7)

-8.3 (0.009)

OSTe

49 (±10.3)

50.7 (±9.3)

-1.6 (0.3)

OSTS

74.2 (±16.3)

75.7 (±14.9)

-1.4 (0.6)

OSST

121.2 (±20.5)

122.3 (±21.5)

-1 (0.8)

Table 156: Independent samples t-test analysis comparing pRNFL thickness in µm and standard
deviation of people with temporal lobe epilepsy and controls
OCT

Average Thickness
(n=87)

Average Thickness
Controls (n=98)

Average Difference (pvalue)

OST

88.2 (±10.7)

93.1 (±10.3)

-4.8 (0.001)

OSS

109.5 (±18)

115.1 (±15.1)

-5.5 (0.02)

OSI

115.1 (±17.1)

122.9 (±15.4)

-7.8 (0.001)

OSNa

67.9 (±12.6)

69.5 (±12)

-1.6 (0.3)

OSTe

60.6 (±9.4)

64.2 (±10.8)

-3.5 (0.01)

OSSu

108.1 (±26.9)

113.6 (±26.1)

-5.5 (0.1)

OSSN

104.5 (±25.2)

110.3 (±18.4)

-5.7 (0.07)

OSNS

88.1 (±21.1)

87.9 (±19.7)

0.2 (0.9)

OSNa

54.4 (±9.5)

57.7 (±9.5)

-3.2 (0.02)

OSNI

61.1 (±15.2)

61.6 (±13)

-0.4 (0.8)

OSIN

90.4 (±23.5)

96 (±20.1)

-5.6 (0.07)

OSIn

129.1 (±26)

135.3 (±23.1)

-6.2 (0.08)

OSIT

125 (±20.2)

136.5 (±27.5)

-11.5 (0.001)

OSTI

59.1 (±11.2)

66.2 (±14.7)

-7.1 (<0.0001)

OSTe

48.6 (±8.3)

50.7 (±9.3)

-2 (0.1)

OSTS

73.4 (±15.5)

75.7 (±14.9)

-2.3 (0.3)

OSST

116.3 (±19.9)

122.3 (±21.5)

-5.9 (0.05)

Table 157: Independent samples t-test analysis comparing pRNFL thickness in µm and standard
deviation of people with occipital lobe epilepsy and controls
OCT

Average Thickness
(n=3)

Average Thickness
Controls (n=98)

Average Difference (pvalue)

OST

97.3 (±3.5)

93.1 (±10.3)

4.1 (0.4)

OSS

122.6 (±13.6)

115.1 (±15.1)

7.5 (0.3)

OSI

128.6 (±2)

122.9 (±15.4)

5.6 (0.5)
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OSNa

71.3 (±0.5)

69.5 (±12)

1.7 (0.7)

OSTe

65.3 (±6.5)

64.2 (±10.8)

1 (0.8)

OSSu

119 (±32.4)

113.6 (±26.1)

5.3 (0.7)

OSSN

114 (±13.2)

110.3 (±18.4)

3.6 (0.7)

OSNS

87 (±8.1)

87.9 (±19.7)

-0.9 (0.9)

OSNa

70 (±9.5)

57.7 (±9.5)

12.2 (0.03)

OSNI

57 (±1.7)

61.6 (±13)

-4.6 (0.5)

OSIN

86 (±6)

96 (±20.1)

-10 (0.3)

OSIn

136 (±19.9)

135.3 (±23.1)

0.6 (0.9)

OSIT

163.3 (±9)

136.5 (±27.5)

26.8 (0.09)

OSTI

72.3 (±13.5)

66.2 (±14.7)

6 (0.4)

OSTe

48.6 (±2.3)

50.7 (±9.3)

-2 (0.7)

OSTS

75 (±14)

75.7 (±14.9)

-0.7 (0.9)

OSST

134.3 (±11.5)

122.3 (±21.5)

12 (0.3)

Table 158: Independent samples t-test analysis comparing pRNFL thickness in µm and standard
deviation of people with multifocal epilepsy and controls
OCT

Average Thickness
(SD) (n=70)

Average Thickness
Controls (n=98)

Average Difference (pvalue)

OST

86.5 (±10.1)

93.1 (±10.3)

-6.6 (<0.0001)

OSS

108.6 (±14.4)

115.1 (±15.1)

-6.4 (0.006)

OSI

112.6 (±19.6)

122.9 (±15.4)

-10.3 (<0.0001)

OSNa

66.9 (±10.5)

69.5 (±12)

-2.5 (0.1)

OSTe

58 (±9)

64.2 (±10.8)

-6.2 (<0.0001)

OSSu

108.6 (±21.7)

113.6 (±26.1)

-5 (0.1)

OSSN

104.3 (±22)

110.3 (±18.4)

-6 (0.056)

OSNS

85.6 (±17.8)

87.9 (±19.7)

-2.3 (0.4)

OSNa

55.5 (±9)

57.7 (±9.5)

-2.1 (0.1)

OSNI

59 (±13.4)

61.6 (±13)

-2.5 (0.2)

OSIN

90.8 (±24)

96 (±20.1)

-5.2 (0.1)

OSIn

126.8 (±29.9)

135.3 (±23.1)

-8.5 (0.03)

OSIT

120.2 (±23)

136.5 (±27.5)

-16.2 (<0.0001)
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OSTI

58 (±12.7)

66.2 (±14.7)

-8.1 (<0.0001)

OSTe

47.5 (±9.8)

50.7 (±9.3)

-3.1 (0.03)

OSTS

68.4 (±12.5)

75.7 (±14.9)

-7.3 (<0.0001)

OSST

113.5 (±20.9)

122.3 (±21.5)

-8.7 (0.009)

Table 159: Pearson correlation between left eye pRNFL thickness segments from the left eye and Age
at Diagnosis, Age at OCT and Duration of Epilepsy
OCT Segment
(n=278)

Age at Diagnosis (pvalue)

Age at OCT (p-value)

Duration of Epilepsy (pvalue)

OST

-0.02 (0.6)

-0.31 (<0.0001)

-0.27 (<0.0001)

OSS

-0.05 (0.4)

-0.28 (<0.0001)

-0.22 (<0.0001)

OSI

-0.03 (0.5)

-0.29 (<0.0001)

-0.25 (<0.0001)

OSN

0.04 (0.4)

-0.14 (0.01)

-0.17 (0.003)

OSTe

-0.03 (0.5)

-0.19 (0.001)

-0.15 (0.007)

OSSu

-0.09 (0.1)

-0.16 (0.005)

-0.08 (0.162)

OSSN

-0.005 (0.9)

-0.22 (<0.0001)

-0.20 (<0.0001)

OSNS

0.01 (0.7)

-0.14 (0.01)

-0.15 (0.011)

OSNa

0.08 (0.1)

-0.009 (0.8)

-0.08 (0.172)

OSNI

0.01 (0.7)

-0.16 (0.005)

-0.17 (0.003)

OSIN

-0.02 (0.7)

-0.19 (0.001)

-0.16 (0.006)

OSIn

-0.05 (0.3)

-0.22 (<0.0001)

-0.17 (0.003)

OSIT

0.003 (0.9)

-0.21 (<0.0001)

-0.21 (<0.0001)

OSTI

-0.04 (0.4)

-0.09 (0.1)

-0.05 (0.358)

OSTem

-0.05 (0.3)

-0.19 (0.001)

-0.14 (0.017)

OSTS

-0.005 (0.9)

-0.20 (<0.0001)

-0.19 (0.001)

OSST

0.004 (0.9)

-0.23 (<0.0001)

-0.22 (<0.0001)

Table 160: Left eye regression analysis of each segments assessing for age, sex, ethnicity, learning
disability, number of drugs and lobe of origin and p-value
OCT

Age (p-value)

Sex (p-value)

Learning
Disability (pvalue)

Number of
drugs (pvalue)

Seizure
Freedom (pvalue)

OST

-0.21 (0.001)

3.46 (0.007)

-4.03 (0.06)

-0.26 (0.2)

-0.07 (0.9)

OSS

-0.32 (0.002)

4.63 (0.02)

-6.74 (0.04)

-0.23 (0.5)

3.52 (0.2)
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OSI

-0.33 (0.003)

4.35 (0.04)

-6.57 (0.07)

-0.19 (0.6)

-2.08 (0.4)

OSN

-0.04 (0.6)

1.34 (0.3)

0.32 (0.9)

-0.04 (p.8)

-0.53 (0.8)

OSTe

-0.16 (0.01)

3.1 (0.01)

-3.55 (0.08)

-0.56 (0.01)

-0.9 (0.5)

OSSu

-0.4 (0.01)

4.1 (0.1)

-8.1 (0.1)

-0.06 (0.9)

7.92 (0.06)

OSSN

-0.25 (0.09)

6.68 (0.02)

-6.7 (0.1)

0.21 (0.6)

3.73 (0.3)

OSNS

-0.08 (0.5)

1.78 (0.4)

-1.74 (0.6)

0.003 (0.9)

-1.11 (0.7)

OSNa

0.04 (0.4)

-0.28 (0.8)

0.83 (0.7)

-0.007 (0.9)

0.28 (0.8)

OSNI

-0.08 (0.3)

3.12 (0.07)

1.84 (0.5)

-0.16 (0.5)

-1.13 (0.6)

OSIN

0.27 (0.07)

6.1 (0.04)

-1.53 (0.7)

0.11 (0.8)

-3.06 (0.4)

OSIn

-0.35 (0.04)

2.89 (0.3)

-4.99 (0.3)

0.26 (0.6)

-6.54 (0.1)

OSIT

-0.34 (0.01)

5.54 (0.04)

-11.83 (0.01)

-0.93 (0.055)

3.17 (0.3)

OSTI

-0.16 (0.06)

2.34 (0.1)

-6.77 (0.02)

-0.82 (0.008)

1.1 (0.6)

OSTe

-0.13 (0.03)

2.27 (0.055)

-2.83 (0.1)

-0.43 (0.03)

-3.28 (0.04)

OSTS

-0.2 (0.02)

4.56 (0.008)

-1.98 (0.4)

-0.52 (0.08)

-0.98 (0.6)

OSST

-0.32 (0.01)

4.07 (0.09)

-4.26 (0.2)

-0.5 (0.2)

-0.73 (0.8)

Regression Ethnicity:
OST: Asian, -5.1 (p=0.09)
OSN: Mixed Background, -11.52 (p=0.07)
OSTe: Asian, -6.36 (p=0.03); Not Stated, 3.07 (p=0.09)
OSNa: Not Stated -3.46 (p=0.08)
OSNI: Mixed Background, -13.6 (p=0.06)
OSIT: Any Other White, 13.4 (p=0.09)
OSTem: Not Stated, 3.37 (p=0.052), Asian, -6.12 (p=0.03)
OSST: Asian, -11.93 (p=0.04)
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Annex 3: Comparison of pRNFL thickness in the 30-degrees segments
Independent samples t-test comparing pRNFL thickness of the 30-degree
segments between drug-resistant cases and drug-sensitive
Table 161: Independent samples t-test comparing right eye pRNFL thickness in µm and standard
deviation of the 30-degree segments between drug-resistant cases and drug-sensitive
OCT

Thickness Drugresistant (n=295)

Thickness Drugsensitive (n=46)

Difference (p-value)

ODSu

111.23 (±26.46)

115.59 (±21.34)

4.35 (0.2)

ODSN

91.98 (±19.97)

99.52 (±19.43)

7.54 (0.01)

ODNS

86.32 (±18.43)

90.67 (±19.79)

4.35 (0.1)

ODNa

60.1 (±12.12)

58.41 (±12.13)

-1.68 (0.3)

ODNI

65.83 (±15.19)

69.7 (±12.11)

3.86 (0.1)

ODIN

91.99 (±23.04)

93.93 (±20.38)

1.94 (0.5)

ODIn

122.65 (±26.19)

128.17 (±23.46)

5.52 (0.1)

ODIT

121.55 (±23.85)

128.11 (±24)

6.55 (0.09)

ODTI

62.98 (±16.10)

65.7 (±12.57)

2.71 (0.2)

ODTe

48.16 (±8.93)

49.65 (±7.62)

1.48 (0.2)

ODTS

72.94 (±15.58)

77.83 (±15.78)

4.88 (0.05)

ODST

125.12 (±23.92)

132.35 (±21.73)

7.22 (0.05)

Annex 4: Comparison of pRNFL thickness of post-surgical participants
according to seizure freedom
Table 162: Independent samples t-test comparing right eye pRNFL thickness in µm and standard
deviation in participants who underwent surgery according to subsequent seizure freedom
Seizure-free (n=5)

Non-Seizure-free
(n=14)

Difference (p-value)

ODT

89.1 (±5.5)

81.14 (±9.6)

7.8 (0.1)

ODS

117.4 (±15.06)

98.71 (±14.5)

18.6 (0.02)

ODI

105.8 (±19.2)

103.8 (±14.01)

1.9 (0.8)

ODN

67.2 (±12.4)

64 (±10.4)

3.2 (0.5)

ODTe

65.4 (±6.6)

58.2 (±12.4)

7.1 (0.2)

OCT

344

Annex 5: Regression analysis of surgery
Table 163: Logistic regression analysis for surgery controlling for age, sex, ethnicity, learning disability,
drug resistance and lobe of onset
OCT

Regression Coefficient (p-value)

ODT

-6.5 (0.04)

ODS

-7.51 (0.03)

ODI

-9.41 (0.02)

ODN

-6.77 (0.2)

ODTe

-2.03 (0.4)

Annex 6: Regression analysis of seizure freedom
Table 164: Regression analysis according to seizure freedom controlling for age, sex, ethnicity, MRI
abnormalities, learning disability and drug resistance
OCT

Regression Coefficient (p-value)

ODT

-0.73 (0.6)

ODS

2.13 (0.3)

ODI

-2.6 (0.3)

ODN

-1.57 (0.4)

ODTe

-0.7 (0.6)

Annex 7: Regression analysis according to lobe of onset
Table 165: Regression analysis according to lobe of onset controlling for age, sex, ethnicity, MRI
abnormalities, learning disability and drug resistance
Generalised
(p-value)

Frontal
(pvalue)

Temporal
(p-value)

ODT

0.72 (0.5)

-1.19
(0.4)

ODS

-2.69 (0.3)

ODI
ODN

Parietal
(pvalue)

Occipital
(p-value)

Multifocal
(p-value)

Undetermined
(p-value)

0.88 (0.3)

-2.95
(0.9)

2.40
(0.6)

0.91 (0.3)

-0.90 (0.4)

-1.41
(0.6)

-0.85
(0.6)

7.11
(0.9)

-11.91
(0.2)

1.16 (0.5)

-1.43 (0.5)

2.64 (0.3)

-2.55
(0.3)

1.67 (0.3)

9.37
(0.9)

6.55
(0.4)

1.61 (0.4)

-1.72 (0.4)

-0.70 (0.7)

-1.82
(0.4)

0.37 (0.8)

7.63
(0.9)

15.82
(0.6)

-1.51 (0.3)

-3.68 (0.8)
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ODTe

0.97 (0.6)

-1.91
(0.3)

-0.64
(0.6)

9.71
(0.8)

-1.74
(0.8)

-6.38 (0.7)

0.12 (0.9)

Annex 8: Stepwise regression analysis according to lobe of onset
Table 166: Stepwise regression analysis of people with generalised epilepsy, controlling for age, sex,
surgery, MRI abnormalities and AEDs
Regression Coefficient (p-value)
Carbamazepine

Odds Ratio

-2.17 (<0.0001)

0.11

Ethosuximide

4.59 (0.002)

98.91

Lamotrigine

1.55 (0.01)

4.74

Levetiracetam

-1.43 (0.01)

0.23

Oxcarbazepine

-3.42 (0.002)

0.03

Phenytoin

2.29 (0.0007)

9.88

Pregabalin

-4.1 (0.001)

0.01

Valproate

1.57 (0.008)

4.81

MRI Abnormalities

-0.38 (0.03)

0.68

ODTe

-0.07 (0.03)

0.93

ODNI

0.05 (0.007)

1.05

ODIT

0.03 (0.01)

1.03

OSS

0.11 (0.01)

1.12

OSSu

-0.06 (0.007)

0.93

OSNI

-0.06 (0.01)

0.94

OSST

-0.05 (0.01)

0.94

Stepwise Regression Frontal: No correlation
Table 167: Stepwise regression analysis of people with temporal lobe epilepsy, controlling for age, sex,
surgery, MRI abnormalities and AEDs
Regression Coefficient
(p-value)

Odds Ratio

Gabapentin

1.62 (0.01)

5.06

Phenobarbital

-1.53 (0.01)

0.21

Phenytoin

-1.25 (0.01)

0.28

Surgery

3.89 (0.01)

49.24
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Occipital Lesions on MRI

-4.57 (<0.0001)

0.01

Left Temporal Lesions on
MRI

1.58 (0.0003)

4.88

Right Temporal Lesions on
MRI

2.17 (<0.0001)

8.8

Age

0.07 (<0.0001)

1.07

ODSu

-0.02 (0.02)

0.97

ODSN

0.04 (0.001)

1.04

ODNI

-0.04 (0.02)

0.95

ODIN

-0.02 (0.05)

0.97

OSTe

-0.51 (0.006)

0.59

OSSu

0.02 (0.02)

1.02

OSSN

-0.04 (0.001)

0.95

OSNS

0.07 (0.006)

1.07

OSNa

-0.18 (0.003)

0.83

OSNI

0.1 (0.009)

1.1

OSTI

0.13 (0.03)

1.13

OSTem

0.2 (0.002)

1.23

OSTS

0.18 (0.004)

1.2

Stepwise Regression Parietal: No correlation
Stepwise Regression Occipital: No correlation
Table 168: Stepwise regression analysis of people with multifocal epilepsy, controlling for age, sex,
surgery, MRI abnormalities and AEDs
Regression Coefficient
(p-value)

Odds Ratio

Acetazolamide

-1.46 (0.04)

0.23

Lacosamide

0.93 (0.03)

2.54

Phenytoin

1.05 (0.01)

2.88

Primidone

2.08 (0.008)

8.07

VNS

4.47 (0.0007)

87.52

Age

-0.07 (<0.0001)

0.92
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ODS

0.06 (0.01)

1.07

ODI

-0.18 (0.01)

0.83

ODSN

-0.04 (0.02)

0.96

ODIN

0.05 (0.02)

1.06

ODIn

0.05 (0.02)

1.06

ODIT

0.07 (0.005)

1.07

ODST

-0.02 (0.02)

0.97

OSTe

-0.06 (0.08)

0.93

OSNS

-0.04 (0.06)

0.95

OSNa

0.11 (0.056)

1.11

OSNI

-0.06 (0.02)

0.93

OSIN

0.17 (0.005)

1.19

OSIn

0.13 (0.02)

1.14

OSIT

0.14 (0.01)

1.15

Table 169: Stepwise regression analysis of people with undetermined epilepsy, controlling for age, sex,
surgery, MRI abnormalities and AEDs
Regression Coefficient
(p-value)

Odds Ratio

Clobazam

-0.77 (0.06)

0.45

Occipital Lesions on MRI

0.35 (0.03)

1.42

Age

0.02 (0.09)

1.02

ODTe

-0.05 (0.09)

0.94

ODTS

0.05 (0.006)

1.06

OSTI

0.03 (0.02)

1.03

Annex 9: Examiners
Examiners who performed the scan:
-

LMC: Lisa Michelle Clayton

-

JN: Jan Novy

-

KC: Krishna Chintapalli

-

APB: Ana Paula Bartmann
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-

SB: Simona Balestrini

-

NS: Natascha Schneider

-

MC: Monica Czech

Annex 10: APOSTEL criteria (350)
Item
Study Protocol

Recommendation
•
•
•

Acquisition device

For all OCT devices:
•
•
•
•

Acquisition Setting

Manufacturer
Model
Version
Software version

Clearly describe the setting in which OCT scans
were obtained
•
•
•

Scanning Protocol

Describe how many OCT operating sites
and graders were included
Report the timing of OCT compared to other
measurements (same day, delayed)
Describe the inclusion and exclusion criteria

Room light conditions
Pupils dilated before examination
Number of operators and devices

Clearly describe the scanning protocol, including:
•
•
•

-Type of scan (circular, volume, star, line,
other
-Location (area of interest, macula, ONH,
papillomacular bundle, other?)
-Scan parameter (with or without eye
tracking): -- Volume scan: size of the scan area
(degree or millimeters), number of Bscan, alignment of B-scans, Number
of A-scans per B-scan
- Radial scan: size of scan area
(degrees or millimeters), number of
B-scan, alignment of B-scans,
Number of A-scans per B-scan
- Ring scan: diameter, A-scans/Bscan,
manual
or
automatic
placement of ring or method of
centering, depth resolution;
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Fundoscopic imaging

Line scan: angle, location, number
of A-scans, depth resolution

Report other imaging modalities used in addition to
OCT (fundoscopy, confocal scanning laser
ophthalmoscopy,
retinal
angiography,
autofluorescence imaging)
Describe acquisition protocol, including:
•
•
•

Postacquisition data
selection

Describe image selection process, including:
•
•
•

Postacquisition analysis

Excitation wavelength
Filter sets
Number of frames averaged (if applicable)

Quality control criteria
Postacquisition discard (number
criteria)
Eye selection strategy (if applicable)

and

Describe all postacquisition steps:
•

•
•
•
•

Software used for processing and
segmentation (may be different from
acquisition software)
Which individual retinal layers were
segmented/included
Method of segmentation (automated,
semiautomated, or manually)
How potential bias was addressed in the
case of manual segmentation (masking)
Grid used for data extraction (size, shape,
selected sections)

Nomenclature and
abbreviations

Define:

Statistical approach

Describe:

•
•

•
•

Anatomical structure analysed
Units of provided measurements (e.g.,
volume or thickness)

Statistical models used for the analyses of
OCT data
Whether data were analysed by eye or by
patient

350

Annex 11: Comparison of pRNFL thickness according to seizure focus
Table 170: Independent samples t-test analysis comparing pRNFL thickness in µm and standard
deviation of the inferior quadrant according to laterality on EEG

ODI

Left Focus (n=52)

Right Focus (n=43)

Difference (p-value)

111.69 (±17.2)

112.44 (±18.8)

-0.75 (0.8)

Annex 12: Analysis utilising mean values of both eyes
Below is described the independent samples t-test analysis of mean between
eyes comparing cases divided according to lobe of onset and controls.
Generalised epilepsy:
Table 171: Independent samples t-test analysis comparing the mean thickness in µm and standard
deviation between eyes in people with generalised epilepsy and controls
Cases (n=51)

Control (n=98)

Difference (p-value)

Mean Su

110.5 (±23.2)

114 (±22.6)

-0.4 (0.9)

Mean SN

99.8 (±19.7)

105.6 (±18.9)

-1.8 (0.6)

Mean NS

88 (±17.6)

88.6 (±16.5)

0.9 (0.7)

Mean Na

57.9 (±10.3)

59.8 (±9.7)

-1.8 (0.2)

Mean NI

63.7 (±13.3)

65 (±11.3)

0.1 (0.9)

Mean IN

91.6 (±21.5)

99 (±21.2)

-7.4 (0.05)

Mean In

91.6 (±21.5)

99 (±21.2)

-7.4 (0.05)

Mean IT

124.5 (±20.5)

133.3 (±24.2)

-3.9 (0.3)

Mean TI

62.2 (±13.3)

66 (±12.4)

-1.4 (0.5)

Mean Te

48.5 (±8.1)

51.3 (±8.5)

-2.2 (0.1)

Mean TS

72.9 (±14)

77.6 (±15.3)

-4.9 (0.05)

Mean ST

121.2 (±19.5)

126.7 (±19.5)

-4.8 (0.1)

Frontal lobe epilepsy:
Table 172: Independent samples t-test analysis comparing the mean thickness in µm and standard
deviation between eyes in people with frontal lobe epilepsy and controls
Cases (n=30)

Control (n=98)

Difference (p-value)

Mean Su

106.7 (±19.6)

114 (±22.6)

-7.3 (0.1)

Mean SN

98.2 (±14.6)

105.6 (±18.9)

-7.3 (0.05)
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Mean NS

89.8 (±18.5)

88.6 (±16.5)

1.1 (0.7)

Mean Na

59 (±11.1)

59.8 (±9.7)

-0.8 (0.7)

Mean NI

63.8 (±12.9)

65 (±11.3)

-1.2 (0.6)

Mean IN

93.8 (±22.1)

99 (±21.2)

-5.1 (0.2)

Mean In

93.8 (±22.1)

99 (±21.2)

-5.1 (0.2)

Mean IT

119.9 (±21)

133.3 (±24.2)

-13.4 (0.007)

Mean TI

59.5 (±14.9)

66 (±12.4)

-6.5 (0.01)

Mean Te

48.1 (±8.2)

51.3 (±8.5)

-3.2 (0.06)

Mean TS

73 (±15.7)

77.6 (±15.3)

-4.6 (0.1)

Mean ST

124.5 (±19.3)

126.7 (±19.5)

-2.2 (0.5)

Temporal lobe epilepsy:
Table 173: Independent samples t-test analysis comparing the mean thickness in µm and standard
deviation between eyes in people with temporal lobe epilepsy and controls
Cases (n=86)

Control (n=98)

Difference (p-value)

Mean Su

109.8 (±24.7)

114 (±22.6)

-4.2 (0.2)

Mean SN

99.8 (±20.5)

105.6 (±18.9)

-5.8 (0.04)

Mean NS

88.3 (±18.7)

88.6 (±16.5)

-0.2 (0.9)

Mean Na

56.9 (±9.4)

59.8 (±9.7)

-2.8 (0.04)

Mean NI

63.3 (±14.2)

65 (±11.3)

-1.7 (0.3)

Mean IN

90.9 (±21.7)

99 (±21.2)

-8.1 (0.01)

Mean In

90.9 (±21.7)

99 (±21.2)

-8.1 (0.01)

Mean IT

122.4 (±18.7)

133.3 (±24.2)

-10.9 (<0.0001)

Mean TI

61.2 (±11.5)

66 (±12.4)

-4.7 (0.007)

Mean Te

48.6 (±7.5)

51.3 (±8.5)

-2.7 (0.02)

Mean TS

73.5 (±13.8)

77.6 (±15.3)

-4.1 (0.05)

Mean ST

120.9 (±18)

126.7 (±19.5)

-5.8 (0.03)

Occipital lobe epilepsy:
Table 174: Independent samples t-test analysis comparing the mean thickness in µm and standard
deviation between eyes in people with occipital lobe epilepsy and controls
Cases (n=3)

Control (n=98)

Difference (p-value)
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Mean Su

114 (±30.4)

114 (±22.6)

0 (0.9)

Mean SN

101.6 (±13.1)

105.6 (±18.9)

-3.9 (0.7)

Mean NS

89 (±6.7)

88.6 (±16.5)

0.3 (0.9)

Mean Na

72.1 (±11)

59.8 (±9.7)

12.3 (0.03)

Mean NI

66.6 (±4.7)

65 (±11.3)

1.5 (0.8)

Mean IN

91.3 (±4.5)

99 (±21.2)

-7.7 (0.5)

Mean In

91.3 (±4.5)

99 (±21.2)

-7.7 (0.5)

Mean IT

150.5 (±18.6)

133.3 (±24.2)

17.1 (0.2)

Mean TI

71.3 (±18.3)

66 (±12.4)

5.3 (0.4)

Mean Te

49.8 (±1.5)

51.3 (±8.5)

-1.5 (0.7)

Mean TS

81.6 (±8.4)

77.6 (±15.3)

3.9 (0.6)

Mean ST

139.3 (±5.2)

126.7 (±19.5)

12.5 (0.2)

Multifocal epilepsy:
Table 175: Independent samples t-test analysis comparing the mean thickness in µm and standard
deviation between eyes in people with multifocal epilepsy and controls
Cases (n=68)

Control (n=98)

Difference (p-value)

Mean Su

111.9 (±19.1)

114 (±22.6)

-2.1(0.5)

Mean SN

97.7 (±18.3)

105.6 (±18.9)

-7.9 (0.008)

Mean NS

85.9 (±15.6)

88.6 (±16.5)

-2.6 (0.2)

Mean Na

57.6 (±9)

59.8 (±9.7)

-2.1 (0.1)

Mean NI

62 (±12.9)

65 (±11.3)

-3 (0.1)

Mean IN

90.7 (±21.2)

99 (±21.2)

-8.2 (0.01)

Mean In

90.7 (±21.2)

99 (±21.2)

-8.2 (0.01)

Mean IT

122 (±21.2)

133.3 (±24.2)

-11.2 (0.002)

Mean TI

60.8 (±12.9)

66 (±12.4)

-5.2 (0.009)

Mean Te

47.4 (±7.4)

51.3 (±8.5)

-3.9 (0.002)

Mean TS

69.9 (±13.3)

77.6 (±15.3)

-7.7 (<0.0001)

Mean ST

117.9 (±21.8)

126.7 (±19.5)

-8.8 (0.007)
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Annex 13: Regression analysis with signal strength correction
Table 176: Regression analysis of asymmetry of the 30-degree segments in people with frontal, occipital
and multifocal epilepsy corrected for signal strength with p-value
Frontal (p-value)

Occipital (p-value)

Multifocal (p-value)

Su

4.84 (0.3)

-7.56 (0.6)

2.32 (0.5)

SN

1.53 (0.6)

3.76 (0.7)

1.95 (0.5)

NS

-3.26 (0.3)

-9.31 (0.4)

0.03 (0.9)

Na

4.11 (0.05)

-7.13 (0.3)

0.79 (0.6)

NI

1.35 (0.6)

-5.53 (0.5)

0.87 (0.6)

IN

4.54 (0.2)

-19.32 (0.1)

-1.40 (0.5)

In

5.22 (0.2)

-11.82 (0.4)

-4.31 (0.1)

IT

4.05 (0.3)

-8.12 (0.5)

-2.16 (0.4)

TI

-0.17 (0.9)

0.92 (0.9)

2.56 (0.2)

Te

1.02 (0.5)

5.53 (0.3)

1.13 (0.4)

TS

-2.76 (0.3)

6.44 (0.5)

-2.44 (0.2)

ST

2.09 (0.6)

11.36 (0.7)

3.52 (0.2)

Annex 14: Regression analysis of MRI
Table 177: Regression analysis between pRNFL thickness and MRI reports controlling for age, sex,
ethnicity, learning disability, drug resistance and lobe of onset
OCT

Regression Coefficient (p-value)

ODT

-0.39 (0.3)

ODS

-1.06 (0.08)

ODI

-0.18 (0.7)

ODN

0.18 (0.7)

ODTe

-0.54 (0.2)
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Annex 15: MRI regression analysis of superior quadrant
Table 178: Regression analysis of pRNFL thickness of the superior quadrant of the right eye controlling
for age, sex, learning disability, drug resistance, OCT signal strength and total intracranial volume with
p-value
Brain Area

Regression
Coefficient ODS (pvalue)

Regression
Coefficient Age (pvalue)

Regression
Coefficient Sex (pvalue)

Whole Brain

0.17 (0.8)

6.26 (0.02)

-0.07 (0.5)

Left Hippocampus

0.21 (0.9)

6.45 (0.02)

-0.22 (0.03)

Right Hippocampus

1.14 (0.7)

6.57 (0.02)

-0.22 (0.4)

Cerebellar

0.14 (0.1)

7.14 (0.01)

-0.17 (0.1)

Right Deep Grey
Matter

2.08 (0.07)

7.37 (0.01)

-0.12 (0.3)

Left Deep Grey Matter

0.01 (0.9)

6.98 (0.01)

-0.08 (0.4)

Right Cortical Grey
Matter Cingulum

0.17 (0.8)

6.41 (0.02)

-0.22 (0.05)

Left Cortical Grey
Matter Cingulum

0.01 (0.9)

6.44 (0.02)

-0.22 (0.04)

Right Cortical Grey
Matter Insula

-2.61 (0.2)

5.79 (0.05)

-0.24 (0.02)

Left Cortical Grey
Matter Insula

0.24 (0.9)

6.48 (0.02)

-0.22 (0.04)

Right Cortical Grey
Matter Occipital

0.67 (0.05)

7.25 (0.01)

-0.18 (0.09)

Left Cortical Grey
Matter Occipital

0.39 (0.2)

6.65 (0.02)

-0.20 (0.05)

Right Cortical Grey
Matter Parietal

0.14 (0.6)

6.22 (0.03)

-0.2 (0.08)

Left Cortical Grey
Matter Parietal

0.28 (0.3)

5.86 (0.04)

-0.18 (0.1)

Right Cortical Grey
Matter Temporal

0.34 (0.1)

7.27 (0.01)

-0.15 (0.1)

Left Cortical Grey
Matter Temporal

0.43 (0.1)

7.37 (0.01)

-0.14 (0.2)

Right Cortical Grey
Matter Frontal

-0.001 (0.9)

6.44 (0.02)

-0.22 (0.05)

Left Cortical Grey
Matter Frontal

0.20 (0.3)

6.26 (0.03)

-0.17 (0.1)

Right White Matter

0.20 (0.05)

5.75 (0.04)

-0.23 (0.02)

Left White Matter

0.28 (0.01)

5.21 (0.07)

-0.23 (0.02)
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Right Thalamus

10.9 (<0.0001)

6.40 (0.02)

-0.06 (0.5)

Left Thalamus

8.89 (<0.0001)

6.29 (0.02)

-0.09 (0.3)

Annex 16: MRI regression analysis of inferior quadrant
Table 179: Regression analysis of pRNFL thickness of the inferior quadrant of the right eye, controlling
for age, sex, learning disability, drug resistance, OCT signal strength and total intracranial volume with
p-value
Brain Area

Regression
Coefficient ODI (pvalue)

Regression
Coefficient Age (pvalue)

Regression
Coefficient Sex (pvalue)

Whole Brain

0.03 (0.4)

-0.18 (0.1)

7.66 (0.02)

Left Hippocampus

0.73 (0.8)

-0.23 (0.06)

8.11 (0.01)

Right Hippocampus

3.45 (0.3)

-0.22 (0.08)

7.77 (0.02)

Cerebellar

0.19 (0.9)

-0.16 (0.2)

8.65 (0.01)

Right Deep Grey
Matter

1.32 (0.3)

-0.17 (0.2)

8.31 (0.01)

Left Deep Grey Matter

1.68 (0.1)

-0.14 (0.3)

8.08 (0.01)

Right Cortical Grey
Matter Cingulum

-0.27 (0.7)

-0.25 (0.06)

7.73 (0.02)

Left Cortical Grey
Matter Cingulum

0.37 (0.7)

-0.22 (0.09)

7.62 (0.02)

Right Cortical Grey
Matter Insula

-6.59 (0.015)

-0.28 (0.02)

6.08 (0.07)

Left Cortical Grey
Matter Insula

-0.56 (0.8)

-0.24 (0.06)

7.63 (0.02)

Right Cortical Grey
Matter Occipital

0.19 (0.6)

-0.22 (0.08)

7.95 (0.02)

Left Cortical Grey
Matter Occipital

0.25 (0.5)

-0.22 (0.08)

7.86 (0.02)

Right Cortical Grey
Matter Parietal

-0.01 (0.9)

-0.24 (0.08)

7.75 (0.02)

Left Cortical Grey
Matter Parietal

0.16 (0.6)

-0.20 (0.1)

7.39 (0.03)

Right Cortical Grey
Matter Temporal

-0.19 (0.5)

-0.27 (0.05)

7.25 (0.03)

Left Cortical Grey
Matter Temporal

-0.33 (0.3)

-0.30 (0.03)

7.01 (0.04)

Right Cortical Grey
Matter Frontal

-0.55 (0.07)

-0.27 (0.05)

7.93 (0.02)
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Left Cortical Grey
Matter Frontal

-0.16 (0.5)

-0.33 (0.01)

7.88 (0.02)

Right White Matter

0.10 (0.4)

-0.24 (0.05)

7.39 (0.03)

Left White Matter

0.16 (0.2)

-0.23 (0.05)

7 (0.04)

Right Thalamus

6.37 (0.005)

-0.14 (0.2)

7.7 (0.02)

Left Thalamus

4.76 (0.09)

-0.16 (0.2)

7.64 (0.02)
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