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Abstract

Background: The antiepileptic drug vigabatrin (VGB) is associated with the development of
visual field loss inaround50% of exposed individuals. The mechanisms of VGB retinotoxicity
are unknown, and there is continued debate as to the best methods of assessihvneigumal

in VGB-exposed individuals, particularly in those unable to perform perimetry.

Methods: 204 VGBexposed individuals, 90 nesxposed individuals with epilepssnd 90
healthycontrolsparticipated Individuals underwent visual field testing ngiGoldmann kinetic
perimetry andperipapillary reinal nerve fibre layer (ppRNFL) imagingsing optical coherence
tomography (OCT)

Results: A retrospective analysis of the evolution wfabatrin associated visual field loss
(VAVFL) in individuals contiming VGB showed progression of VAVFL in all individuals over

a tenyear period.

More VGB-exposedndividuals were able to perform OCT compared to perimelfeasures
of ppRNFL thickness were found to be highly repeatable in this populalioere was strong
correlation between ppRNFL thickness and visual field simgestinghat irreversible VAVFL
may be related to loss of retinal ganglion €éRGCs). Duration of VGB exposure, maximum
daily VGB dose, male gendand the presence of a homonymaousual field defect were
associated with ppRNFL thinning

The patterrof ppRNFL thinning suggest that ppRNFL loss progressewith increasing VGB
exposure. Subtle ppRNRhinningmay occur in discrete areas after exposure to small amounts

of VGB, whilstother ppRNFL areas appear to be resistant to large cumulativee¥@Bure

The ppRNFL was significantly thinner mon-exposedndividuals with epilepsycompared to
healthy controls.Factors that may be associated with ppRNFL thinning included thermes
of learning disability, MTLE with HS and longer duration of epilepsy.

Conclusions: ppRNFL imaging using OCT provides a useful tool to assess -&XpBsed
individuals, and can provide an accurate estimate of the extent of VAVFL in the absence of a
reliable direct measure of the visual field. Understanding patterns of ppRNFL thinning
associated with cumulative VG&posure may aid in the early detection of VGB toxicity.
Pathophysiological mechanisms of VAVFL are unknown; however, pathology of RGC

apparats is evidently implicated.
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Chapter 1 Introduction

1.1 2-aminobutyric acid

Inthel at e 19506s it oaminsbutydic acid GABA) wasdhe mdjoa t
inhibitory neurotransmitter in the central nervous system (C{S)). GABA is
synthesized in presynaptic GABAergic axon terminals from intracelgildamate in a
reaction that is dependent on the enzyme glutamic acid decarboxylase (GAD). After
synthesis GABA is loaded into vesicles and released from nerve terminals during
membrane depolarization via calcitdependenexocytosis. The effects of GAB are
mediatedboth pre and postsynaptically throughionotropic GABA. and GABAc
receptors and metabotropic GABAeceptors. Termination of GABA signaling is
achieved by active transport of GABA from the synaptic cleft into thesymaptic
nerve terminbor surrounding glial cells through high affinityaN and Cl-dependst
GABA-transporters (GAT) in the plasma membrane. Within the neuron or glial cell,
GABA is metabolized in a reaction catalyzed by the mitochondrial enzyme GABA
transaminase (GABA) (1) (Figure 11). The end product of this metabolic prociss
glutamate. IMGABAergic neurons that contain GAD, glutamate is metabolizgirato

form GABA. In glial cells GAD is not present, and glutamate is converted to glutamine
(via glutamine synthetase) whidhiffuses from glial cells intcneighboring neunas

where it isagainconverted to glutamate (Figurel).
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Figure 11  Normal GABA metabolism
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Figure 1.1 legend: yellow cell = GABAergic neurone; Grey cell = Glial cell; Green cell =
postsynaptic neurone; GAD = glutamic acid decarboxylase; GAB#&-amminobutyric acid;
TCA = tricarboxylic acid cycle; GABAI = GABA transaminase; GAT = GABA-transporter

1; GAT-3 = GABA-transporter 3

1.1.1 The search for GABAergic antiepileptic drugs
The identification ofGABA asthe major inhibitoryneurotransmittem the CNS led to

much attention directed toward this molecule and its role in neurological disease. Soon
compoundsaimed attargeing processes withiCNS GABAergic systems were sought

as potential therapies for diseases in which impairment of GAigAiated inhibition

was suggested as a pathological mechanf&r8), including epilepsy3) in which an
imbalanceof excitatory and inhibitory neurotransmission is implica(éyl Several
inhibitors of GABA-T, the metabolisig enzyme of GABAwere synthesised and some

werefound to have anticonvulsant propert{&3. However,manyof thesecompounds
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were hamperedy toxicity, lack of specificity for GABAT, low potencyandinability

to penetrate the blood brain barrir5;6).

1.2 Vigabatrin: a designerantiepileptic drug

The first of the GABAT inhibitors found to have a suitably pot€fit8) and specific

(8;9) biological action for potential clinical us€l0) was 4-amina5-hexenoic acid
(vigabatrin, (also 2-vinyl-GABA)). A structural analoguef GABA (Figure 12),
vigabatrin (VGB) was designed specifically to increase CNS GABA through
irreversible inhibition of GABAT, and representedhe first attempt at mechanism
basedantiepileptic drugdlevelopmen{ll)and b ec ame t h antigpileptict A d

drug AED) available for clinical us€l12).

Figure 1.2  Chemical structure of GABA and VGB

0 H,N

\/\/H\ >
H.N
2 OH

S

2-aminobutyriacid 2-vinyl >-aminobutyricacid
(GABA) (vigabatrin)

Figure 1.2 legend:  VGB was designed as a structural analogue to GABA withngl
appendage. V GB = -aminopudybdcaatid Figure tak@Ar@&@3) = o
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1.21 Vigabatrin: mechanism of action
Studies in mice and rats showed that when administer@ghpeally (per oral, intra

peritoneal, intravenous),VGB concentratiorincreases in a dosiependent manner in
the CNS' (10;14;15)andproduces a rapid dostependent inhibition dfrain GABAT
activity (10;1518). In the mitochondrigGABA-T metabolises GABAthusinhibition

of this enzymeby VGB results inincreased total brain concentrations of GABA
(9;10;1519). Thedistribution ofincreased GABAwas found to include botimcreased
intracellular GABA levels rferve terminal andglial cell) (20) and increased

extracellular GABA as detected in the C&H).

In rats exposed to a single dose of VGB, whole brain GABActivity decreases
rapidly, reaching 20% of control activity within 4 hours of dosing which was
maintained for at least 48 hou®0). Concurrently, whole brain GABA concentrations
rapidly increase also peaking at around four hoursgasihg, at concentrations around
five-times the baseline GABA levels. The pharmacological effects of VGB ar
determined by the half life of GABA which is longer than that of VGBLO;22) As
new GABAT is synthesised GABA activity slowly begins to increase, and BA
levels subsequently decreaseBy five days postlosing GABAT activity is still

reduced, and GABA concentrations wéust returning to baseline levél)).

In pretreated ratd/GB hasalso been show to increaseboth resting and potassium
evokedGABA releasefrom cortical slices(14;23;24) The GABA release recorded
after pretreatment with VGB wadighly calciuni dependent and thus likely to

represent neuronghs opposed to glialpABA releasg24). In addition, a reduction in

GABA uptakeafter VGB exposuréhas also been reportét6;23;25) The mechanisms

' cerebellum, pons, hippocampus, frontal cortex, dorsal cortex and retina (Sills 2001);
cortex, spinatord and retina (Neal 1990); whole brain (Jeung 1990)
28



of GABA uptake inhibitionby VGB are unknown, buhave been suggestedrepresent
competitive inhibition between GABA and VGB for uptake via one of the &SAT
(16;25) Alternatively, once GABA has accumulated in the Miuller celichs an
intracellularGABA accumulation will impair the efficiency of t@ABA uptake into

Muiller cells due to a decrease in the transmembrane driving(@8e

Decreased GAD activitafter VGB exposurehas also been reported in some studies
(10;14;16;18)dthough to a lesser extetitan that oflGABA-T (10). VGB may have a
direct inhibitory effect on GAD activity(10;18) Alternatively inhibition of GAD
activity may bedue to anegative feedback loopesulting from high GABA levels
(9;14,;18;27;28) Decreasesn brain glutamineafter VGB exposurehave also been
reported(18) which could result frondirectinhibition of glutamine synthetadey VGB
(18). Alternatively, the decreasé GABA metabolism resulting from inhibition of
GABA-T by VGB may result indecreased production of glutamaded thus less

glutamate availability for metabolishy glutamine synthetase gutamine.

In humans, oral VGB itmke was associated with a datependst increase in

cerebrospinal fluid GABA22;2932) and brain GABA concentratior{83).

1.22 Antiepileptic properties in animals
VGB hasshown to protect against seizures in several animal seizure models including

audiogenic seizuref), chemicallyinduced seizure§20;34) photicinduced seizures

(35) and amygdalkkindled seizure$36).

1.2.3 VGB for drug-resistant partial seizures
The anticonvulsant properties of VGB observed in rodé0;34) and norFhuman

primates(35), alongside the finding thatxposure to/GB results in a dosdependent
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increase INCSF GABA in humans(22;2932) suggested a potential for antiepileptic

drug use inndividuals with epilepsy37).

Early singleblind, placebecontrolledstudies inndividualswith drugresistanepilepsy
showed that VGB decreased seizure frequéB2y38;39)and sevaty (32) when used

as adebon therapy. Subsequent doublblind, placebecontrol trials confirmed this,
reporting that around 50% of individuals widnugresistantepilepsyhad a more than
50% reduction in seizure frequency after VGB -athdtherapy(37;4043), around 20%

of individuals had a more than 75% reduction in seizure frequég¥40;42) More
recent, larger studies have further aoméd these findings in individuals witthrug-
resistantcomplex partial seizure@l4-46). A recent systematic review of randomised,
douwble-blind, placebecontrolled trials of VGB fordrugresistant partial epilepsy
concluded that VGB is effective in reducing seizure frequency in this group of

individuals(47).

1.24 VGB for infantile spasms
Infantile spasmss a devastating childhood epilepsy syndrome characterissgasyns,

characteristiEEG abnormalities (hypsarrhythmia), psychomotor delay and poof long
term prognosis Seizures associated with infantile spasms are usually refractory to
treatment with coventional AEDs(48;49) and currently adrenocorticopic hormone

and VGB are firstine therapieg50). In 1991 Chiron et al51) reported thatessation

of spams was achieved in 43% children withdrugresistantinfantile spasmsfter
receivingVGB addon therapy. Subsequent studies have reported the effectiveness of
VGB as firstline monotherapy in infantile spasn{§2-59), particularly in infantile
spasms secondary taberous sclerosis compl€XSC) (55;60;61)wherecessation of
spasms is achieved up to 100% of childre(60). A recent metaanalysis of treatment

of infantile spasms found that there is no clear evidence as to which treatmemnha opti
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for infantile spasmshowever VGB may be the superior treatment in infantile spasms

secondary to TS(8).

1.3 Vigabatrin tolerability and adverse effects

Doubleblind, placebecontrolled trials found VGB to be an effective and well tolerated
drug (37;46)with few significant drug interaction®6). Adverse effects in adults were
generally mild and included drowsineé37;41-43;45;47) dizziness(47) and mood
changes(37;41;47;62)(particularly depressioif47)). These tended to improve with
careful titrationandcontinuedvGB use(37). In children adverse effects were also mild
and included sedation, irritability and insomitb;60;61) However, the trials were

typically of short duration, the longest follewp being 36 week@g!6).

1.31 Intramyelinic oedema
In VGB-exposed animals microscopic vacuolation resulting from separation of the outer

layers of the myelin sheaths were reporté@B). The lesions, referred to as
Aintramyelinic oedemao (1 MO), were | i mitHt
evidence of structural change to the cell bodies or at@f)sand reverse on cessation

of treatment(65). IMO was seen in VGExposed mic€64;65) rats(63;65)and dogs

(63;65) In monkeys, there was no conclusive evidence to suggest that IMO occurred
after VGB exposurg(63;65) Similarly, in studies of post mortem and surgical brain
tissue from VGRBexposed adults, no evidence of intamyelinic oedema was de(ébéted

69). However, IMOhas recently been described irp@ast mortem specimen from a

VGB-exposed infant with quadriplegic cerebral palsy and infantile spé&ms
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In VGB-exposed dogsIMO was found to be prominent in the optic tracts aveks
associated with increaséatencies of thevisual evoked potentig71). In preclinical
(72;73)and early clinica(74) studies of VGBexposed individuals with epilepsyisual
evoked potentialsvere assesseéd monitor individuals for early damage involving the
visual pathways. Studies demonstrated normal VEP after up to 3.5 years of VGB
exposurg72-74) suggesting that in humans VG8not associated withisual pathway

IMO (75).

1.32 Psychosis
Early clinical trials with VGB found behavioural disturbances to be the most common

adverse effect62). Behaviouraladverseeffects of VGBincluded agitation, irritability,
confusion, hyperactivity and depressi2). In a small number of individualgGB
exposurevas associated with the development fghoticepisodeg76;77) However
these episodes tended teespond wellto careful titration, reduced/GB dose or
treatmentwith antipsychotic drug$76) and resolvedafter discontinuation of therapy
(77).

1.33 Vigabatrin associated visual field loss

In 1997 Eke et al. reported three cases of symptomatic iistchlconstriction in
individuals with two to three years ¥iGB exposurdhat could not be explainda any
opthalmological or neurological insulf8). Several authors suggested that theialis
field defect could result a@ consequence of the epilepsgther than a toxic effect of
VGB (79-81). In addition, the individuals reported by Eke et (@8) had all been
exposed to several AEDs that could also have contributedetwisiial impairment.
However, in the ensuing yeawumerousauthors reported individual cases and case

series olvigabatrinrassociatedisual fieldloss (VAVFL) (79;8285).
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1.4 Prevalence of VAVFL

After the initial case reporfrom Eke et al (78), several authors reported individual
cases andase series of visual field constriction associated WB exposurg79;82

85). At this time the manufacturers of VGB, Hoechst Marion Roussel, reported that
since the introduction of VGB in 1989 th
defects associated with VGB use, with a fremey of less than 0.19%@86), and an

overall incidence estimated to be 14.5/10,000 patients with epilepsy peK8¢gar

Many of the initial statisticswere based upon sporadic reports from symptomatic
individualsand questionnairesf visual symptora (82;87) However, it was suggested

early onthat VAVFL may be asymptomatic and may be more common than initially
suggestedby these studieg85;8890). Subsequent studies have estimatbé t
prevalenceof VAVFL to be betveen 17 an®2%in adults and between 6 and 65% in
children (Table 11). Recently, a systematic review of observational studies
investigating the prevalence of VAVFL was publisi®d). The review identified 32
studies which met the inclusion criterend found that the proportion of V&&posed

i ndividuals described as having #Avisual
individuals specifically described as showing VAVFL waio. Whenseparated into
studies 6 adults and studies of childrethe combined random effects estimate for the
estimated mean proportion of vigabaterposed individuals with field loss was2%

and 344 for adults and childremgspectively(91).
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Table 11

adults and children

Summary of studiesreporting the prevalence of VAVFL in

VGB-exposed

Reference Prevalence | Number of | Perimetric Mean Mean duration
(%) individuals | method cumulative VGB exposure
VGB exposure | (months)
(kg) [range] [range]
Wild 2009(92) 34% 301 BOTH 25 44
Sergott 201q93) 72% 258 GKP - -
Hardus 200@94) 17% 118 Peritest Static | - -
Newman 200495) | 2 0 %b 100 GKP 4.0[0.17175] |61
Malmgren 200496) | 19% 99 GKP [0.3->7] [1-152]
Wild 1999(97) 29% 99 BOTH 4.1 49
Nicolson 200298) | 43% 98 HVFA - -
Kinirons 2006(99) 53 % 93 GKP 54 86
Nousiainen 40 % 60 GKP [0.4218.7 [7-169
2001(100)
Daneshvar 1999 | 29% 41 HVFA 2P - 39
(101)
Tseng 200§102) 79% 34 HVFA @ 3.7 46
McDonagh 2003 59% 32 HVFA °© 5.9 84
(103)
Kalviainen1999 41% 32 GKP - 69
(104)
Krauss 2003105) 53% 32 GKP - 47
Miller 1999 (106) 50 % 32 BOTH - 52
Conway 2008107) | 18% 31 HVFA? >1 >24
Schmitz 2002108) | 45% 29 GKP - [4-71]
van derTorren 2002 | 69 % 29 BOTH 3.0 55
(109)
Fledelius 2003110) | 92% 26 GKP - 102
Lawden 199981) | 39 % 25 HVFA 2P¢%® 110610.3 50
Paul 2001(111) 41% 22 BOTH - >24
Besch 200@.12) 90% 20 GKP [0.06-65] 2-96
Manuchehr2000 67% 20 HVFA ¢ 2.9 59
(113)
Arndt 1999(114) 58% 19 HVFA - 12
Hui 2008(115) 56% 18 HVFA 2 - 24
Midelfart 2000(116) | 83% 18 HVFA °© - -
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Moreno 2005117) | 89% 18 HVFA® - a4
Toggweiler 2001 | 60 % 15 GKP 3.1 47
(118)

Ardagil 2010(119) | 29 % 12 HVFA 2 33 78
Ponjavic 200{120) | 58% 12 GKP - [24120
Jensen 200Q121) | 30% 10 GKP - 79

Paediatricstudies

Vanhatalo 2002 19% 91 GKP 21 40

(122)

Wild 2009(92) 20% 85 BOTH 1.3 37

You 2006(123) 22% 67 HVFA? 22.8ng/kg 50

Werth 2006(124) 27% 30 Non- - 46
commercial

arc perimetry

Agrawal 2009(125) | 29% 28 White sphere | - -
kinetic
perimetry
GrossTsur 2000 65% 17 BOTH 43mg/kg 36
(126)
Gaily 2009(127) 6% 16 GKP 0.66 24
Ascaso 2003128) | 20% 15 HVFA 2 - 42
Wohlrab 1999129) | 42% 12 GKP - 26
lannetti 2000130) | 33% 12 BOTH - -
Spencer 2008131) | 36% 11 HVFA? - [3-108

VAVFL = vigabatrin associated visual field loss; VGB = vigabatrin; GKP = Goldmann kinetic
perimetry; HVFA = Humphreyisual field analyzerStudies are listed in order of the number of

VGB-exposed individuals who were examined using perimetry.

ltaicicases were recruited as fAsuspected VAVFLO

field should be consideredo
#HVFA 30-2 program

® HVFA 60-4 program

¢ HVFA full field 120-point program

YHVFA 24-2 program

*HVFA 30/60-2 program
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The large range in reported prevalewn¢d/AVFL could be due to a number of factors
including nonblinded assessments, ascertainment bias and small sample(s&es
Different studieshave usea different perimetrictechniquesto assess the visual field,
including bothmanual kinetic and automatestiatic techniquesvhich could influence

the reported prevalenad VAVFL (12;93;132;133) This was investigated ia recent
systematic reviewwhich found no effect of perimetric assessment method on the
reported prevalence of VAVFL91). However, the review only examined the

di fference between using #Astatico or n k
different programmes or testing strategies used-or example, in studies using
automated statiperimetry (ainly the Humphrey Visual Field AnalyzerHVFA)),
different visual field assessment programmes have been employed between studies
which examine the visual field out to varying eccentricities. For example, thpali20
programme examines the visualdl out to 60 eccentricityin all meridians compared

to the 362 programne which only examines out to 28ccentricity. Individuals with

mild peripheral VAVFL may not be identifiegsing a programme which assessely

the central visual field97;101;106;122) Similarly, in studies using amuatkinetic
perimetry (nainly Goldmann Kinetic PerimetryGKP)), the use of various testing
stimuli (i.e. plotting various isopters) between studies may also lead to differences in the

reported prevaleng®1l).

Differences indemographic, clinical antherapeutic factors betweehe populations
included in the studies may also contribute to the differences in reported prevalence of
VAVFL. For example, studies in which the individuals have a high cumulst&B
exposureor long duration ofVGB exposuremay be expected to report a higher
prevalence of VAVFL(91). Otheryet unidentified risk factors for VAVFL magiffer

between study cohorts and could influence the prevalence of VAVFL.
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The criteria used to define VAVFL diffebetween studies,ven those using the same
perimetric technique. Di f f er ences i n t he criteria
Aabnor mal 0 could esulaih differeneek ith the prevalence recorded between
studies(93). In a largestudy by Sergottising GKP, 72% of VGExposed individuals
had visual field defect®3), compared to a similegized study by Wild et al. who found
that only 34% of VGBexposed individuals had VAVF(92). In the study by Wild et

al. each visuafield test result was evaluated by a single investigator who-semi
qualitativelyclas si fi ed each visual f based dn amagabldi n o r
criteria(97). In the study by Sergott al.the extent of the visual field in the temporal
meridian was determined based on the largest available isopter (V4e 9r IVideal
fields that extended to less tharf 80the temporal meridian were considered abnormal
(93). In thestudy by Sergott et ab5% of individuals with epilepsy with no history of
exposure to VGB (neexposelishowed abnormal visual fieldghereas in the study by
Wild et al. only 1% of norexposed individuals showed a visual field that wlassified

asshowingVAVFL according to the criteria us€82).

The effect ofusing differert criteria for definingan abnormalvisual field on the
reportedprevalenceof VAVFL was highlighted byanhatalo et al. In their study
di fferent Al i mit sliedftoovisual fieddrdatrdmiol \YCiB-exposede a p
childrenillustrating that changing the criteria for normalityay resultin substantial

differences in theeportedprevalence of VAVFL(Tablel.2) (122)
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Table 1.2 The effect of changing thecriteria for normality of the visual field on the
prevalence of VAVFL (taken from (122)

Limit for normality in the Number ofindividuals Prevalence of VAVFL

temporal meridian (degrees)| (normal:abnormal)

0 8°0 41:50 54.9%
0 7°0 74:17 23%

06°0 84:7 8.3%
0 5°0 90:1 1.1%

The proportion of individuals included in a study by Vanhatalo et al. with visual fields classified
as fabnormal 6 when the | imits for mendiaal ity
(taken from(122))

VAVFL = vigabatrin associated visual field loss

1.5 Characteristics of VAVFL

The characteristics of vigabatrassociated visual field loss (VAVFL) were first
explored systematically by Wild et al. who observed the severity, type and location of
visual field defects in VGRexposed individual$97). Using static theshold perimetry

of the central 3Dof the visual field (HVFA 32 program) a unique pattern of visual

field loss was describeds s howing Al ocalised Dbil ater
annulus over the horizontal midline, with a relative sparing of teemp or aThef i e | «
visual field defect was found to be steeply bordened absolutethat is, at the edge of

the remaining, intact visual field the sensitivity to light fell from normal to absolute loss

of light sensitivity suddenly and rapidl1;94;134) In individuals examined using
Goldmannkinetic perimetry, the visual field (examined beyond 8€centricity) was

found to be concentrically constricted, with a more profound nasal tharoramp
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constriction. Inthe mostsevere cases the visual field loss mangests abilateral,
symmetric, concentric constriction within 30eccentricity. In the same study, a
population of individuals with epilepsy not exposed to VGB (egposed) were sb
examined using perimetry. Visual field defects were found in seven individuals, all of
which could be attributed to knowretind or cortical pathology. Nonefdhe non
exposed individuals manifesta pattern of visual field loss with characterisiidghat

seen in the VGEBEexposed individualéd7).

Ensuing studies and clinical experieramnfirm that the characteristics of VAVFL are
of a peripheral(101;104;106;116)concentric(94;101;104)contraction of the visual
field affecting both eyes (94;97;101;104;106;134;135) symmetrically

(81;97;101;104;107;109;134;136)

Severalgroupshavedescribe VAVFL as showingmore extensive involvement of the
nasal visual field than the temporal visual fie{81;97;126) However this
characteristic of VAVFL is contentioy406;137;138) An overestimation of thdegree

of involvementof the nasal visual fielth individuals with VAVFL may be due to the
perimetric echnique usefl37) The normamonocularvisual field extends taround

60° nasally and 100tempaally. Many of theautomated perimetric techniques used do
not examine the full extent of the visual field. For example, the commonly us2d 30
program of the HVFA examines the monocular visual field out feé8&entricity in all
meridians. A concentric contraction of thisual field (i.e. by an equal amount in all
meridians) of around 3Gnay show as a mild nasal visual field defect in an individual
assessed using this tedure, butwould not be detected in the temporal fi¢kB7).
Where studies have compared the percentage constriction in each hemifield in

individuals with VAVFL, either the temporal hemifield shows more constriction than
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the nasal hemifield106) or there was no difference found in the degree of constriction

between hemifield§94;110)

1.51 The severity of VAVFL
The severity of VAVFL varies widely12;96;97;106) with some individuals showing

very mild loss of the far periphery of the visual fi¢8d;96;116)whist others develop a
very severe constriction exiding to involve the central 80of the visual field
(96;101;109;139)Figure 1.3) In most individuals with VAVFL the defect is mild to
moderate with few individuals showing severe defects. In a large study of 119 adults
and children with VAVFL,. 52% were classified as showing mild VAVFL, 35% as

moderate and 13% as sevd2).
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Figure 1.3  The characteristics and severity of VAVFL
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Figure 1.3 legend:  VAVFL is well characterised as a concentric peripheral constriction of
the visual field. A normal visual field plotted with the 14e isopter using Goldmann Kinetic
perimetry is showigA). The sevaty of VAVFL ranges from mildB) to severgC).

1.6 The evolution of VAVFL

16.1 Time to onset of VAVFL
The time to onset of VAVFL after starting VGB has been difficult to establish as most

studies have been cross sectional and individuals included have been receiving VGB for
variable periods before entry into the study. Very few prospective studies of VAVF

have been carried out, and even in these studies the time of VAVFL detection may not
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be the time of VAVFL onset due to the asymptomatic and possibly insidious nature of

the visual field l10s$140).

In an unpublished clinical il of VGB reported by the FDA, 25 VGBxposed
individuals were prospectively assessed for VAVFL at three monthly intefi/ls.

7/25 individuals developed VAVFL within the followp period (median durationf o
follow-up was 500 days). One individual developed VAVFL after two montNs=E
exposureand five individuals developed VAVFL after around one year of exposure

(141).

In a prospective study of the use of B@r treatment of cocaine and metamphetamine
abuse visual field testing was performed at baseline and at one, four and eight weeks
duringVGB exposure In the 18 individuals who completed the studly changes were
seen in the visual field compared taskline. However, the duration of VGB exposure
and the cumulative&/GB exposurewere relatively short (eight weeks and 137 grams,
respectively) compared to the treatment strategies used in individuals with epilepsy

(142)

Schmitz et al. performed visual field testing in 29 individuals before exposure t¢o VGB
and agair34-120 months after initiation of VGBL08). At the follow-up examination
13/29 (45%) had developed VAVFL. Of the individuals who had deesloVAVFL,

the duration ofVGB exposureranged from 9- 71 months. However, dzause
individuals had not undergone repeated visual field assessments duringGihe
exposureperiod the time of onset of VAVFL afteGB exposurecould not be

determined

In crosssectional studies, VAVFL has frequently been detected in individuals within

around one year oVGB exposure(96;99;112;138;143) Abnormalities of the ERG
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have also been reported to occur within six months ¥f88 exposurg105;144) It is

not known whether these abnormalities relate to the development of VAVFL, or are
associated with the direct effects of VGB on retinal physiology as healthy individuals
exposed to a oreff doseof VGB develop ERG abnormalities despite maintaining

normal visuafields (145).

The onset of symptoms of visual hasbednd c o
repored to occur from 67 75 months after startingVGB therapy
(78;79;82;101;143;146) The onset of symptomsuggests that the visual field
constriction is likely to be severe, and encroaching on centsanv97). In these
individuals it is possible that a degree of mild VAVFL may have been present before
the onset of symptoms, and thus the development of symptomatic VAVFL may not

provide an accurate estimate of the time of onset of MAV

1.6.2 The development of VAVFL
The nature of the onset of VAVFL is unknown. The asymptomatic charactedétics

VAVFL suggest that the development of visual field constriction is slowly progressive,
allowing adaptive processes to take place to compensate for impaired peripheral vision
(81;92;97;112) In addition, the range in severity of VAVFIlrom mild and
asymptomatic to sewver constriction suggest that VGBoxicity may be slowly
progressive, with individuals with varying degrees of VAVFL at varying stages of
progression(147). Conversely,n someVGB-exposedndividuals, significant changes

in the visual fieldoccur within short time periods, suggesting that VAVFL onset may
occur rapidly in some cas€s39;143) Analysisof serial visual field assessments over

a tenyear period in an individual on VGB therapy showed a significant deterioration in
visual field size between assessments carried out one yea(kg8rt Similarly, in an

unpublished prospective study of V&Bposed individualassessed using perimetry at
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threemonthly intervalsVAVFL was first detected as a moderate degree of constriction
within 20-30° of fixation in three individual§141). As theindividuals included in the
study were assessed at thmemntHy intervals, this demonstratethat in thesecases
moderate/AVFL developedapidly within the three month period between visual field

examinationg141)

The nature of onset of VAVFL will be difficult to d=imine(140). VAVFL is largely
asymptomati@and few individuals who are able to perform reliable perimetry are newly
started on VGBmeaning that gud prospective datare unlikely to become available
(99). In addition, inferenceabout the nature of VAVFL onset may bd#luenced by

the frequency of perimetric examinationsdertaken From the available studiesig&
difficult to determine the nature of VAVFL onset and it is possible thatonset of
VAVFL may differ between individualshowng either a slowly progressive or rajyd

progressive onsé€Figurel.4) (141)

Figure 1.4  The nature of the onset of VAVFL(adapted from (141))
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Figure 1.4 legend:  Visual field assessments taken at Time 1 (red arrow) reveal normal

visual fields. Repeat assessment at Time 2 (red arrow) show that VAVFL has developed.
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However, the nature of onset of VAVFL between this period is unkn@ack dashed line)
VAVFL may develop in a slowly progressive pattevocurring over a protracted time period
(A) (black dashed line). Alternatively VAVFL may have a sudden and rapid onset, occurring
over a short time perio@) (black dashed line).

1.6.3 The progression of VAVFL
It is generally accepted that once establishé&VFL is stable and does not progress

with continuedVGB exposurg(111) Followup studies of individuals who continue
VGB therapyhave shown no progression of VAVFL over tir8&l;100;111;148.50)
(SeeTable 3.). In addition, several stlies have shown that the riakd severity of

VAVFL does not increase with increasM@GB exposurdgsee 1.71)

However,other studies have shown an association between incre®$aigy exposure
and increased risk of VAVFIl(see 17.1). In addition, progression of VAVFL with

continuedvVGB usehas been reported in some studik139;151;152Table3.1).

Overall, studies of the evolution of VAVFL in individuals continuiNgB therapy

have typically followed patients for less than four yedrab(e 3.). Only one case
report has assessed the evolution of the visual field with continued VGB therapy over a
longer period(139) In this report, rapid, severe VAVFL developed aftaryears of

VGB exposure suggesting that VAVFL can praggs in some individuals after many

years of VGB usé€139).

16.4 The irreversibility of VAVFL
The irreversible nature of VAVFL has been suggested since the initial case series

reported by Eke et a{78). Subsequent followp studies have confirmed that in most

individuals VAVFL is irreversible afte¥ GB withdrawal(Table 13).
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Table 13

on visual field size.

Summary of follow-up studiesinvestigating the effect of VGB withdrawal

Reference Number of Follow-up after Overall finding

individuals VGB withdrawal

(months)

Nousiaien 2001100) 29 4-38 No change#
Newman 200Z95) 21 6- 18 No change#
Hardus 200@152) 16 24 No change
Johnson 2000153) 13 3-11 No change
Schmidt 200Z149) 11 12-24 No change
Lawden1999(81) 10 Not stated No change#
Kjellstrom 2008(154) 8 48-72 No change
Fledelius 2003110) 8 Not stated Improvement
Vanhatalo 2001155y 7 Not stated Improvement
Hardus 2003151) 6 371 47 No change
Eke 199778) 2 12, 48 No change
Krakow 2000(156) 2 6,1 Improvement
Wong 1997(82) 1 48 No change
Giordano 200@157Y) 1 9 Improvement
Versino 1999158* 1 10 Improvement

*Paediatric studies

#Some individuals included in the study did show an improvement in guahfield, although

overall the authors concluded that there was no change in the visual fieldfteiz& GB

withdrawal
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Some cases ofeversibility of VAVFL have been reported, particularly in children
(155;157;158pnd rarely in adult§81;95;100;110;156) Young age has been suggested

as a favouralel factor for reversal of VAVFI(157) due to more efficient retinal repair
mechanisms(158) and neural plasticity(155) in childhood. However, it is still
unknown whether rare cases of reversibility of VAVFL reflect true improvement in
visual function afteGB withdrawalor whether they are a product of the limitations of
perimetry inthe assessment of some individuals. A learning effec@peatperimetry

is well recognised(159;160) and the appant reversal of VAVFL after VGB
withdrawal may be related to improved performance and familiarly with the(843k

In particular, children often show a progressive improvement of the vViglélover
subsequent test sessions related to the learning €tf22} which could explain the

more frequent reports of VAVFL reversibility in paediatric studies. For example, in one
child, progressive improvement of the visual field was seen alongside progressive
improvement in the reliability of the visufield assessm (157) Similarly, in an
individual with a reported improvement in VAVFL aftGB withdrawal (158), the
illustrated visual field taken whilst o GB s howe dl emaficc | patetrer n
typical of functional visual impairment, or concentratiand fatiguerelated artefact
(152;161) Vanhatalo et al. reported a case series of seven children whedh
improvement of the visual field aftevGB withdrawal (155) In the analysis to
determine the change in visual field siz
chosen to compare against the latest visual field ¥f@&8 withdrawal(155) Several
factors may have contributed to thet inte
related toVGB exposure including poor task performance, impaired attention and
concentration and fati duwe. i nUdeh eofamnmdaHl e sii

to an overestimation of the improvement in visual field size @B withdrawal
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It is possible that there are thoreversible and irreversibldfects of VGB on visual
function. In most individuals VAVFL does not improve even many years W8
withdrawal In agreement with this post mortemexamination of an individual with
VAVFL concluded that the degree of cell loss from the retina and optic nerve would
suggest that the damage to the visual pathway was irreve(sé¢ Onthe other
hand, some features of VAVFL might be transient and related to the physiological
effects of VGB. Various retinal electrophysiological abnormalities that are seen during
VGB exposuraeturn to normal afte¥GB withdrawal further suggesting thatspects

of visual dysfunctionelated toVGB exposurenay be reversible.

1.7 Risk factors for VAVFL

1.7.1 Cumulative VGB exposureand duration of VGB exposure
The relationship between increasM@B exposureand the development of VAVFL is

controversial and studies have shown conflicting findings. Increasing cumul&ise
exposure (81;96;113;122;137;163)  duration of VGB exposure
(81;92;94;96;108;118;126;137;164paximum daily VGBdose(107) and mean daily
VGB dose(92;109;137)have been associated with increased risk of VAVFL in some
studies (Tabl&.7). However, other studies have reported no effect of cumuldBe
exposure  (95;97100;104;109;124;164) duration of VGB exposure
(95;97;99;100;109;122;124;128;13mMaximum dailyWGB dose(99;102;108)r mean

daily VGB dose(124;126;128;1659n risk of VAVFL (Table5.7).

Recently, a large, multicemt study of VAVFL in 386 VGBexposed adults and

children identified increasing duration 5B therapy and increasing mean daily dose
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of VGB, to be risk factors for VAVFL(92). It appears that there is likely to be an
association between increasM@B exposureand increasing risk of VAVFL. But is
clear that there is not a simple doséated toxic effec{12). Some individuals develop
significant VAVFL after relatively small cumulativéGB exposureand short periods

of VGB exposurg conversely other individuals miatain normal vision despite
receiving high doses of VGB for many ye&96;98;122) Multiple clinical, therapeutic
and demographic factors may contribute to an individuask of developing VAVFL.

It has been suggested that VAVFL may represent an idiosyncragecsaddrug reaction
(12;95;99)where susceptible individuals will develop VAVFL irrespective of the dose

or duration ofVGB exposurepossiblydependenbn genetic variabilitf166).

1.7.2 Male sex
In a large multicentre study of 386 V&&posed individuals makexwasfound to be

a risk factor for VAVFL (92). This is in agreement with previous findings
(92;94;95;97;98;103;137(Table 1.4). In some studies males were found to be more
than two times as likely to develop VAVFL compared to femd#%97;140) In
addition, certain abnormalgs of the electroretinograwere found to be more prevalent
in VGB-exposed males compared to femal&67) Conversely, other studies have
found no increased risk of VAVFLsaociated with maleex(100;104;122;135fTable
1.4). Differences in findings between studies may relate to the approastalysis of
the data. fdies that have reported no association between sex and risk of VAVFL
have not controlled for the amount WGB exposurge.g. cumulative/GB exposure
duration ofVGB exposurg between groups (Tablke4). As this variable is likely to be
associated with risk of VAVFL (see above) it is important to control for it in any

statistical exploration of other riskdtors.
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No theories for the mechams of increased susceptibility to VAVFL in males have
been suggested, although Newman et al. proposed that this finding may indicate a

genetic susceptibility tGB toxicity (95).

Table 1.4 Summary of studies exploring an association betweenmale sex and

VAVFL

Reference Number of Male gendera Control forvGB
participants risk factor exposure

Wild 2009(92) 386 Yes Yes

Hardus 200@94) 118 Yes No

Newman 200Z95) 100 Yes Yes*

wild 1999(97) 99 Yes Yes

Nicolson 200298) 98 Yes No

Hardus 2001(137) 92 Yes# Yes

Vanhatalo 2002122) 91 No No

Nousiainen 200{100) 60 No No

Durbin 2009(167)* 42 Yes No

Kalviainen 1999104) 32 No No

McDonagh 2003103) 32 Yes No

*No significant difference was found between males and females in terms of cumlatve

exposurgindependent samplest@st)

#only found when quantifying visual fields using the surface method but no difference was
foundbetween males and femalkenvisual fields were quantified using the Esterman

method.
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**V/isual fields were not assesseGB retinotoxicitywas defined as a reduction in tBéHz
flicker amplitudeof the electroretinogramompared to amplitudes measured belGB
therapy

1.7.3 Other risk factors
Increased risk of VAVFL has also been associated with increasin¢l@ggand co

medication with valproat¢108;114;164) However, most demographic, clinical and
therapeutic factors have shown no association with increased risk of VAVFLdimg;lu
exposure to other AED$94,;97;137) number of other AEDs exposed(08;112) age
(97;112;122;135) epilepsy syndrome(104;113) duration of epilepsy(94;112)

temporal lobe lesion®4), history of statug94) or poor cognitive performanc@22).

1.7.4 Genetic predisposition
Genetic variation may play a role in the development of VA\(8%;98;99;104;168)

In a study by Kinirms et al. three candidate genes were found to be associated with
increased risk of VAVFL including a gene encoding GABAD receptor (GABRR1/2) and
two genes encoding GAB&ansporters (GAT1/3 and GAT2). However, no significant
association was found on regdtion of the study by the same authors in a second
independent cohortl68) Whilst the initial genetic association found in the study
probably repreents a false positive resudt real association between the geagants
detected in the study, or indeed other variants, cannot be ruled out. The study may have
been underpowered to detect variants of small effect; in addition findings may have

been confounded by variability in the visual field measurerfi€&8)

Genetic variation i n t he-amnotranstetase masraisa | €
been suggested as a possible source of-imtevidual susceptibility to VAVFL

(169;170) I ndi vi dual s wi t h -aminotthesferasmithe macey o f
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inherited metabolic diseagprate atrophy of the choroid and retina (gyrate atrophy),
develop peripheral visual field loss that was suggested to be similar to that seen in
individuals with VAVFL (170) VGB is a weak inhibitor ofor ni t hi ne
aminotransferas€l71) and may lead to accumulation of ornithine resulting in a mild
form of gyrate atrophy(172) Allelic variability in the gene encodingr ni t-hi ne
aminotransferasenay modulate its vulnerability to inhibition by VGB, and thus the
vulnerability of the retina to VGinduced toxicity(170) A recent study showed that
individuals with VAVFL and a history oWGB exposurehad reducedb r ni t-hi ne
aminotransferase activity compared to individuals with a histolyGB exposurewith

normal visual fields. The authors concluded that individuals witongenitally
decreased r n i t-aminotensférasactivity may have increased risk of VAVFL
duringVGB exposurg172) However, the same study found nfiestence inornithine
t-aminotransferase activity between individuals currently exposed to VGB with
VAVFL and thosewith normal visual fields. In additionequencingofther ni t-hi ne
aminotransferase gene in 17 V@Rposed individuals did not reveahyaclinically
significant mutationg169) A common intronic polymorphism was identifidaljt it

was not associated with VAVH169)
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18 Symptoms and quality of life in individuals with VAVFL

1.8.1 Symptoms of VAVFL
The delay in recognition of VAVFIfirst reported in 1997after VGB was licensed (in

1989 in the UK) was probably largely due to the asymptomatic nature of VAVEL

The initial reports of VAVIE by Eke et al(78) and otherg79;82)werein symptomatic
individuals. ®onthereafter, it was reportaébat asymptomatic visual field defects may
also occuwith VGB exposurg(85;8890). In the first study to screen VG&xposed
individuals with no visual complaints, 11/15 showed VAV@L3) demonstrating that
VAVFL was likely to be largely asymptomat{@73). Later studiesonfirmedthat in
most individuals (approximately 0% (12)) VAVFL is asymptomatic
(81;93;94;96;98;101;104,;106;112;121;137)he peripheral characteristics of VAVFL
with preserved central vision and normal visual acuity and colour vision account for
individuals being largely asymptomatic. In addition, the development of and
progression of VAVFL may be slow enough to establish adiapot processes such as

using compensatory gaze movements to explore the visua(8ieleR;97;112)

The first reports of VAVFL from Ee et al.(78) described symptomatic individuals
with complaints of Atunnel visiono and
development of visual fieltbss. Subsequerstudies have also reported some \VGB
exposed individuals with these sympton(81;101;103;104;114) Occasionally
symptoms werereported spontaneously, but one often individualsonly reported
symptans of visual field constrictiomn direct questioning104;108) Symptomsof

VAVFL appear not taoccuruntil the defect encroaches on the central visual {i@fd

In reports of symptomaticVAVFL, the visual field constriction typically encroaches on

the central 3D(78;104;146) Using a questionnaire of visual symptoms and disgilit
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the number of complaints experead by an individual correlated wittlecreasing

visual field size(93;174) In a largerstudy no correlation was found between the
presence of visual symptoms and disability and the presence of VAYEL The
questionnaires used imeh stug werenot specifically developed fahe assessment of
individualswith VAVFL. In the study which reported no association between visual
field size and visual disability measurése questionnaire used was one which was
developed for individuals with retinitis pigmentosa and Usher syndi@2g It is
possible that the questionnaire was not specific or sensitive enough to detect the impact

of VAVFL on visual disability(92)

In some ndividuals with VAVFL, symptoms of blurred visior(81;103;104;114)
photopsia(81;104)and phosphene$81) were also reportedHowever, VGBexposed
individuals with normal visal fields also reportethesesymptoms(104), suggesting
thattheymaynot be directly related to the mechanisms leading to VAVFLaddition,
several AEDs are associated with visual side effects including blurred vision,
phosphenes and ptopsia(175;176) thus these symptommay have been related to

concomitantreatmemnwith other AEBs and not directly related dGB exposure

1.8.2 Quality of life in individuals with VAVFL
Moderate to severe impairment i meadm@g r f or

writing andorientation and mobility occurred in individuals with a visual field area of
smaller than 2000 dege€ (equivalent to a S0diameter of the Goldmann ll4e isopter

(177)

In most individuals with VAVFL, visual field loss is mild and asymptomatic does
not affect quality of life or impair ability to perform everyday tag¥3;97) However,

using a questionnaire of visual complaints, imdlinals with VAVFL were found to have

54



more subjective impairments in tasks associated with visual field defects (e.g.
difficulties in seeing a car in time when crossing the road) compared to individuals
without VAVFL (174) Furthermore, VAVFL may be severe in some individuals,
limiting their ability to perfom a number of activities of daily living97;106;178).
Individuals with severe VAVFL may not meet the visual field standards required by the

DVLA for driving eligibility (179)despitehaving good seizure contr(180).

19 Clinical features of VAVFL

19.1 Visual acuity
Visual acuityis normal inthe majority ofstudies of VGBexposed individuals with

VAVFL and with normal visual fields(78;94;96;101;104;111;112;14416;120
122;128;164;181) Occasional reports of reduced visual acuity wtB exposure
have ariser81;106;113;114;138}his may due to ceexisting ocular pathology in some
casesand not related tvGB exposurg138;182) In a pospective study of individuals
receiving eight weeks of VGB therapy foraraine and metamphetamine ahuse

change in visual acuity over tlegghtweek assessment periags observe(l42)

1.9.2 Colour vision
Most studies have found that VG&&posed individualsvith VAVFL exhibit normal

colour vision (81;101;112;138;183) Even in individuals with seversymptomatic
visual field loss colour vision can remain inta¢i01;139;146) However,in some
VGB-exposedndividuals colour vision impairmenhas been reportefl13;184186).

One study of individuals receivin GB monotherapyshowed impaired colour
discrimination in 32% of VGEexposed individuals(184) In addition, healthy

individuals showedan impairment of colour visioafter a oneoff dose of 2000mg of
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VGB (187;188) The colour vision defects that have been reported V@B exposure

have been mainly in the tritanoptic aXgetected using the Farnswoithunsell 100

hue test)(176;184,;186;188pnd are suggested to be consistent withanced retinal
GABAergic inhibition and relate to the physiological effects of VGB rather than
retinotoxic mechanism@®87;188) In individuals currently taking VGB the number of
misread plates on the Ishihara charts ranged frdi® @ut of a possible 15) and ranged
from 01 in individuals previously exposed to VG@13), further suggesting that
abnormalities with colour perception may be related to physiological effects of current
VGB exposureas opposed to riebtoxic effects related to the mechanisms of VAVFL.
Conversely, ther studies have shown diffuse, generalised colour vision impairment,

suggesting that VGB induces toxic damage in all chromatic pathid@gsl85)

Exposure to other AEDs including carbamazeping€184;187;189;19Q) valproate
(189;191) topiramatg186), tiagabing(192)and phenytoir{193)is also associated with
impairmens of colour vision(for a review se€176)), making it difficult to distinguish
physiological effects of AEBon visual perception from those mechanisms that might

be related to neurotoxic effedtk76).

1.9.3 Contrast sensitivity
Measures of @ntrast sensitivityexaminethe minimal contrast required to detect a

difference between the luminance of an object fromluh@nance of its surroundings.
Abnormal contrast sensitivity has been described in some-®¥pBsed individuals
(167;181;185)which was found to be related to the presence of VAE81), but not

to abnormal electrophysiological measuf®87). Conversely, other studies have found
normal contrast sensitivity in VGBxposed individual$150) A singledose of VGB

had no effect on contrast sensitivity in healthy individugl94) Furthermore,
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abnormal contrast sensitivity detected imdividuals treated with carbamazepine

improved after six months aduh therapy with VGE195).

1.9.4 Ophthalmoscopic features
Assessment of the fundus through direct examinatiortJastip biomicroscopy and

using fundis photography, reveals that in most individuals with VAVFL, the funslus
normal (78;94;95;97;101;104;106;112;116;120;121;128;130;147;148;164;19B)en

in individuals with severe VAVFL (i.e. visual field less than® 2Z&centricity), the
fundus can be norm#@l39;146) Rareabnormalitieghat have been described in some
VGB-exposed individuals include narrowing of the retinal arteries
(97;105;106;121;138) epiretinal membrane formatiofll05;106) abnormal retinal
pigmentation (105;106;197) A mac ul(7®pand Iperigheral retinal pigment
epithelium disturbanc€7). These findings may be incidental and not related to VGB
toxicity and VAVFL (182) More commonly described abnormalities include changes
in the retinal nerve fibre layer (RNFL) and optic digktrophy of the peripheral RNFL
(147;183;198) optic disc pallor or optic atrophy
(78;81;82;97;101;105;112;120;147;188ave ben described in several studies, and

may be associated with the severity of VAVEI47).

1.10 Electrophysiological features ofVAVFL

1.101 Retinal electrodiagnostic techniques
Many studies have been carried out using electrodiagnostic techniques #eXpGsed

individuals to explore abnormalities in the visual pathways that may be associated with
VGB toxicity and the development of VAVFL. The most commonly used techniques

include the recording of visual evoked potentials (VEP),dlleetreoculogram(EOG),
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the fullfield electroretinogramBERG), the pattern electroretinogram (PER&)d the
multifocal electroretinogram(mf-ERG). ~ Using these techniquesan aid in the

localisation of visual systembnormalities to particular pathways and cell types (Table

15).

Table 1.5 Electrodiagnostic techniques used to explore various visual patlay

structures and cell types (dapted from (199)).

Visual pathway structure

Electrodiagnostic technique

Retinal pigment epithelium

EOG

Photoreceptors
Rodphotoreceptors

Conephotoreceptors

ERG awave (scotopic)
ERG awave (photopic)

30Hz flicker ERG

Middle/innerretina
Bipolar cells
Miller cells

Amacrine cells

ERG and PERG (P50 component)
ERG bwave
ERG bwave

ERG oscillatory potentials

Retinal ganglion cells

PERG (N95 component)

Optic tract, radiation and

cortex

VEP

EOG = electrooculogram; ERG = electroretinogram; PERG = pattern electroretinogram; VEP =

visual evoked potentials
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1.101.1 Visual evoked potentials
The visual evoked potential (VEP) tke electrophysiological respons# the visual

cortex evoked bya visual stimulus(either a flash or pattemeversal stimulus).
Recording of the VEP allows assessmerthefintegrity and foction of the intracranial
visual pathways including the optic nerve, chiasm and retrochiasmal funatidrwill
be abnormal in disease involving any of these pathw@@®) Due to cortical
magnification of central vision in the visual cortex the VEP is dateid by responses

elicited from activity of the centraetina(201).

1.101.2 The electro-oculogram
The electreoculogram provides information about the integrity and function of the

retinal pigment epithelium (RPE) and outer ret{@82;203) The EOG is bsed on
recording changes in the standing potential (the potential between the front and the back
of the eye), under successive periods of light and dark adgg@) Changes irthe
standing potential are mainly derived from differences in ion permeability across the
basal RPE membrane during light and dark adaptd#68) Under dark adaptation

the amplitude ofhe standing potential decreases. A subsequent light stimulus leads to
an initial fall in the standing potential, followed by an increase in ampl{202) By
comparing the maximuramplitude achieved during light adaptation, to the minimum
amplitude during dark adaptation, the EOG ratio, or Arden ratio, is deterrf202j

In diseases affecting the RPERIPE-phaoreceptor complex the ratio between the light

and dark peak (the Arden ratio) decreg4€9)

1.101.3 The full-field electroretinogram
The ERG is atechnique that provides infmation about the mas®tinal electrical

responseelicited by a visual stimulus. After a visual stimulus a chain of biochemical

and electrical aeotity occurs through the retinghe resulting electrical potentials that
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reflect these events are conducted thorough the ocular media and can be recorded using
electrode at the cornea. The resultiBBG waveformreflecs a summation of the
activity of all of hese electrical process@99) (Figure 15). By using various visual

stimul and by adapting the eye to different light conditions, the contribution of
particular retinal sulstructures to the ERG waveform can be elicited and can provide
information ago the retinal localiation of any visual impairmentJnder lightadapted
(photopic) conditions, cone pathway contributions to the ERG waveform can be
determined. Under daikdapted (scotopic) conditions r@éthways are explorgd99)
Abnormalities of the ERG include changes in the normal amplitude or tahgspects

of each component of the ERG waveform (i.e. th@ase, bwave and oscillatory

potentals), and reflect pathology in various retinal stituctures.

Figure 15 Thenormal ERG wave form

b-wave Figure 1.5 legend: Example of a

OPs normal ERG waveform elicited by ¢
single flash light stimulus. The blac
‘b arrow indicates the stimulus onset. T
waveform consists of the early negati

awave followed by a positive -tvave.

Under certain conditions oscillator

potentials can be recorded othe

ascending arm of thewave

a-wave
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The awave

The awave (Figure 1.5)is the early corneaegative component of the ERG and is

generated by the rod and coplkotoreceptor§204).

The b-wave

The bwave (Figure 1.5)reflects the depolarization of Mdiller cells in response to a
light-induced increase in the potassium levels in the inner retina pydieiibwing the
depolarization of ORMbipolar cells and thus reflest both bipolar and Miuller cell

function(205;206)

Oscillatory potentials

Low amplitude rapid oscillations are presemt the ascending arm of thewave
(Figure 1.5) These oscillatory potentials (OPs) can be isolated fleerERG using

certain recording procedur€07)andreflect synaptic activity of amacrine ce{R06)

30Hz flicker response

Presentation of a flickering stimulus (of 30Hz) to elicit a retinal response atiomes
pathway function to be assessed independentlyrafi pathway function. Cone
photoreceptors and pestceptoral cone pathwaglts including ON and OFFbipolar

cells contribute to the formation of the 30Hz flicker respd@268).

Pattern ERG

The PERG is the retinal potential that is evoked in response to presentation of a high
contrast patterned stimulus (typically stripes or a checkerb@08)210) The PERG
waveform consists of a positive peak at around 50ms after stimulation (P50 component)
and a negativerough at around 95ms (N95).h& PERGallows assessment of macular
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function and in particulamacula RGC function(reflected predominantly in the N95

component)200;209;211)
Multifocal ERG

Whilst theERG reflecs a summation of the activity of electrical processes throughout
the whole retina, the multifocal ERG (fBRG) providesa topographicneasure of
retinal electrophysiological activitwithin the central 60(200;212) Using an array of
hexagonal elements which flicker in a pseudandom sequence, localized ERG
responses are recorded from timacular and paramacular retinal ar¢2¢2) In
addition,a newer techniquéhe widefield mf-ERG, enables the assessment of |cxead

ERG responses from tloentral (up to 69 andperipheral601 90°) retina.

1.102 Electrophysiology in VGB-exposed Introduction
Electrophysiological abnormalities associated with VAVFL were reported in the first

descriptions of VAVFL by Eke et al. In the individuals tested, the ERG showed
reducedOP amplitudes, and the Ardemtio of the EOG was reduced in one individual

(78). Ensuing case reports confirmed that ERG and EOG changes were present in some
individuals with VAVFL, including reducedP amplitudesreduces aand bwave
amplitudes of thephotopic and scotopic ER®79;82;138) Others found normal
electrodiagnosticsn individuals with VAVFL (83) and when the individuals with
VAVFL reported by Eke et al. were-examined afteWGB withdrawal the EOG and

ERG abnormalitieshad returned to normal, despite the persistence of the VASE)
Furthermore, the same ERG abnormalities were reported in-&@Bsed individuals

with normal visual field§138;213) suggesting that the ERG and EOG changes may be

related tothe physiological effect of VGHnduced increased GABA concentratians
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the retina, rather than related to the pathological processes assodihtedAWFL

(97;127;145:214)

Ensuing studies of the electrophysiological correlates of VAVFL have provided little
clarity. Often studiebave shown conflicting results. v&n within studies, individuals
who have comparable visual fields can show markedly different ERG findings
(101;104;120;150) Some of the variability in findings between studies and between
individuals may be explainedybthe following factors, and should be taken into

consideration in the interpretationfaidings

1.10.2.1 Electrodiagnostic techniques andtaindards
The International Society of Clinical Electrophysiology have published standards for

electrodiagnostic assessment including ffERB7), EOG (202), VEP (201) PERG
(215)and mfERG (212) to reduce the variability in results between centres . Whils
most studies acknowledged that these standards metdor all electrodiagnostic
testing , others have not stated if these standards wer@d4de196) or have used nen
standard recording conditie (101;135)which could account for some of the variation

in findings between studig$53)

1.102.2 Control groups
For all electrophysiological procedures, normative data are established by each

individual facility; thus the normal ranges usesually vary betwen laboratories
(200;207) Whilst some studies of VGBxposed individuals have compared ERG
findings to normative data based on healthy con{(fii?§;154) ather studies have used
nonexposed individuals with epilepsy, often matched for exposure to other AEDSs, as a

control populatior{103;106)
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For example in VGBexposed children assessed using ER@hormalities of the 30Hz
flicker were defined arbitrarily as a response less than 56 pV. When this definition of
abnormality was used ormut of four children with VAVFL showed a reduced 30Hz
flicker amplitude, yielding a sensitivity of 25%. However, when the normabpidor
healthy adults was used (below 70 uV) three oubaf thildren with VAVFL showed

abnormal responses, yieldingansitivity of 75%(131)

1.102.3 Other AEDs
Most VGB-exposed individuals included in the ERG studies are receiving polytherapy

with a range of other AEDs. Only three studies have examined individual$s8n
monotherapy(128;216;217) The possible effect of other AEDs on the ERG must be
considered when interpreting ERG studies. Several AEDs have been associated with
abnormalities of retinal electrophysiology in humafi¥5) including the ERG
(carbamazeping218)), VEP (sodium valproat¢219) carbamazeping€l87;219)and
phenytoin(220)) and theEOG (lamotrigine(221)). In addition, several studies have
described abnormal ERG findings involving both the rod and cone pathways in
individuals with epilepsy, witmo history of VGB exposure receiving a variety of
AEDs, (103;121;165;196) The effect that multiple AEDs in various combinations may

have in the ERG is unknown.

1.102.4 Cohorts studied
Separating the physiological effects\6GEB exposurgand concurrent AED exposure),

from the pathological changesretinal electrophysiology has proved difficult. Studies
have often been small; the largest have included less than 40e¥@Bed subjects,

and have typically integrated heterogeneous cohorts including individuals both on and
off-VGB; with VAVFL and namal visual fields; and receiving a variety of other AEDSs.
Recognizing electrodiagnostic features that are present in discretgosyds within
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each study c o h \¥GBt expgserewg .t h i cVUArVrFeLnot VGB A c

exposurevi t h  nor mal , may help ta distifguisa the physiplogical changes
related to VGB from those associated with pathology. This review of the literature on
the electrodiagnostic features WGB exposureand VAVFL has attempted to do this.
However, it is important to notthat the sulgroup populations discussed are often

small.

1.103 VEPs in VGB-exposed individuals
In agreement with preclinical studies of V&Rposed individual§74), most studies

have found normal VEPs in individuals with VAVFL
(78;81;97;101;106;126;134;138;146;183) Some studies have reported reduced
amplitude(106) or prolonged latency of the P100 compon@iitl;106;126;138;1970f

the VEP, whichhastypically been associated witihe presence ahoderate to severe
VAVFL extending to involvethe central visualfield (101) However,increased
latencies of thé2100component of the VERavealsobeen found in individuals with
epilepsy with no exposure to VGB/2) and are suggested to be due underlying
neurological insult, seizure activity or exposure to other A&Mmd may not be reted to
VGB exposureor VAVFL (72;197) In adlition, abnormal VEBRwere not found to be
associated with the presence of VAVFL or ERG abnormalities in one study of VGB

exposed individual§106).

The normal VEP in most VGBxposed individuals suggests that the lesion associated
with the development of VAVFL is unlikely to be in tlaterior visual pathwagr
visual cortex(74;97) However, the VEP is dominated by responses elicited from

activity of the central visual fiel201) which is typically normal in individuals with
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VAVFL. Pathological involvement of projections in the visual pathway and visual
cortex subserving the retinal periphery may not reaudin abnormal VEP if the central

projections remain intact.

1.104 The EOG in VGB-exposed individuals

1.104.1 The EOG in individuals currently exposed to VGB
In individuals currerly exposed to VGBhe Arden ratio has been show to be reduced in

those with VAVFL (78;81;101;112;114;134;135;168nd in individuals with normal
visual fields (81;114;135) with no relationship seen between the severity of the
VAVFL and the Arden ratiq114) The reduction in the Arden ratio was found to be
present in individuals on VGBionotherapy and in individuals receiving other AEDs
alongside theilVGB therapy(216). In addition, compared to individuals previously
exposed to VGB, the Arden index was significantly lower in those currergigsed to
VGB (165) Converselyin some individua currently exposed tdGB, with normal

visual fieldsandwith VAVFL, the Arden ratio is normg{101;112;134;216)

Increasing cumulativ®GB exposurg109) and maximumdaily VGB dose(164) have
been shown taorrelated with abnormalitiesf the Arden rat, suggesting that there

may be a doseelated effect of VGB on the RPE electrophysiology.

1.104.2 The EOG in individuals after VGB withdrawal
The Arden ratio was found to be normal in the majorityimafividuals after VGB

withdrawal (with VAVFL and with normal visual fields(81;134;216) However, in
some individualpreviously exposed to VG®ith VAVFL the Arden ratio was reduced

(134;151)
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In a number of studies &fGB-exposed individualsEOGs were recorded before and
several months after discontinuing vigabatrin. In all patients, the EOG Arden ratio
increased substantially on discontation, becoming normal in some individuals
(81;135;150)

1.104.3 Summary of EOG in VGB-exposed individuals

Abnormalities of the Arden ratio appear to be related to cuv&BB exposure
regardless of the presence of VAVKIL34;165) After VGB withdrawal there is
recovery of the Arden raticgven though the VAVFL persists. Thsuggeststhat
abnormalities of the EOG are not directly related to pathological process leading to
VAVFL but more likely represent a physiological effectiméreased retinal GABA

levels on normal RPE functid8l;135;216)

1.105 The ERG oscillatory potentials in VGB-exposed individuals

1.1051 Finding in individuals on-VGB with VAVFL
One of he nost consistently reporteéRG abnormalitiesn individuals with VAVFL

has been reducgdP amplitudes. In four studies, reduced OP amplitudes were found in
all individuals examined78;112;138;146) However, it is important to note these
reports include case reports, case series and observations of subgroups of isedividual
from larger VGBexposed cohorts, and together these studies only constitute 24
individuals. Kalviainen found reduced OP amplitudes in 3/3 individuals with severe
VAVFL currently receiving VGB, but only 6/10 individuals with mild VAVH104)
suggesting that abnormadis of OP amplitude might reflect the severity of the VAVFL.

In agreement with this Besch found that although all individuals with VAVFL and
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current VGB therapyhad subnormal OP amplitudes, the degree of abnormality was

associated with the severity of tidVFL (112)

In contradiction to these reports, Daneshvar found normal OPs in 10/10 individuals with
VAVEFL currently receiving VGB(101) This discrepancy in findings could have been
relatedto differences ilVGB exposurebetween the cohorts studiedhe duration of

VGB exposurewas lowest in the individuals studied by Daneshetaral. (9 i 75
months)(101), compared to those included in two of the larger studies by Kalviainen

al. (297 119 maths)(104), ard Beschet al.(127 96 months)X112) Furthermore, it

may have related to differences in the recording techniques used between asutties

ERG recordings by Daneshvat al. did not comply with ISCEV standasd153), or
differences in the methods used to measure the OP amplid@43 However, in
agreement with the findings by Daneshvar, others have found normal OP amplitudes in

someindividuals with VAVFL and current VGB theraf{$3;104;114)

1.10.52 Findings in individuals on-VGB with normal visual fields
Several studies of individuals currently taking VGB have found reduced OP in

individuals with normal visual field$105;114;121;153) In healthy individualswith
normal visual fieldsexposureto a oneoff dose of VGBdid not alter the OP§145),
suggesting that the abrmal OPs reported in some V&@Rposed individuals is
unlikely to reflect an acute effect of VG&ssociated increases in retinal GABA on

amacrine cell physiology.

1.1053 Findings in individuals after VGB withdrawal
Individuals with VAVFL and decreased OP amplitudes duli@B exposureshowed

no improvement in either measure afié6B withdrawal (153;154). However, in
anotherstudy, three VGB-exposedindividuals with normal visual fieldsshowed a

substantial improvement in the OP amplitude at&B withdrawal two individuals
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returning to normal level¢153) Similarly, the OP amplitudes were found to be
subnormal in 17/1%hildren whilst receiving VGB. AfteWGB withdrawal the OP
amplitudesshowed some improvement in 12/17 although the amplitudes rematined

subnormalevels in most childre(@22)

In a study by Hating et al. ERGs were compared between indafsluvith severe
VAVEFL currently exposed to VGB and tke with severe VAVFL previouslgxposed
to VGB. The implicit time of the ORvas delayed in individuals currently taking VGB
compared to those previousbking VGB suggesting that this abnormality of the ERG

is related tacurrentVGB exposurgather than irreversible VAVF[165).

1.1054 Summary of oscillatory paentials
OP amplitudes appear to be one of the more sensitive electophysiologcial techniques to

identify individuals with VAVFL However, some individuals with VAVFmay have
normal OPs and some individuals with normasual fields have reduced OP
amplitudes Furthermore, OP may improve aftéGB withdrawal particularly if the

visual fields are normal.

It is possible thatn VGB-exposed individualsabnormal OP amplitudes reflect both
physiological effects of increased retinal GABA amacrineell physiology(153), and
pathological changes tamacrine cell function, which manifest as reversible and

irreversible changes in the ERG OPs, respectively.
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1.106 The ERG a-wavein VGB-exposed individuals

1.1061 Finding in individuals with VAVFL currently taking VGB
In individuals with VAVFL currently receiving VGB thphotopic and scotopicaave

implicit times (78;81;101;106;138)and amplitudes(78;81;101;106)were normal.
Normal awaves were also found individuals oncurrentVGB monotherapybut the
visual field was not examined in these individu@$6). Conversely, irther studies of
individuals with severe VAVFL the photopic and scotopiwave amplitudes were

decrease(104)and the photopic-avave implicit time was delaygd 12;138)

1.1062 Findings in individuals after VGB withdrawal
In individuals with VAVFL previously exposed to VGBé photopic avave amplitude

was reducedompared to individuals with VAVFL currently receiving VGB36;151)
The reduction in the-wave in the previously exposed individuaMassuggestedo be
related to current exposure ether AEDs includingcarbamazapin€l36;151) which

decreases the photopidhavave amplitud€218).

In individuals with sever VAVFL and previousVGB exposurethe scotopic avave
latency was normal In individuals with severe VAVFL and curreMGB exposurdt
was delayedsuggesting that this measure reflects curté@B exposureand is not

related to irreversible VAVFI(223).

1.106.3 Summary of a-wave
In most individuals with VAVFL. ERG awaves are normal. Any abnormalities in the

awave in VGBexposed individuals may be related to curM@B exposureand not to
pathological mechanisms associated with VAVE@23) Photoreceptor pathology is
therefore unlikely to be a prominent feature \WEB toxicity and is probablynot

implicated in the mechanisms associated with VAVFL.
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1.107 The ERG b-wave in VGB-exposed individuals

1.107.1 Findings in healthy individuals
In healthy individualgreceivinga oneoff dose of VGB (1000mg or 2000mtf)e group

mean latency of the photopic ERGnMave was significantly increasedmpared to pre

dose recordingalthough visual fields were unchanged compared to bagéHiag

1.107.2 Findings in individuals on VGB monotherapy
In a study of nine adults oiGB monotherapythe amplitude of the ERG-Wwave was

decreased in 2/9 individuals under photopic conditions and in 3/9 individuals under
scotopic conditions(216) The visual fields were not examined and so the relationship

between these changes and VAVFL could not be determined.

In a study of children receiving VGB monotheralye ERG was performed prior to
starting VGB and then repeated at frequent intervals over 18 mon#GBExposure

At the earliest follomup (around six months after initiation MGB therapy, the
phobpic ERG bwave amplitude was increased compared to baseline, which was
subsequently followed by a progressive decrease over time to subnormal amplitudes.
Again, the visual fields were not assessed in this study owing to the age and cognitive

impairment & the children included in the cohd&17)

1.107.3 Finding in individuals with VAVFL currently taking VGB
The amplitude of the ERGWwave was found to be reduced mdividuals with VAVFL

on currentVGB therapy under both photopi¢104;120;138)and scotopic conditions
(101;104;150;154;196) Equally, however, the-lvavewasnormal in some individuals
with VAVFL and currenvGB exposurainder both photopi€78;101;104;120;146nd

scotopic(78;101;104;112;138;146;15@pnditiors. Even within the same studshere
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technigues are standardised across subgatse individuals with VAVFL can show b

wave abnormalities where others have normal find{§4;104;120;150)

This difference in findings between studies may be related to differances-
medication with other AEDs. The amplitude of the photopwavye was found to be
reduced in individuals with epilepsy rexposed to VGB which may have been related

to treatment with carbamazepi(65) or other AEDS223) which reducehe photopic
b-wave amplitude(218) Different combinations of AEDs could have a unique effect
on the retinal electrophysiology and accbtor some of the differences seen between
individuals and between studies. In opposition to this, some, but not all, individuals
receivingVGB monotherapywere found to have decreased photopic and scotepic b
wave amplitudes, however, the visual field status of these subjects was not known

(216).

In individuals with VAVFL currently receiving VGBhe implicit times of photopic-b
wave has been reported as norniD1;112;150;216)and delayed(112;150) The
scotopic bwave implicit timewasnormal(101;216)

1.107.4 Finding in individuals currently taking VGB with normal visual
fields

Reduced amplitude of the photogl09;121;138)and scotopi€109;121)b-wave have
beenreportedin individuals with normal visual fields. Normal scotofiS6;138;196)

and photopi€136)b-waves have also breported

1.107.5 Findings in individuals after VGB withdrawal
Reductionsof the photopiq150;151;153;154;2223nd scotopi€151;153;154 b-wave

amplitudes recorded whilsh VGB did not improve afte¢? GB withdrawal In addition

the photopic bwvave implicit time was delayed and did not improve afsB
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withdrawal (150) However others have found thdtet scotopic fwave amplitude

increasedfterVGB withdrawal(to normal levels in some individualg)50).

In some studies the scotopand photopic fwave amplitudes wre decreased in
individuals previously exposed to VGB compared to individuals currently exposed to
VGB (136) The authors suggested that this may be related to the current therapy with
carbamazepine in the group previously exposed to VGB, which decreases the amplitude
of the ERG(218). This finding is in agreement with oth&udieswhich have found the
b-wave amplitude to increasehen currently exposet VGB (218;224) In children

the bwave was found toincreaseafter VGB therapy was initiated compared to that

recorded before VGB was start@il 7;222)

The conflicting findings regarding the effect of VGB on tieave of the ERG may be
related to the opposing effects of GABA on GABAnd GABA: receptorg106)which

are found on the axon terminals of bipolar cé&85). In isolated rat retinguppression

of GABAA receptors using the GABAreceptor antagosi bicuculline ledto an
increase in the -wave amplitude, whilst suppression of GABAeceptors, with
GABA receptor antagonig-aminopropylphosponic acid,deto a decrease inwave
amplitude(226) GABAAa recepbrs located on bipolar cells appear to act to decrease
the light evoked response of these cells, whereas GABgeptors appedo enhance

the response frorhipolar cells(226). Differences in the effect of VGB on thewmave

of the ERG seen between studies and between individuals may be related to variation in
the relative activity of GABA at each of the receptor subtyg@ABA receptors have

a higher affinity for GABA than GABA receptors(227) Therefore, thancreased
ERG bwave seenearly after exposure to VGB may result from activity at GABA

receptors After chronicVGB exposureand persistently elevated GABA, pathological
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or long term physiological changes in bipolar cells may qaesulting in a decrease in

the ERG bwave.

1.107.6 Summary b-wave
An abnormal reduction of the photopic and scotopic ER&atbe is associated thi

VGB exposureand VAVFL and does not improve in most individuals aft4sB
withdrawal However, e effect of VGB on the -wave is complex, and probably
includes a earlyphysiologicalcomponent associated with increased activity at bipolar
cell GABA: receptors (and a resulting increase in the ER®abe amplitude),
followed by a later irreversible pathological componenivhich could involve both

bipolar and Miiller cell function.

1.108 The 30Hz flicker in VGB-exposed individuals

1.108.1 Finding in individuals with VAVFL currently taking VGB
A reduction of the 30Hz flicker amplitude has been suggested as a sensitive and specific

marker for VAVFL reflecting VGBassociated dysfunction the cone pathway165).

In individuals with VAVFL currently exposed to VGB a decrease in the amplitude of
the 30Hz flicker response has been repo(tHeil;120;134;153;154;165;196However,

it is alsonormal in some individual§101;114;146) A delayed implicit timeof the
30Hz flicker responsbas been reported in some individuals with VAVEIG5;196)

In a study by Harding et al. the amplimuaf the 30Hz flicker correlatedith the
severity of VAVFL, and was assote with the presence of VAVFtegardless of

current or previou¥GB exposurg165)
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Although ERG abnormalities have been reported in both cone and rod pathways, many
studies have reported that the cone system is affected to a greater extent

(103;106;138:165)

The apparent preferential susceptibility of the cone systeWGB toxicity might be
explained by differences in GABReceptor expression between rod bipolad @one
bipolar cells(106) Both GABAc: and GABA, receptors are found on bipolar celloax
terminals(225) The distribution of GABA and GABAc receptors differs for each
bipolarcell type with rod bipolar cells having the highest ratio of GABS GABAa
receptors compared to cone @hbolar and OFfbipolar cells(228. In addition the
effect of activity differs between the receptor subtypes; GAB#eptors appear to act
to decrease the light evoked response of bipolar cells (thus decreasing thenweR&,b
whereas GABA receptors appear to enhance the respor@m®a bipolar cells (and
increase the ERG-Wwave)(226) After VGB exposuréiigh retinal GABA levels would
inhibit the response of cone bipoleells through activity at GABA receptors,
impairing cone pathwayoutput. Conversely, acity at GABAg receptors on rod
bipolar cells would lead to @anced activity through the rgaathway. Overall this
manifests as the cone ERG (photopic and 30Hz flicker responses) showing preferential
susceptibility tovVGB toxicity (106).

1.108.2 Findings in individuals currently taking VGB with normal visual
fields

A reduced 30Hz flicker amplituderas found in individuals with normal visual fields
(153;196)which persisted aftevGB withdrawalsuggesting that it is not a druglated

effect (153) Conversely Ardntet al. found the amplitude to be normal in 2/2
individuals with normal visual field§L14) A delayed implicit time of the 30Hz flicker

response was also found in individuals with normal visual figlé8).
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1.108.3 Findings in individuals after VGB withdrawal
A decrease amplitude of the 30Hz flicker response did not improve up to six years

after VGB withdrawal (154;222) Similarly Johnsonet al. examined the ERG in
thirteen individuals whilst receiving VGB, dragain afte’GB withdrawal Whilst an
VGB, individuals showed decreased amplituded déayed implicit timesof the 30Hz

flicker responsewhich did not improve aftevGB withdrawal(153)

1.1084 Summary 30Hz flicker
A reduction of the 30Hz flicker amplitude has been suggested as a sensitive and specific

marker forthe presence and severity\AVFL (165), and does not improve afteéGB
withdrawal However, it may be normal in some individuals with VAVFL, and reduced
in some individuals with normal visualefds. Cone pathwayfunction is evidently
impaired in individuals with VAVE. The reportedpredominantcone pathway
dysfunction associated witiGB exposuremay reflect physiological differences in

GABA receptor expressidoetween rod and corepolarcells

1.109 The Pattern ERGin VGB-exposed individuals
In eight individuals with severe VAVFL (within 2®ccentricity) PERG latencies and

amplitudes of the P50 and N95 components were within normal li{h84) In
agreement, a report of one individual with VAVFL currently receiving VGB the PERG
was normal when the central visual field was stimulated (i.e. according to the ISCEV
guidelines for PERG recordin@15). Conversely, when padf the pattern stimulus
was presented in an area of VAVFL the N95 component was reddé)) These
findings suggest that whilst macular RGC function is normal in individuals with

VAVEFL, peripheral RGC function may be impaired.
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1.1010 Multifocal ERG in VGB-exposed individuals
Several studies have used-BRG to assess thaistribution of electrophysiological

abnormalities across the retina. Harding et al. found that in eight individuals with
severe VAVFL there was a fireasonalBRGe cor
abnormalities and the pattern of VAVKL34). However, in some individuals the focal

ERG abnormalities were more diffuse, and did not appear to be related to areas of
VAVFL (134) In agreement, other studies found diffuseERG abnormalities across

the retina which were not related to areas of VAVBIL;153)or even the presence of
VAVFL, as some individuals with normal visudields also showed mMERG

abnormalitieg120;153)

Using widefield mf-ERG, McDonagh et al. found that individuals with VAVFL had
significantly reduced ERG amplitudes in the central {x&Md peripheral (60" 90°)
retina, and delayed implicit times in the periphery, compared to -eg®sed
individuals with normal visual fields(103) The differencebetween the central and
peripheral implicit times was thought to regesa marker for VAVFL, identifying all
individuals with VAVFL andonly 2/13 VGB-exposed indinduals with normal visual
fields. The authors suggested that although diffuse physiolahcarmalities related

to VGB exposurgand exposure to other AEDs) may be present, certain features of the
wide-field mf-ERG may be specific to VAVFland indicative of peripheral retinal

dysfunction(103)

1.1011 Relationship between ERG abnormalities and VAVFL
Although dl ERG measureshave been associatedth VAVFL in various studies,

including decreased OP amplitud@93;112;135and increased implicit time of th@P
(109;150) decreased 30Hz flicker amplitu&03;106;134)and increased implicit time
of the 30Hz flicker (134) decreased amplitude of the photopic
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(105;106;109;135;150;158nd scotopiq109;135;150;151p-wave; and an increased
implicit time of the photopic avave (151) non have consistently shown to be

associated with the presence of or severity of VAVE29).

111 VGB, GABA and the retina

The mechanisms o¥GB toxicity and VAVFL are unknown. However, theormal
VEPs reportedin most VGBexposed individualalongside th@bnormal ERG findings
suggestthat the pathological insultassociated with the development of VAVHE&
unlikely to be in the optic tract or visual cortard suggest a retinal origin ofGB
toxicity (74;81;97;104;134,;154;180) In addition concentric visual field loss is most
commonly associated with retinal dise8&) and pathology involving the optic nerve
typically involves loss of visual acuity and colour visiowhich are rarely seen in

individuals with VAVFL (81).

1.111 Normal retinal anatomy
The retina is a thin, multilayered sheet of neural tissue lining the inner, posterior aspect

of the globe. The basic organisation of the retinal layers include three layers of cell
bodies (inner nuclear layer (INL), outer nuclear layer (ONL) and gangkdinlayer

(GCL)) separated by two synaptic layers (inner plexiform layer (IPL) and the outer
plexiform layer (OPL)). The outer most surface of the retina is the retinal pigment
epithelium (RPE) which abuts Brudheéod mem
and cone photoreceptor cell bodies comprise L. In the IPL rod and cone
photoreceptors make synapses with horizontal cells and their respective bipolar cells,

the cell bodies of which lie in the INL along with the cell bodies of amacrine. cells
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Bipolar cells make synapses with amacrine cells and retinal ganglion cells (RGC)
dendrites in the IPL. The RGC bodies lie in the innermost nuclear layer, the GCL, and
project their axons in the retinal nerve fibre layer (RNFL) towards the optic neagk h
(ONH) where they will exit the globe as the optic nervEhe RNFL also contains
displaced amacrine cells, astrocytes and capillarié® cell bodie®f the Miiller cell,

the principalglial cell of the retina lies in the IRlbut their processes spéme entire
depth of the retinaTheir apical processes form the external limiting membrane (ELM)

andendfeet form themternal limiting membrane (ILM{Figure 16) (230)

Figure 1.6  Normal anatomy of the retina
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Figure 1.6 legend:

The normal architecture of the human retifdPE = retinal pigment

epithelium; ELM = external limiting membrane; RGCretinal ganglion cell; RNFL = retinal

nerve fibre layer; ILM

plexiform; INL = inner

= internal limiting membrane; ONL = outer nacleyer; OPL = outer

nuclear layer; IPL = inner plexiform layg¢fmage adapted froif231)
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1.11.2 Normal GABA activity in the retina
GABA is the major inhibitory neuraansmitter in the retina. GABAergic pathways in

the retina modulate neural transmission from photoreceptors to bipolar cells (in the
OPL), and from bipolar cells to RGC (in the IRRR5). In the OPL, inhibitory synaptic
interactions are mediated by horizontal cells. In the IPL, inhibitory circuits are driven

by amacrine cells of which around 50% are GABAergic (Figure 1.7).

Three types of GABAreceptors are found in the IPL (Figure 1.7), the ionotropic
GABA and GABA: receptors, and the metabotropic GABeceptors. Both GABA
and GABA, receptors are found on bipolar cell axon terminals, whereas only GABA
receptors are found on amacrine andgli@an cell dendrite225). Activity at the pre
synaptic, GABA, and GABA: receptors modulate neurotransmitter release from the
bipolar cells(225) GABAc receptors have a higher affinity for GABA than GABA
receptorg227)and give rise to a more stained inhibitory response thratgenerated

by GABAA receptors(225;228) The combination of both receptor stypes on the
bipolarcell axon terminal allows a dynamic response a@orange of GABA
concentration$225;228) The distribution of GABA and GABA: receptors differs for
each bipolaicell type with rod bipolar cells having the highest ratio of GABA

GABA receptors compared to cone @hpolar and OFbipolar cells(228).

Termination of GABA signaling is achieved by active transport of GABA from the
synaptic cleft via GATL into the presynaptic GABAergic amacrine cell and by GAT

3, and to a Isser extent GATL, into surrounding Muller cell@232;233) Within the
amacrine cell or Miller cell, GABA is metabolized by the mitochondrial enzyme

GABA-transaminase (GABA) (1) (Figure 1.7).
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Figure 1.7  Normal GABA in the retina at the level of the inner plexiform layer

Amacrine

Muller
cell

cell

Retinal ganglion cell

Figure 1.7 legend: In the IPL, presynaptic bipolar cell activity is modulated via GABAergic
amacrine cells, through activity at GARAlight green) and GABA (dark green) receptors.
GABA activity is terminated by uptake via high affinity GARfansporters (GAT) into there-
synaptic GABAergic amacrine cell and surrounding Mullersgelfhere it is metaboliseoly
GABA-transaminase (GABA)

1.113VGB in the retina
In mice and rats, exposure to VG&ads to a dosdependentdecrease in GABAT

activity and an increase in GABA concentration in several CNS reginasiding
cerebellum, ponsmidbrain striatum, hippocampus,hypothalamus,frontal cortex,
dorsal cortex, spinal cord and reti(®10;1419). However, studies have consistently
shown thathe effectsof VGB are particularly pronounced in the retiwhereafter a
single doseVGB levels are substantially higher than they are in brain and spinal cord
(15;17) Sills et al.reported concentrations of VGB in the retina were up to five times
higher than ay other CNS regioi(l5). In another study VGB concentration was up to
18 times higher in retina than braih7). In addition,inhibition of GABA-T activity

(14,;15;17;234;235and associated increase in GABA concentrafiogh15;17;234)are
81



significantly more pronounced in the retinhan elsewhere in the CNSlIn rats
receiving a on®ff dose of 1000 mg/kg VGB, retinal concentrationsSG#BA-T were
reduced to less than 22% of contaslimals, with GABA concentration elevated to
260% of control animalgl5) (Table1.6). Comparatively, the dorsal cortex showed the
greatest effect of VGB on the brain with GABRAactivity reduced to 54% of control

activity, and GABA levels 195% of contrldvels (Tablel.6) (15).

Table 1.6 Percentage difference in GABAT activity and GABA concentration in

different CNS regions in VGB-exposed rats compared to control rats

Cerebellum | Pons Hippocampus| Frontal Dorsal retina
cortex cortex
GABA 150.6% 178.8% 140.00 171. %6 195.00 261.3%
concentration
GABA-T 59.26 68.32% 60.2%0 68.32% 53.5% 21.%%
activity

Results are expressed as the mean percentage concentration, or activity, compared to the control

group(rats injected with saline)Table adapted froifi5).
* Rats were exposed to a eo# dose of 1000 mg/kg of VGB

GABA = 2-aminobutyric acidGABA-T = GABA transaminase; CNS = central nervous system;
VGB = vigabatrin

The distribution of retinal GABA was also changed afB exposure In norn
exposed control animals GABAimmunoreactivity wa localised inthe IPL, in
GABAergic amacrine cell bodies in the INL, and in occasional cell bodies in the GCL
(presumed to be displaced amacrine ce{834;236) In VGB-exposed animals
significant GABA-immunoreativity was detected in Mulleratls as vertical streaks of
stainingextending through the depth of the retina to the H2BK). In addition, there
was increased staining in the amacrine belllies and in the IP{234) In healthy

controlanimals Muller cells fail to show staining for GABA, as aBABA transported
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into Mller cellsvia GAT is rapidly metabolised by GABA (237) Theprominent
Muller cell staining seen in VGBxposedanimals suggeststhat the inhibition of
GABA-T leads to abnormal accumulation of GABA in these d@i). The retinal
distibution of GABA-T was unchanged in VGBxposed animalsalthough there
appeared to be a decrease in the density of GABAmunoreactivityparticularlyin

theIPL (234)

1.12 Retinal pathologyin VGB-exposd animals

The toxic effect of VGB on the retinavere first described in animals more than a
decade before it was found to be associated with visual field loss in humans. In 1987
Butler et al.examined retinal sectioricom albino and pigmented rats exposed to VGB

for 90 days. In the albino ratsliffuse changesvere seen irthe ONL including
structural disorganisation, migration of photoreceptor nuclei towarBfteand loss of
photoreceptor nucl€64). In addition the frequency of retinal lesions and the severity

of the lesions showed dose dependence. Only 1/30 rats exposed to 30mg/kg/day of
VGB developed retinal lesions, compared to 24/30 rats exposed to 300mg/kg/day.
Conversely, in the pigmented rats no retiealons were detected even after exposure to

300mg/kg/day of VGB.

1.121 Outer retinal pathology in VGB-exposed animals
Subsequent studied the effects ofVGB exposureon retinalmorphologyin albino

animalshave found similachangedo theouter retira as those described by Butletral.
Disorganisation of the ONL has been consistently repof28&-242) (Figure 1.8),

which is associated with migration of photoreceptor nuclei toward the (RB8&E240
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242) and theOPL (238) (Figure 1.8), ard irregulaities in the structure of thELM

(239)

Figure 1.8  Disorganisation of the ONL in VGB-exposed rats

Figure 1.8 legend: Figure (A) shows a normatletinal section from a neexposed control

rat. Note the highly organiseétinal structurewith distinct demarcation ahdividual retinal
layers. FigurgB) is taken from a VGBEexposed rat. Note the disorganisation of the retinal
layers, particularly the ONL (white horizontal arrows), and the migration of photoreceptor

nuclei toward the RPE (white vertical arrows$jgure taken fron(238)

OS = outer segment; IS inner segment; ONL = outer nuclear layer; OPL = outer plexiform

layer; INL = inner nuclear layer; IPL = inner plexiform layer

Immunohistochemical studies have revealed further pathological changes involving
photoreceptors, including abnormal morphological changescone inner/outer
segment$238;240;242which were not restricted to areas of ONL disorganisation, but
were also seen in areas with apparently normal retinattare (238). In addition,a
decreasan the density of cone inner/outer segments found(238;241;242) with

signs of photoreceptor degeneration in some areas (detected udigELUstaining

for evidence of DNA fragmentation)238) Under electron microscopyabnormal
photoreceptors shad vacuolization of the inner segment, disruption diidtation of

discs, and formation of membranous bodies in the outer segrigd8% Changes in the
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OPL have also been noteslith withdrawal of rod photoreceptor synapses towards the
retinal pigment epitheliun{240) Cone photoreceptor synapses were found to stay
localised within the OPlalthough they were foundotto be as uniformly organised as
cone photoreceptor synapses in thines of norexposed control animal240) In
conjundion with the withdrawal of rodphotoreceptor synapse@40) neuronal
plasticity was seen to occuwith rod bipolar cells extending their dendrites past the
OPL, deep into the ONI[240-242), to form ectopic syapses with the withdrawing rod

photoreceptor cell§40).

All of the pathologicalchanges described in tloaiter retinaafter VGB exposurehave

been noted in albinstrains of rats and miq®4;238242). In the study by Butler et al.
exposure to 300mg/kg/day of VABd to pathological changes in the retina in 80% of
albino rats. Conversely, pigmented rats exposed to the same amount of VGB, and
maintained in the same environmégh® hour dark/light cycles with light intensity of

260 lux),developed no retinal lesiori64). In addition, pigmentedabbits exposed to

VGB showed no difference in the intensity and distribution of staining of cone
inner/outersegments, or in the number of cone/inner outer segments, compared to non

exposed rabbit€243)

Albino rats are known to develop retinal patholadter excessive light exposundich

is similar to that seen in the VG&posed albino rai$4). In the study by Butler et al.
abino rats not exposed to VGBnd maintaired in the same light conditioras the
VGB-exposed albinorats, did not develop retinal patholog4). Thus the

morphological canges in the albino VGBxposed rats could not solely be explained
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by phototoxicity(64). The influence of light on VGBetinotoxicity was explored by
Ilzumi et al. Albino rats injected withsingledose ofVGB were maintained under two
different light conditions; eitheat 12 hour light/darkcycle (light intensity 308500 lux),

or 24 hours of light (light intensity 6068000 lux)(239) In ratsexposed to 24 hours of
light, the retina showed changes similar to those descpt®dously inVGB-exposed
albino animals Conversely, VGB2xposedatsmaintained in a 12 hour light/dark cycle
showed no retinal abnormaliti€239). In the same study, the effect of VGB dight
exposurewere assesseek vivo in retinal sections from normal, healthgts Retinal
sections were suspended in artificial CSF with added VGB and exposed to either 20
hours of darkessor light (light intensity 20000 lux). In additiongontrol retinal
sectionswere suspended in artificial CSF alone or with added GABW, subject to the
same light conditions. The retinal sections exposed to VGB and 20 hours of light
showed changes comparable with those seaibino rats. In addition, the effect of
VGB and Ight exposure was dosand timedependentwith pathology observed more
frequently after suspension in higher concentrations of VGB adtet exposurgo
longer durationf light. In contrast retina exposed to VGB and maintained in 20
hours of darknesshowed no pathological changeRetina exposed to GABAhowed

no pathological changes under light or dark condit{@39)

These findings suggest that VGB sensitises the already sensitive albino retina to light,
enhancing its phototoxic effect angromoting retinal degeneration63-65).
Furthermore, whilst VGB and light exposure resulted in pathological changes in retinal
slices, application of GABA under the same light conditions was not reting@3),
suggesting that high levels of GABA alone nisgy insufficient to lead toetinotoxicity

and VAVFL in humans.
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1.12.2 Other retinal pathology in VGB-exposedanimals
In VGB-exposedalbino rats and miceabnormalities involvingMller cells have been

reported. Increased GFAP immunoreactivityNhiller cells was found in areas of
disorganisation and in some areas of normaaihal structurg238;241;242) In highly
disorganised retinal areas, GFARmuroreactive Muller cell processes extended
beyond the ELM into the layers of the photoreceptor inner/outer seg@88)s This
also occurred in some norrrabpearing areas suggesting that VV@Buced gliotic

changesvere occurring throughout the reti(238).

In VGB-exposed rabbits (of unknown strain), GFimunoreactiveMiller cells were
detected in the peripheral and central retina with some cells showing abnormal
morphology(236). No immunoreactive Mler cells were seen in neexposed rabbits
(236) Studies of VGBexposed pigmented rabbits have found no indication of altered
Miiller cell morphology or functioi243;244) However, in one of these studies, VGB
exposed pigmented rabbits were maintained for5amMonth treatmerfree period
before sacrifice and enucleation of the ey€244) The authors suggested thidwe
pathological changes in Miiller cells that had been previously found in-&@Bsed
rabbitsmay only present duriny GB exposureandmight be reversiblen cessation of
therapy(244) Alternatively, differences the findings between studiesaybe reéated

to different rabbit strains used in each study (i.e. pigmented or albino strains), or

differences in the duratioor amounif VGB exposurdetween studie@43).

1.123 Reversibility of VGB-associatedetinal pathologyin animals
Two studies have examined whether \f@&ociated retinal pathology may be

reversible oiVGB withdrawal In a study by Kjellstrom et al. rabbits exposed to VGB
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for 12 months were maintained for éb4month treatmeriree period beforsacrifice

and enucleation of the ey@44) No difference in retinal morphology waletected

using immunohistochemical techniques between the d&ised and neexposed

ani mal s. Similarly, Duboc et al. &S Sess
exposed albino rats. Aft&GB exposurganimals were given either a tvday or a 8-

day recovery period befosacrificeand enucleation of the ey238) Animals in both

the tweday and 43day recovery period groups showetthe sameouter retind
pathologyasdescribed in other VGBxposed albino animaldewer animals in the 43

day recovery groupshowed the retinal changeand the areas of pathology were

reduced in size compared to the tday recovery groug238).

1.13 Retinal pathology in VGB-exposedchumans

Only one pathologicattudy of the retinand optic nerve from a single individual with
VAVFL has been reporte@62) The individual had been exposed to VGB for 28
months prior to death at a maximum daily dose of 6g/day. Pribedth the individual
reported Avi sual di fficultiesd and -dne m
showed VAVFL. At post mortem examination the retina shoaeutbst complete loss

of RGC in the periphery with less severeinvolvementof RGC in the macula and

severe atrophy of the RNFLThere was some loss of nuclesrh the INL and ONL and

atrophy of the IPL, OPL and RNFL. The optic nerve was severely atrophic (around a
third of its normal size) with relative preservation of fibres projgcform themacula
compared to those projecting form the peripheral retina. The optic tracts also showed

some atrophic changés62)
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1.14 The retinal nerve fibre layer in VGB-exposedndividuals

Although theprecisemechanisms 0¥ GB retinotoxicityare unknownthere is evidence

to suggest that in humans RGC loss is implicd82j101;146;147;162;165) RNFL
atrophy(97;106;147;183;198and optic atrophy101;147;183)are the most common
abnormalities detected using fundoscopy or fundus photgrapThese clinical
observéions are supported by finding thRGC loss was the most prominent retinal
pathological change seen irpast mortenstudy of an individual with VAVFL(162)
However, assessment of the fundus through direct examination;lasip
biomicroscopy and using fundus photography, reveals that in most individuals with
VAVFL, the fundus appears normal with no evidence of RNFL loss or optic atrophy
(78;94;95;97;101;104;106;112;116;120;121;128;130;147;148;164,;196) Even in
individuals with severe VAVFL (i.e. visual field less tharf 2@centricity), the fundus

can be norma|139;146)

1.14.1 The normal retinal nerve fibre layer
The RNFLis an innefretinal layer composed of the@as of RGC Projecting RGC

axons are organised into bundles which extend in radial wettlged secterfrom the
retinal peripheryto the ONH where the RGC axons exit the globe of the eye forming
the optic nerveg245;246) The nerve fibre bundles maintain horizorgbographic
organisation of RGG@xons, allowing little, if any, lateral dispersion of axons between
bundles(247) Consequently, the projecting RGC axons follow a specific trajectory,
such that axons from RGC meighbouringretinal locations project to discrete areas of

the ONH (Figure B) (246-249)
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Figure 1.9  Topographic projections of RGC axons in the RNFL

Figure 1.9 legend: = RGC axons project from the retinal periphery to the ONH where they
exit the globe of the eye forming the optic nerve. The RGC axons follow a specific topographic
trajectory, such that axons from RGC in neighbouring retinal locations project to diseeste ar

of the ONH.

Grey vertical line = vertical meridian; grey horizontal line = horizontal meridian; ONH = optic

nerve head

RGC axonsin the nasal hemifoveand caecocentral argarojectdirectly towards the

ONH in a rectilinear coursdo enterat its most temporal aspe¢246-249) (Pollock).

Axons from RGCin the temporal hemifovea and extrafoveal area project in an arcuate
course to avoid the rectilinear central projections, entering the ONH s@#petinfere
temporally(246-249) At increasing distances from the horizontal raghx®ns in the
temporalperipheral retindake an increasingly arcuate course to enter the ONH at the
superior and inferior pole@46249) Fibres fom RGC in the nasal peripheake a

radial trajectoryand enter the ONH on the nasal s({@47-249) (Figure 19). RGC
axons respect the horizontal meridian (grey horizontal line on Figure 1.9), such that
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axons from the superior retina do not crdss thorizontal meridian, and enthe ONH

at its superior pole, and RGC axons in the inferior retina enter at the inferig2p6)e

In the RNFL in thearea immediately surrounding the ONH (the peripapilRNFL
(ppRNFL)), the organisation of the&onverging RGC axonse r eat es a #fAdoub
configuraion. The ppRNFL is thickest at the superior and inferior poles of the ONH

and thinnest in the nasal and temporal aspects of the (@50:251)

1.142 Imaging the ppRNFL
Assessment of th@pRNFL around the ONHot only allows the acquisition of

information about the structural integrity of the RGC axons (i.e. by measuring ppRNFL
thickness), but can also provide information about the retinal locatiomyoffceal
pathology, owing to the topographic organisation of the RGC axons at the(ZB0M
Several instruments are available that allow quantitative imaging of the ppRNFL
including optical coherence tomography (OCT), scanning laser polarimetry and
scanning laser opthalmosco®52) The diagnostic abilities of each of these
instruments in diseases affiact the ppRNFL (e.g. glaucoma) have been extensively
evaluated, and there is little difference in the capabilities between the three tg@®olo

(253255)

In the output from each of thesestrumens, quantitative summary measures of
PpRNFL thickness are provided including average thickaessndthe circumference
of the ONH, and thickness in defined areas (e.g. temporal, superior, nasal and inferior

ONH areas)
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1.15 Imaging the ppRNFL in VGB-exposed individuals

In 2004 Choi et al. suggested the potential for using RNFL imaging in-&pBsed
individuals (198) They showed that in an individual with VAVFL and atrophy of the
peripheral RNFL, evident using réke fundus photography, thinning of the ppRNFL
could be detected usim@CT. The pattern of ppRNFL thinning detected using OCT
was casistent with the clinical and photographic features, showing ppRNFL thinning

restricted to the ONH areas receiving RGC axons from the peripheral (f€Bja

After the initial report of ppRNFL thinning in VGB-exposed individuals(198),
subsequent studies using OCII9;198;229;256)scanning laser ophthalmosca229)
and scanninglaser polarimetry(257), conirmed thatthe ppRNFL was significantly
thinner in VGB-exposed individualcompared to healthy contsoland norexposed

individuals with epilepsyTable 17).
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Table 1.7

Summary of studies using ppRNFL imaging in VGBexposed individuals

Reference | Number | Method Main finding
of VGB-
exposed
Choi 2004 | 1 TD-OCT (Stratus ppRNFL thinning was consient with
(198) model) photographic and clinical abnormalities
3.4mm fixed
diameter scan
Wild 2006 | 21 TD-OCT (Stratus 100% of individuals with VAVFL were belov
(229) model) the 95% confidence limit for normality
Proportional circle | ppRNFL was significantly thinner in VGB
scan exposed with VAVFL compared to VGE
exposed with normal visaul fields, non
exposed individuals and healthy controls
Durnian 8 SLP (GIX VCC) 100% of individuals with VAVFL showe
2008(257) abnormal ppRNFL thinning
Lawthom | 27 TD-OCT (Stratus 100% of individuals with VAVFL showed
2009(256) model) ppRNFL thinning in the nasal quadrant
3.4mm fixed
diameter scan
Ardagil 14 TD-OCT (Stratus ppRNFL was significantly thinner in VGB
2010(119) model) exposed compared to nexposed antiealthy
controls
3.4mm fixed
diameter scan
Moseng 9 TD-OCT (Stratus ppRNFL was significantly thinner in VGB
2011(258) model) exposedndividuals with VAVFL compared tg

3.4mm fixed
diameter scan

nonexposedtherewas an increased frequen
of ppRNFL thinning compared to ne
exposed

TD-OCT = timedomain optical coherence tomography; SLP = scanning laser ophthalmoscopy;

VCC = variable corneal compensation

*compared

o the

manufacturerso

nor mati ve

1.151 ppRNFL thickness in individuals with VAVFL
In individuals with VAVFL, the ppRNFL was significantly thinner comparechoo-

exposedindividuals with eplepsy (119;229;258)and compared to healthy controls
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(119;229) Furthermore, sing OCT Wild et al. showed that individuals with VAVFL

had significantlythinner ppRNFL compared to VG&posed individals with normal

visual fields(229), suggesting that the development of VAVFL may be related to loss of
RGC axons.Average ppRNFL thickness was plotted as a function of mean sensitivity
to illustrate a possible relationship between ppRNFL thinningtia@degreeof visual

field loss. However, no statistical analysis or discussion of the trend was made by the
authos (229) Reinspectiorof the data does not appearstiowan associatin between

the two measures.

1.152 The pattern of ppRNFL thinning in individuals with VAVFL
A pattern of ppRNFL thinningssociated witiVGB exposurethat is in agreement with

the pattern oRNFL andONH atrophy observed using fundus photografit¥i7;183)

has been suggested. In individuals with VAVFL, ppRNFL thickness was compared to
pPpRNFL thickness data from heal thbrmatveont r
database Individuals with ppRNFL thickneslling below the & percentile of the
manufacturesd normative database were considered to have abnormal thiniitg.
individuals (n=11) with VAVFL showed abnormal ppRNFL thinning in the nasal
quadrantleading to the suggestion that ppRNBttenuation in thenasal quadrant
should be used as a biomarker WBB toxicity (256) Conversely, the ppRNFL in the
temporal quadrant is relatively preserved with few individuals showing abnormal

thinning in thisarea(119;256;259)

1.153 ppRNFL thickness in VGB-exposedndividuals with normal visual
fields

Thinning of the ppRNFLwas also foundn some VGB-exposed individuals with

normal visual field4229;256) The patternof ppRNFL thinning wassimilar to that

?See 1.19.3
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seen inindividuals with VAVFL, with thinning detected in the superior, nasal and
inferior quadrants, bypreservatiorof the ppRNFL thickness in the temporal quadrant
(256) These findings may represent individuals vétlbtle pathological changes in the
retina thatdo not resulin functional changes that adetectable usingtandard white
on-white perimety, and thus providpromising evidence thgpRNFL imaging may be

a more sensitive measure of V@&&inotoxicity thandoesperimetry(256).

1.154 The relationship betweenppRNFL thickness andVGB exposure
Using OCT, ppRNFL thickness in the nasal quadrant was found to correlate with

cumulativeVGB exposurewith increasing/GB exposureelated to decrease ppRNFL
thickness(256). However in a study using scanning laser polarimety no correlation
was found between any ppRNFL thickness measure and cumwagiBeexposureor
duration & VGB exposurg(257) In an OCT study by Wild et alaverage ppRNFL
thickness was plotted as a function of cumulad@B exposureand of duration of

VGB exposurg(229) However, no statistical analysis or discussion of the trend was
made by the authar On reinspection of the datthere doesnot appear to be an
association between either measurd/@&B exposureand average ppRNFL thickness.

The disagreement between studies is probably due to the small number of subjects
included, and larger studies are needed to fully apprettiateclatioship betweerhe

amount and duration &GB exposureandthe degree gbhpRNFL thinning.

1.16 ppRNFL thickness in nonexposed individuals with epilepsy

In some norexposed individuals with epilepsppRNFL thinning was detected as

compared to the normative database of ppRNFL thickness provided by the
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manufacturet (229;256) In a studyby Lawthom et al. 3/13 neexposed individuals
showed abnormal thinning in at least one of the ppRNFL quadrants, although all
showed normal average ppRNFL thickné&s6). The individuals all had normal visual
fields and no clinical reason was found for the attenuation. The authors suggested that
the abnormal finding inhese individuals was most likely due to misalignment of the
subject during scanning or misplacement of the scan ¢2&) In an OCT study of

45 individuals with epilepsy exposed to carbamazepine or valproate monotherapy, no

difference in ppRNFL thickness was found compared to healthy co(R2G0%

1.17 ppRNFL imaging for clinical use in VGB-exposed individuals

Based on these OCT studies (Tabl&),JppRNFL imaginghas beernproposedas a
useful tool in the assessment of V@BBposed individualsproviding a sensitivand
specific indicator of VAVFL(119;229;256) In particular Lawthom et al. suggested
that ppRNFL attenuation in the nasal quadrant should be used as a biomaxk@Bfor

toxicity (256).

In the US where VGB was recently licensed, thematacturers of VGB (Lundbeck)

require an assessment form to be completed at each opthalmological examination of
individuals undergoingy GB therapywhich is to be returned to the manufacturers after
completion. The form includes a section for OCT assessmequiring the

i nterpretation of the OCT a $261) nnadditianla, ab |
recent report on the recommendations for visual testing in -€@Gised individuals

compil ed by an ARexpert p a ngstsoandovisualn e u r

® For details See 1.19.3

96



electrophysiologists, included OCT in the suggested visual evaluation protocol,
particularly when perimetry is unreliable or inconclusi262) In a briefing document
compiled for the FDA during the application for approval oflibensing of VGB in the

US it was stated that Al ot is highly 1ike

assessing VGB retin28) effects within 5 vy

At the present timedwever, the exact role of OCT in the management of VAL
uncertain (262) The available OCT studies have been on a small number of
individuals, and the precise relationship betweendigree of ppRNFL thinning and

the severity of VAVFL is unknown. | n t he e X preport on ghenel O
recommendations for visual testing in V&@Rposed individualsit was stressed that
currently OCT should be consideredan fAex pl o (262) oFurtherntoe,s t 0
although it has been suggested that ppRNFL imaging may provide an alternative tool to
assess individuals who are unable to perform perini229;256;262)this has not been
formally asessed, and the repeatability of measurements has not been validated in a

populationof individuals with epilepsy.

1.18 Optical coherence tomography

1.181 Intr oduction to OCT
OCT (264)is an optical imaging tool that allows naowasive, high resolution, cross

sectional imaging of biological tissue microstructure in 264;265) OCT imaging
is analogous to ultrasound; however, instead of sound waves;ologrence light is
used to obtain images based on the optical properties of the(2€y265) Images are

generated by measuring the time delay and the magnitude of backscattered and back
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reflected light from the vasus tissue microstructurg266;267) Detailed imaging of
discrete tissue architecture relies on the ability to detect difference in the optical

propertes of adjacent structuré268).

The axial image resolution of OCT is determined by the bandwidth digtitesource

(267) Axial resolutons achievable with commercially available OCT instruments
ranges from 4 10um (265) compared to standard clinical ultrasound which has a
resdution of 0.171 1mm(269) Transverse resolutions are dependent on the spot size of
the light beam on the tissue, amdretina transverse resolutions of around 20pm are
typically achieved(270;271) The crossectional image (tomograph) generated from
OCT imaging has been r e {265) asé drovides imagesod n
tissue microstructure similar to those seen under a mmpesc¢hat are not obtainable

with any other no#invasive technique66;26).

The main disadvantage of OCT is that light (unlike sound waves in clinical ultrasound)
is substantially attered by most biological tissues. Attenuation of the light from this
scattering limits the imaging depth to around 2rt265;269) compared to standard
clinical ultrasound which can reach depths of up to 1®88). The limited penetration
depths makeOCT imaging impractical for many clinical applications. The retina,
however s particularly accessible to OCT imaging as the transparent tissues of the lens,
cornea and ocular media, allow transmissibtight from the OCT instrumento the

retina with minimal scattering and attenuat{@67) Because of this, the clinical use

of OCT has developed most rapidiyophthalmology for imaging the microstructure of

the retina and optic nerve he@67), and will be further discussed here widierence

to retinal imaging.
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1.182 The basic principlesof OCT
The basic principles of OCT are illustrated in FiglireQ Low-coherence light (800

1400 nm wavelength) from a superluminescent diode is directed into aofitice
Michaelson interferometer. At the interferometer the incident light beam is split into a
reference arm andsamplearm via a partially reflectivenirror. Light in the reference

arm is reflected back to the interferometer from a reference mirror. At the same time,
the light beam in theamplearm is incident upon a scanning mechanism, which under
computerised control, focuses the beam onto thearét a discrete location. The light
beam is then backscattered or reflected from the retina, via the scanning mechanism,
back to the interferometer. At the interferometer light from the reference mirror, and
that from the retina, are combined produceuy optical interference pattern on the

surface of a photodetect(#t64;266;270)

The raw signals received at the photodetector are processed into an indivshaad, A

which represents the deptésolved reflectivity profileof the retina at the discrete
location onwhich the beam was focused by the scanning mecharvdmwement of the
scanning mechanism allows the light beam indhmplear m t o fAsweepo ¢
retina in a predetermined scan pattern (e.g. a slmgle(Figure 111)) enabling the
acquisition of multiple sequential-écans in a desired pattern dadation (272) After
processing, multiple individual Acans acquired during a scan session are assembled
into a twedimensional crossectional image (Ban) (Figure 110 and 1.1). Using

some OCT technologies, a series e$dans in a raster pattern can be taken to generate

threedimensional OCT images (Figurell).
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Figure 1.10 Basic principles of OCT

Low-coherencs Reference
light source > mirror
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(retina)
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A-scan data data

Figure 1.10 legend: The basic mechanisms optical coherence tomography (OCT) of the

retina Figureadapted fronf273)

Figure 111 Assembly of processed Acan data into a tomograph

A B C
One-dimensional Two-dimensional B-scan Three-dimensional
A-scan (multiple A -scans) (multiple B-scans)
4
l WL :
Intensity
—

Depth

Tomograph

Multiple tomographs‘
generate a 3D image A

Figure 1.11 legend: (A) The individual Ascan(red arrow)represents the deptbsolved

reflectivity profiles of the tissue being scannedB) Multiple A-scans(red arrows)are
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assembled into a-Bcan(black arrow)to produce the twaimensional tomograph(C) Using
some OCT technologies, a seridsBascans(black arrows)in a raster pattern can be taken to
generate thredimensional OCT image

1.183 OCT technology
Several OCT instruments are commercially available, the first of which was released in

1995 and utilised timedomain technology. Thmost recent instrument to be released
based on this technology was the Status OCT (Carl Zeiss Meditec, Inc., Dublin, CA,
USA) (271) More recently, OCT instruments utilising specttamain (also called
Fourierdomain) technology (e.g. Cirrus HOCT (Carl Zeiss Meditec, Inc., Dublin,

CA, USA)) have been developed, and comprise the latest generation of commercially

available OCT instrments.

Although the basic principles of tirgomain OCT (TBOCT) and spectradomain
OCT (SDOCT) are the same (FigurelD), they utilise different mechanisms to resolve
the axial depth of structures within the tissue being scanned, resultsignificant

differences in scanning speed, and axial resol{g@t;274;275)

1.183.1 TD-OCT (Stratus OCT)
In TD-OCT the depth and relative positions of the retinal structures eteznuined

sequentially by moving the reference mirror and analysing the interference patterns
between the reflected reference light at known distances, and the reflected light from

different scatteringitesin the sampl€276;277)

The dependence on movement of the reference mirror to engdite résolution, and
the requirement of sequential resolution of light reflected from various depths, limits
image acquisition speed to around 408aans per second. Using this technology, the

latest commercially available OCT mod&tiatusOCT, Carl Zess Meditec, Dublin,

101



CA, USA) allows acquisition of a singlsne B-scan, comprised of 512 adjacent A

scans, within 1.28 seconds, with axial resolution of around 1@iF)

1.183.2 SD-OCT (Cirrus OCT)
In SD-OCT, depth resolution is not obtained by mechanical manipulation of the

reference mirror, but by including a spectrometer in the detector arm. The spectrometer
allows te interference pattern obtained from the light reflected from the stationary
reference armand that reflected from all scattering sights (i.e. at all depths) in the
sample, to be collected simultaneously on the photodetéZi®) The interference

pattern then undergo&®urier transformatioto produce the Ascan imag€275;277)

Because the light reflected from different scattering sights in the sample are measured
simultaneously, as opposed to sequentially withQOT, the process is up to 100 times
faster(279) with data acquisition speeds of around 27,008cAns per secondCirrus

OCT (Carl Zeiss Meditec, Dublin, CA, USA acquires a 6x6mm cube of data

consisting of 40,000 Acans, in less than 1.48cends.

1.184 The OCT image fetinal tomograph)
After processing, multiple individual &cans acquired during a scan session are

assembled into a twdimensional crossectional image (Bcan) (Figure 1.1). Using
SD-OCT, a series of Bcans in a rastepattern can be taken to generate three
dimensional OCT images (Figurell). The final processed images are displayed in
the OCT output using a colescale (or greyscale) to represent the logarithm of the
intensity of the reflected signé265;266;268;270;272) Typically, the red end of the
colour spectrum represents areas of mgflectivity with the blue end corresponding to

areas of low reflectivity264;268)(Figurel.12).
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The laminated appearance of the retinal tomograph suggested that indreitiozil
layers might be distinguished by differences in their optical prope{#88) To
determine the retinal structuralomponents represented in OCT images, studies
compared crossectional retinal tissue, seen under light microscopy, with
corresponding retinal OCT scans, in humg2e4;281)and in animalg268;280;282)
(Figurel.12. In the OCT image, a distinct layer of high reflectivitytla vitreoretinal
interfacecorresponded to theNFL (264;268;280) Other highly reflective layers were
compatible with théPL, OPLandRPE(268;280282) Retinal areas of low reflectivity
corresponded with the location of the photoreceptor inner and-segenentsand the

INL and ONL (Figure 112 (268;270;28282).

Figure 1.12 The relationship between the OCT tomograph and retinal histology
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Figure 1.12 legend: The retinal substructures observable on light microsc@py have
unique optical properties which produce distinct layers in the OCT tomodgBph Light
microscopy imagé¢A) taken from(231)

For the commercially available OCT instrumemarious scanning protocols have been

developed which allow targeted imaging of particular retinal locations depending on the
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structure of interestThe tomograph obtained from each scanning protocol is provided

i n the manuf acdpartrarercandbe gsednideteat yetinal pathology
through direct observationin addition to the tomograplhe summaryreportprovides
guantitative data (e.g. retinal thickness), summary quantitative data (e.g. average retinal
thickness in defined retinal areas), and normative data on various retinal structural

measurements

1.19 Using OCT to image the ppRNFL

In the OCT tomograph thRNFL appears as a distinct layer of high reflectivity at the
vitreoretinal interfac€264;268;280)Figure 112). Interest in developing methods to
image and measure RNFL thickness was stimulated by the need for more objective,
repeatable tools for use in glaucoma managemdrgre retinal ganglion celbssand
associated RNFL attentian are pathological feature@83) Algorithms developed

for OCTto measure RNFL thicknessnploya circubr scan centred on the ONH the
peripapillary areajFigure 1.13X283). As all RGC axons project through the retina in

the RNFL to leave the orbih the optic nervgFigure 1.9) measuring peripapillary
RNFL (ppRNFL) thickness dictateshat the measurement sample contains projections

from all RGC axonshroughout the retina

1.191 Measuring ppRNFL thickness
The thickness of the ppRNFL is calculdterstly by determining the bders of the

ppRNFL. This is achieved usirgegmentatiors of t war e wh ideehh ecd @ ©n
algorithms to recognise changes in reflectivity patterns in the OCT signal
(276;283;284) The anterior border of the ppRNFL is detected by an early sharp rise in

the signal intensity as tHight passes through the minimally reflective vitreoni® ithe
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highly reflective RNFL Similarly the posterior border of the ppRNFL is defined by a
sharp decrease in signal intensity as the light leaves the RNFL and passes into the less
reflective sructures of the adjacent innestina. Once the inner and outer borders of the
PpRNFL have been established, the thickness in micrometers can be determined
between these bordef276;283284). This process is carried out for each individual A
scan. Measures of ppRNFL thickness that
report are based on the ppRNFL thickness measurements from each of the individual A

scans.

1.192 ppRNFL thickness scanning methods
The impact of he dramatic differencan scanning speed between TD and-GDT is

highlighted in the scanning protocols used by each instrument from which ppRNFL
thickness igletermined. In TBOCT the instrument acquires three sets of 256cans

in a 3.46mm diameter circle around the ONH within 1.3 seconds of scanning time. The
ppRNFL measur ement s pr osumnmdaeyeport are caldulatedma n u
from an average of the three seff scans. In SIDCT instrument acquires a 6xém

cube of data centred on the ONH, consisting of 40,08&aks, in 1.48 seconds. A
3.46mm diameter circle of datmmprised of 256 Acans centred around the ONH is
extracted from the cube of data. The ppRNFL measurements provided in the

ma n u f a cummargepat@re calculated from the 3.46ndmmetercircle of data

1.193Themanuf acturerso6 summary reports
After scan acquisitioneach OCT instrument providggpRNFL thickness data in the

manufact ur er s 6 The teponsanclydedusenary maasures of ppRNFL
thickness include the average ppRNFL thickness (around the whole ONH), and the
PPRNFL thickness in S0quadrants and 3Gsectors Figure 113). Regions of the
PpRNFL are referred to according to their location around the ONHe faiwr 96

105



guadrants are referred to smmporal, superior, nasaland inferior quadrants. The

twelve 30 sectors are referred to as tempora (i), temporalsuperior (TS)superior

temporal (ST), superior (fp), superiornasal (SN), nasauperior (NS),nasal (M9,

nasal inferior (NI), inferiomasal (IN), inferior (hf), inferior-temporal (IT) and
temporalinferior (TI) sectors (Figurel.1l3). A temporalsuperiornasalinferior-
temporal (TSNIT) plotisalspr ovi de i n the manufwhicht ur er
graphically represents the ppRNFL thickness around the whole ONH acrbssf ¢ae

256 individual AscangFigurel.13.

In addition toproviding quantitativgppRNFL thickness datathe ppRNFL thickness is
classified according to which percentiie i f al |l s i nt o, based ol
database of ageorrected normal values. ppRNFL thickness valigesall summary
measures (average, ©Quadrants, 30sectors and TSNIT plotsare colouscoded
according to with percentile they fall into. &1 ues f al | p5ypeicentileco t h e
are col our c o"dathercemile g rcatoared, yell® asthose falling

into O T'percentile e coloured redFigure 1.13)

Details of the nomative database in the TOCT (Stratus OCT, softwaneersion 4.0,

Carl Zeiss Meditec, Dublin, Ofhave been made available. The normative data base is
comprised of 328 subjects aged il85 of whom 155 (48%) were men. The ethnic
groups included in the database wacare fCa

Americano (8%), nAsi an(d85)( 3 %), AAsi an | ndi

Details of normative data for the SDCT model are not currently available.
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Figure 1.13 The manufacturers6é summary report

Right eyt Left eye

350

Figure 1.13legends: Datapr ovi ded i n tsammamepdoffppRNELUT er s 6
thickness. Data illustrated on the {afind side of the report is taken from the right e9ata

illustrated on the righhand side of the report is taken from the left eye

(A) The 3.46mm diameter scan circle composed of 2&&cans (red circle), centred on the
ONH.

(B) The ppRNFL tomograph. The most superficial red/yellow layer (white arrow) is the
ppRNFL from which the summary measures of ppRNFL thickness and the TSNIT profile are

taken.
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