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Abstract  

Background: The antiepileptic drug vigabatrin (VGB) is associated with the development of 

visual field loss in around 50% of exposed individuals. The mechanisms of VGB retinotoxicity 

are unknown, and there is continued debate as to the best methods of assessing visual function 

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

Methods: 204 VGB-exposed individuals, 90 non-exposed individuals with epilepsy and 90 

healthy controls participated.  Individuals underwent visual field testing using Goldmann kinetic 

perimetry and peripapillary retinal nerve fibre layer (ppRNFL) imaging using optical coherence 

tomography (OCT). 

Results: A retrospective analysis of the evolution of vigabatrin associated visual field loss 

(VAVFL ) in individuals continuing VGB showed progression of VAVFL in all individuals over 

a ten-year period.   

More VGB-exposed individuals were able to perform OCT compared to perimetry.  Measures 

of ppRNFL thickness were found to be highly repeatable in this population.  There was a strong 

correlation between ppRNFL thickness and visual field size suggesting that irreversible VAVFL 

may be related to loss of retinal ganglion cells (RGCs).  Duration of VGB exposure, maximum 

daily VGB dose, male gender and the presence of a homonymous visual field defect were 

associated with ppRNFL thinning. 

The pattern of ppRNFL thinning suggested that ppRNFL loss progresses with increasing VGB 

exposure.  Subtle ppRNFL thinning may occur in discrete areas after exposure to small amounts 

of VGB, whilst other ppRNFL areas appear to be resistant to large cumulative VGB exposure.   

The ppRNFL was significantly thinner in non-exposed individuals with epilepsy compared to 

healthy controls.  Factors that may be associated with ppRNFL thinning included the presence 

of learning disability, MTLE with HS and longer duration of epilepsy. 

Conclusions: ppRNFL imaging using OCT provides a useful tool to assess VGB-exposed 

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 VGB-exposure may aid in the early detection of VGB toxicity.  

Pathophysiological mechanisms of VAVFL are unknown; however, pathology of RGC 

apparatus is evidently implicated.  
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IMO Intramyelinic oedema 

INL Inner nuclear layer 

IPL Inner plexiform layer 

IN Inferior-nasal 

IT Inferior-temporal 
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LAC Lacosamide 

LEV Levetiracetam 

mf-ERG Multifocal electroretinogram 

MRD Mean radial degrees  

Na
+ 

Sodium 

Nas Nasal  

NI Nasal-inferior 

NS Nasal-superior 

OCT Optical coherence tomography 

ONH Optic nerve head 

ONL Outer nuclear layer 

OP Oscillatory potential 

OPL Outer plexiform layer 

OXC Oxcarbazepine 

PERG Pattern electroretinogram 

PB Phenobarbital 

PHT Phenytoin 

PGB Pregabalin 

PMD Primidone 

ppRNFL Peripapillary retinal nerve fibre layer  

RGC Retinal ganglion cell 

RNFL Retinal nerve fibre layer  

RPE Retinal pigment epithelium 

Sup Superior  

SD-OCT Spectral-domain optical coherence tomography  

SN Superior-nasal 

ST Superior-temporal  

TD-OCT Time-domain optical coherence tomography   
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Temp Temporal 

TGB Tiagabine 

TI Temporal-inferior 

TLE Temporal lobe epilepsy 

TPM Topiramate 

TS Temporal-superior 

TSC Tuberous sclerosis complex 

TSNIT Temporal-superior-nasal-inferior-temporal  

UK United Kingdom 

VAVFL  Vigabatrin associated visual field loss 

VEP Visual evoked potential  

VGB Vigabatrin  

VPA Valproate 

ZNS Zonisamide 
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Glossary of commonly used terms  
VGB-exposed Includes all individuals who have any history of exposure to 

VGB.  Includes both individuals currently receiving VGB and 

individuals previously exposed to VGB. 

Non-exposed   Includes individuals with epilepsy who have nerve been 

exposed to vigabatrin  

Healthy controls  Includes individuals who have never been diagnosed with 

epilepsy and have never been exposed to any antiepileptic 

drug.  

ppRNFL and RNFL Please note that ppRNFL refers specifically to the retinal 

nerve fibre layer immediately surrounding the ONH. 

RNFL refers in general to the whole retinal nerve fibre layer 

throughout the retina, or in focal retinal areas as specified in 

the text.    

TD-OCT and SD-

OCT 

Unless otherwise stated, discussion of TD-OCT refers to 

(Stratus OCT software version 4.0, Carl Zeiss Meditec, Inc., 

Dublin, CA, USA) discussion of SD-OCT refers to (Cirrus 

HD-OCT software version 5.0, Carl Zeiss Meditec, Inc., 

Dublin, CA, USA).   
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Chapter 1  Introduction  

 

1.1 ɔ-aminobutyric acid 

 

In the late 1950ôs it was discovered that ɔ-aminobutyric acid (GABA) was the major 

inhibitory neurotransmitter in the central nervous system (CNS) (1-3).  GABA is 

synthesized in presynaptic GABAergic axon terminals from intracellular glutamate 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 calcium-dependent exocytosis.  The effects of GABA are 

mediated both pre- and post-synaptically through ionotropic GABAA and GABAC 

receptors and metabotropic GABAB receptors.  Termination of GABA signaling is 

achieved by active transport of GABA from the synaptic cleft into the pre-synaptic 

nerve terminal or surrounding glial cells through high affinity Na
+
-
 
 and Cl

- 
-dependent 

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-T) (1) (Figure 1.1).  The end product of this metabolic process is 

glutamate.  In GABAergic neurons that contain GAD, glutamate is metabolized again to 

form GABA.  In glial cells GAD is not present, and glutamate is converted to glutamine 

(via glutamine synthetase) which diffuses from glial cells into neighboring neurons 

where it is again converted to glutamate (Figure 1.1). 
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Figure 1.1 Normal GABA metabolism  

 
Figure 1.1 legend: yellow cell = GABAergic neurone; Grey cell = Glial cell; Green cell = 

post-synaptic neurone; GAD = glutamic acid decarboxylase; GABA = ɔ-aminobutyric acid; 

TCA = tricarboxylic acid cycle; GABA-T = GABA transaminase; GAT-1 = GABA-transporter 

1; GAT-3 = GABA-transporter 3 

 

1.1.1 The search for GABAergic antiepileptic drugs 

The identification of GABA as the major inhibitory neurotransmitter in the CNS led to 

much attention directed toward this molecule and its role in neurological disease.  Soon 

compounds aimed at targeting processes within CNS GABAergic systems were sought 

as potential therapies for diseases in which impairment of GABA-mediated inhibition 

was suggested as a pathological mechanism (2;3), including epilepsy (3) in which an 

imbalance of excitatory and inhibitory neurotransmission is implicated (4).  Several 

inhibitors of GABA-T, the metabolising enzyme of GABA were synthesised and some 

were found to have anticonvulsant properties (5).  However, many of these compounds 
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were hampered by toxicity, lack of specificity for GABA-T, low potency and inability 

to penetrate the blood brain barrier (2;5;6). 

 

1.2 Vigabatrin: a designer antiepileptic drug 
 

The first of the GABA-T inhibitors found to have a suitably potent (7;8) and specific 

(8;9) biological action for potential clinical use (10) was 4-amino-5-hexenoic acid 

(vigabatrin, (also ɔ-vinyl-GABA)).  A structural analogue of GABA (Figure 1.2), 

vigabatrin (VGB) was designed specifically to increase CNS GABA through 

irreversible inhibition of GABA-T, and represented the first attempt at mechanism-

based antiepileptic drug development (11) and became the first ñdesignerò antiepileptic 

drug (AED) available for clinical use (12).   

 

Figure 1.2 Chemical structure of GABA and VGB 

 

Figure 1.2 legend: VGB was designed as a structural analogue to GABA with a vinyl 

appendage.  VGB = vigabatrin; GABA = ɔ-aminobutyric acid.  Figure taken from (13) 

 

ɔ-aminobutyricacid 

(GABA)
ɔ-vinyl ɔ-aminobutyricacid 

(vigabatrin)
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1.2.1 Vigabatrin: mechanism of action  

Studies in mice and rats showed that when administered peripherally (per oral, intra-

peritoneal, intra-venous), VGB concentration increases in a dose-dependent manner in 

the CNS
1
 (10;14;15) and produces a rapid dose-dependent inhibition of brain GABA-T 

activity (10;15-18) .  In the mitochondria, GABA-T metabolises GABA, thus inhibition 

of this enzyme by VGB results in increased total brain concentrations of GABA 

(9;10;15-19).  The distribution of increased GABA was found to include both increased 

intracellular GABA levels (nerve terminal and glial cell) (20) and increased 

extracellular GABA as detected in the CSF (21).  

In rats exposed to a single dose of VGB, whole brain GABA-T activity decreases 

rapidly, reaching 20% of control activity within 4 hours of dosing which was 

maintained for at least 48 hours (10). Concurrently, whole brain GABA concentrations 

rapidly increase also peaking at around four hours post-dosing, at concentrations around 

five-times the baseline GABA levels.  The pharmacological effects of VGB are 

determined by the half life of GABA-T which is longer than that of VGB (10;22).  As 

new GABA-T is synthesised GABA-T activity slowly begins to increase, and GABA 

levels subsequently decrease.  By five days post-dosing GABA-T activity is still 

reduced, and GABA concentrations were just returning to baseline levels (10).   

In pre-treated rats VGB has also been shown to increase both resting and potassium-

evoked GABA release from cortical slices (14;23;24).  The GABA release recorded 

after pre-treatment with VGB was highly calciumïdependent and thus is likely to 

represent neuronal (as opposed to glial) GABA release (24).  In addition, a reduction in 

GABA uptake after VGB exposure has also been reported (16;23;25).  The mechanisms 

                                                           
1
 cerebellum, pons, hippocampus, frontal cortex, dorsal cortex and retina (Sills 2001);  

cortex, spinal cord and retina (Neal 1990); whole brain (Jeung 1990) 
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of GABA uptake inhibition by VGB are unknown, but have been suggested to represent 

competitive inhibition between GABA and VGB for uptake via one of the GATs 

(16;25).  Alternatively, once GABA has accumulated in the Müller cell, such an 

intracellular GABA accumulation will impair the efficiency of the GABA uptake into 

Müller cells due to a decrease in the transmembrane driving force (26). 

Decreased GAD activity after VGB exposure has also been reported in some studies 

(10;14;16;18), although to a lesser extent than that of GABA-T (10).  VGB may have a 

direct inhibitory effect on GAD activity (10;18).  Alternatively, inhibition of GAD 

activity may be due to a negative feedback loop resulting from high GABA levels 

(9;14;18;27;28).   Decreases in brain glutamine after VGB exposure have also been 

reported (18) which could result from direct inhibition of glutamine synthetase by VGB 

(18).  Alternatively, the decreased GABA metabolism resulting from inhibition of 

GABA-T by VGB may result in decreased production of glutamate and thus less 

glutamate availability for metabolism by glutamine synthetase to glutamine.   

In humans, oral VGB intake was associated with a dose-dependent increase in 

cerebrospinal fluid GABA (22;29-32) and brain GABA concentrations (33). 

1.2.2 Antiepileptic properties in animals 

VGB has shown to protect against seizures in several animal seizure models including 

audiogenic seizures (9), chemically-induced seizures (20;34), photic-induced seizures 

(35) and amygdala-kindled seizures (36). 

1.2.3 VGB for drug-resistant partial seizures 

The anticonvulsant properties of VGB observed in rodents (9;20;34), and non-human 

primates (35), alongside the finding that exposure to VGB results in a dose-dependent 
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increase in CSF GABA in humans (22;29-32) suggested a potential for antiepileptic 

drug use in individuals with epilepsy (37).   

Early single-blind, placebo-controlled studies in individuals with drug-resistant epilepsy 

showed that VGB decreased seizure frequency (32;38;39) and severity (32) when used 

as add-on therapy.  Subsequent double-blind, placebo-control trials confirmed this, 

reporting that around 50% of individuals with drug-resistant epilepsy had a more than 

50% reduction in seizure frequency after VGB add-on therapy (37;40-43), around 20% 

of individuals had a more than 75% reduction in seizure frequency (37;40;42).  More 

recent, larger studies have further confirmed these findings in individuals with drug-

resistant complex partial seizures (44-46).  A recent systematic review of randomised, 

double-blind, placebo-controlled trials of VGB for drug-resistant partial epilepsy 

concluded that VGB is effective in reducing seizure frequency in this group of 

individuals (47).    

1.2.4 VGB for infantile spasms  

Infantile spasms is a devastating childhood epilepsy syndrome characterised by spasms, 

characteristic EEG abnormalities (hypsarrhythmia), psychomotor delay and poor long-

term prognosis.  Seizures associated with infantile spasms are usually refractory to 

treatment with conventional AEDs (48;49), and currently adrenocorticotropic hormone 

and VGB are first-line therapies (50).  In 1991 Chiron et al. (51) reported that cessation 

of spasms was achieved in 43% of children with drug-resistant infantile spasms after 

receiving VGB add-on therapy.  Subsequent studies have reported the effectiveness of 

VGB as first-line monotherapy in infantile spasms (52-59), particularly in infantile 

spasms secondary to tuberous sclerosis complex (TSC)  (55;60;61) where cessation of 

spasms is achieved in up to 100% of children (60).  A recent meta-analysis of treatment 

of infantile spasms found that there is no clear evidence as to which treatment is optimal 
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for infantile spasms; however, VGB may be the superior treatment in infantile spasms 

secondary to TSC (48).  

 

1.3 Vigabatrin tolerability and adverse effects 
 

Double-blind, placebo-controlled trials found VGB to be an effective and well tolerated  

drug (37;46) with few significant drug interactions (46).  Adverse effects in adults were 

generally mild and included drowsiness (37;41-43;45;47), dizziness (47) and mood 

changes (37;41;47;62) (particularly depression (47)).  These tended to improve with 

careful titration and continued VGB use (37).  In children adverse effects were also mild 

and included sedation, irritability and insomnia (55;60;61).  However, the trials were 

typically of short duration, the longest follow-up being 36 weeks (46).    

1.3.1 In tramyelinic oedema 

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

layers of the myelin sheaths were reported (63). The lesions, referred to as 

ñintramyelinic oedemaò (IMO), were limited to discrete myelinated tracts, with no 

evidence of structural change to the cell bodies or axons (64) and reverse on cessation 

of treatment (65). IMO was seen in VGB-exposed mice (64;65), rats (63;65) and dogs 

(63;65).  In monkeys, there was no conclusive evidence to suggest that IMO occurred 

after VGB exposure (63;65).  Similarly, in studies of post mortem and surgical brain 

tissue from VGB-exposed adults, no evidence of intamyelinic oedema was detected (65-

69).  However, IMO has recently been described in a post mortem specimen from a 

VGB-exposed infant with quadriplegic cerebral palsy and infantile spasms (70).   
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In VGB-exposed dogs, IMO was found to be prominent in the optic tracts and was 

associated with increased latencies of the visual evoked potentials (71).  In preclinical 

(72;73) and early clinical (74) studies of VGB-exposed individuals with epilepsy, visual 

evoked potentials were assessed to monitor individuals for early damage involving the 

visual pathways.  Studies demonstrated normal VEP after up to 3.5 years of VGB 

exposure (72-74) suggesting that in humans VGB is not associated with visual pathway 

IMO (75).    

1.3.2 Psychosis 

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

adverse effect (62).  Behavioural adverse effects of VGB included agitation, irritability, 

confusion, hyperactivity and depression (62). In a small number of individuals VGB 

exposure was associated with the development of psychotic episodes (76;77).  However, 

these episodes tended to respond well to careful titration, reduced VGB dose or 

treatment with antipsychotic drugs (76) and resolved after discontinuation of therapy 

(77). 

1.3.3 Vigabatrin associated visual field loss 

In 1997 Eke et al. reported three cases of symptomatic visual-field constriction in 

individuals with two to three years of VGB exposure that could not be explained by any 

opthalmological or neurological insult (78).  Several authors suggested that the visual 

field defect could result as a consequence of the epilepsy, rather than a toxic effect of 

VGB (79-81).  In addition, the individuals reported by Eke et al. (78) had all been 

exposed to several AEDs that could also have contributed to the visual impairment.  

However, in the ensuing year numerous authors reported individual cases and case 

series of vigabatrin-associated visual field loss (VAVFL) (79;82-85).   
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1.4 Prevalence of VAVFL 

 

After the initial case report from Eke et al. (78), several authors reported individual 

cases and case series of visual field constriction associated with VGB exposure (79;82-

85).  At this time, the manufacturers of VGB, Hoechst Marion Roussel, reported that 

since the introduction of VGB in 1989 they had received ñrareò reports of visual field 

defects associated with VGB use, with a frequency of less than 0.1% (86), and an 

overall incidence estimated to be 14.5/10,000 patients with epilepsy per year (84).  

Many of the initial statistics were based upon sporadic reports from symptomatic 

individuals and questionnaires of visual symptoms (82;87).  However, it was suggested 

early on that VAVFL may be asymptomatic and may be more common than initially 

suggested by these studies (85;88-90).  Subsequent studies have estimated the 

prevalence of VAVFL  to be between 17 and 92% in adults, and between 6 and 65% in 

children (Table 1.1).  Recently, a systematic review of observational studies 

investigating the prevalence of VAVFL was published (91).  The review identified 32 

studies which met the inclusion criteria, and found that the proportion of VGB-exposed 

individuals described as having ñvisual field lossò was 45%.  The proportion of 

individuals specifically described as showing VAVFL was 31%.  When separated into 

studies of adults and studies of children, the combined random effects estimate for the 

estimated mean proportion of vigabatrin-exposed individuals with field loss was  52% 

and 34% for adults and children, respectively (91).    
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Table 1.1 Summary of studies reporting the prevalence of VAVFL in VGB-exposed 

adults and children 

Reference  Prevalence 

(%)  

Number of 

individuals 

Perimetric 

method  

Mean 

cumulative 

VGB exposure 

(kg) [range] 

Mean duration 

VGB exposure 

(months) 

[range] 

Wild 2009 (92) 34% 301 BOTH 2.5 44 

Sergott 2010 (93) 72% 258 GKP - - 

Hardus 2000 (94) 17% 118 Peritest Static - - 

Newman 2002 (95) 20%Ð 100 GKP 4.0 [0.17-17.5] 61  

Malmgren 2001 (96) 19% 99 GKP [0.3- >7] [1-152] 

Wild 1999 (97) 29% 99 BOTH 4.1 49 

Nicolson 2002 (98) 43% 98  HVFA  - - 

Kinirons 2006 (99) 53 % 93 GKP 5.4 86 

Nousiainen 

2001(100) 

40 % 60  GKP [0.42-18.7] [7-168] 

Daneshvar 1999 

(101) 

29% 41 HVFA 
a, b 

- 39  

Tseng 2006 (102) 79% 34 HVFA 
a 

3.7 46 

McDonagh 2003 

(103) 

59% 32 HVFA 
c 
 5.9  84  

Kalviainen 1999 

(104) 

41% 32 GKP - 69  

Krauss 2003 (105) 53% 32 GKP - 47 

Miller 1999 (106) 50 % 32 BOTH - 52 

Conway 2008 (107) 18% 31 HVFA
a 

>1 >24 

Schmitz  2002 (108) 45% 29 GKP - [4-71] 

van der Torren 2002 

(109) 

69 % 29  BOTH 3.0  55  

Fledelius 2003 (110) 92% 26 GKP - 102  

Lawden 1999 (81) 39 % 25  HVFA 
a,b,c,d,e 

[0.6-10.3] 50 

Paul 2001 (111) 41% 22 BOTH - >24  

Besch 2002(112) 90% 20 GKP [0.06-65]  2-96 

Manuchehri 2000 

(113) 

67% 20 HVFA 
c 

2.9 59 

Arndt 1999 (114) 58%
 

19  HVFA  - 12  

Hui 2008 (115) 56% 18 HVFA 
a 

- 24 

Midelfart 2000 (116) 83%  18 HVFA 
c
 -  - 
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VAVFL = vigabatrin associated visual field loss; VGB = vigabatrin; GKP = Goldmann kinetic 

perimetry; HVFA = Humphrey visual field analyzer; Studies are listed in order of the number of 

VGB-exposed individuals who were examined using perimetry.   

Italic ï cases were recruited as ñsuspected VAVFLò or ñthose in whom analysis of the visual 

field should be consideredò 

a
 HVFA 30-2 program  

b
 HVFA 60-4 program  

c  
HVFA full field 120-point program 

d 
HVFA 24-2 program 

e 
HVFA 30/60-2 program

 

Moreno 2005 (117) 89% 18 HVFA
c 

- 44 

Toggweiler 2001 

(118) 

60 % 15  GKP 3.1 47  

Ardagil 2010 (119) 29 % 12 HVFA 
a 

3.3  78 

Ponjavic 2001(120) 58% 12 GKP - [24-120] 

Jensen 2002 (121) 30% 10 GKP - 79  

Paediatric studies 

 

Vanhatalo 2002 

(122) 

19% 91 GKP 2.1 40 

Wild 2009 (92) 20% 85 BOTH 1.3 37 

You 2006 (123) 22% 67 HVFA
a 

22.8mg/kg 50 

Werth 2006 (124) 27% 30 Non-

commercial 

arc perimetry  

- 46  

Agrawal 2009 (125) 29% 28 White sphere 

kinetic 

perimetry  

- - 

Gross-Tsur 2000 

(126) 

65% 17 BOTH 
 

43mg/kg 36 

Gaily 2009 (127) 6% 16 GKP 0.66 24 

Ascaso 2003 (128) 20% 15 HVFA 
a 

- 42 

Wohlrab 1999 (129) 42% 12 GKP - 26 

Iannetti 2000 (130) 33% 12 BOTH - - 

Spencer 2003 (131) 36% 11 HVFA
a
  - [3-108] 
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The large range in reported prevalence of VAVFL could be due to a number of factors 

including non-blinded assessments, ascertainment bias and small sample sizes (12).  

Different studies have used different perimetric techniques to assess the visual field, 

including both manual kinetic and automated static techniques which could influence 

the reported prevalence of VAVFL (12;93;132;133).  This was investigated in a recent 

systematic review which found no effect of perimetric assessment method on the 

reported prevalence of VAVFL (91).  However, the review only examined the 

difference between using ñstaticò or ñkineticò techniques and did not account for 

different programmes or testing strategies used.   For example, in studies using 

automated static perimetry (mainly the Humphrey Visual Field Analyzer (HVFA)), 

different visual field assessment programmes have been employed between studies 

which examine the visual field out to varying eccentricities.  For example, the 120-point 

programme examines the visual field out to 60
o
 eccentricity in all meridians, compared 

to the 30-2 programme which only examines out to 28
o
 eccentricity.  Individuals with 

mild peripheral VAVFL may not be identified using a programme which assesses only 

the central visual field (97;101;106;122).  Similarly, in studies using manual-kinetic 

perimetry (mainly Goldmann Kinetic Perimetry (GKP)), the use of various testing 

stimuli (i.e. plotting various isopters) between studies may also lead to differences in the 

reported prevalence (91).  

Differences in demographic, clinical and therapeutic factors between the 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 cumulative VGB 

exposure or long duration of VGB exposure may be expected to report a higher 

prevalence of VAVFL (91).  Other yet unidentified risk factors for VAVFL may differ 

between study cohorts and could influence the prevalence of VAVFL.     
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The criteria used to define VAVFL differ between studies, even those using the same 

perimetric technique.  Differences in the criteria used to define ñnormalò and 

ñabnormalò visual fields could result in differences in the prevalence recorded between 

studies (93).  In a large study by Sergott using GKP, 72% of VGB-exposed individuals 

had visual field defects (93), compared to a similar-sized study by Wild et al. who found 

that only 34% of VGB-exposed individuals had VAVFL (92).  In the study by Wild et 

al. each visual-field test result was evaluated by a single investigator who semi-

qualitatively classified each visual field as ñnormalò or ñVAVFLò based on available 

criteria (97).   In the study by Sergott et al. the extent of the visual field in the temporal 

meridian was determined based on the largest available isopter (V4e or IV4e).  Visual 

fields that extended to less than 80
o 
in the temporal meridian were considered abnormal 

(93).  In the study by Sergott et al. 55% of individuals with epilepsy with no history of 

exposure to VGB (non-exposed) showed abnormal visual fields, whereas in the study by 

Wild et al. only 1% of non-exposed individuals showed a visual field that was classified 

as showing VAVFL according to the criteria used (92). 

The effect of using different criteria for defining an abnormal visual field on the 

reported prevalence of VAVFL was highlighted by Vanhatalo et al.  In their study 

different ñlimits for normalityò were applied to visual field data from 91 VGB-exposed 

children illustrating that changing the criteria for normality may result in substantial 

differences in the reported prevalence of VAVFL (Table 1.2) (122). 
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Table 1.2 The effect of changing the criteria  for normality of the visual field on the 

prevalence of VAVFL (taken from (122)) 

Limit for normality in the 

temporal meridian (degrees) 

Number of individuals 

(normal:abnormal) 

Prevalence of VAVFL 

Ó80
o 

41:50 54.9% 

Ó70
o 

74:17 23% 

Ó60
o 

84:7 8.3% 

Ó50
o 

90:1 1.1% 

The proportion of individuals included in a study by Vanhatalo et al. with visual fields classified 

as ñabnormalò when the limits for normality are set at different degrees in temporal meridian 

(taken from (122)) 

VAVFL = vigabatrin associated visual field loss 

 

1.5 Characteristics of VAVFL  

 

The characteristics of vigabatrin-associated visual field loss (VAVFL) were first 

explored systematically by Wild et al. who observed the severity, type and location of 

visual field defects in VGB-exposed individuals (97). Using static threshold perimetry 

of the central 30
o
 of the visual field (HVFA 30-2 program) a unique pattern of visual 

field loss was described as showing ñlocalised bilateral nasal loss, extending in an 

annulus over the horizontal midline, with a relative sparing of the temporal fieldò.  The 

visual field defect was found to be steeply bordered and absolute, that 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 rapidly (81;94;134).  In individuals examined using 

Goldmann kinetic perimetry, the visual field (examined beyond 30
o 

eccentricity) was 

found to be concentrically constricted, with a more profound nasal than temporal 



39 

 

constriction.  In the most severe cases the visual field loss manifested as a bilateral, 

symmetric, concentric constriction within 30
o 

eccentricity.  In the same study, a 

population of individuals with epilepsy not exposed to VGB (non-exposed) were also 

examined using perimetry.  Visual field defects were found in seven individuals, all of 

which could be attributed to known retinal or cortical pathology.  None of the non-

exposed individuals manifested a pattern of visual field loss with characteristics of that 

seen in the VGB-exposed individuals (97).       

Ensuing studies and clinical experience confirm 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).   

Several groups have described VAVFL as showing more extensive involvement of the 

nasal visual field than the temporal visual field (81;97;126).  However, this 

characteristic of VAVFL is contentious (106;137;138).  An overestimation of the degree 

of involvement of the nasal visual field in individuals with VAVFL may be due to the 

perimetric technique used (137).  The normal monocular visual field extends to around 

60
o 
nasally and 100

o 
temporally.  Many of the automated perimetric techniques used do 

not examine the full extent of the visual field.  For example, the commonly used 30-2 

program of the HVFA examines the monocular visual field out to 28
o 
eccentricity in all 

meridians.  A concentric contraction of the visual field (i.e. by an equal amount in all 

meridians) of around 30
o 

may show as a mild nasal visual field defect in an individual 

assessed using this technique, but would not be detected in the temporal field (137).  

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 hemifield (106) or there was no difference found in the degree of constriction 

between hemifields (94;110). 

1.5.1 The severity of VAVFL 

The severity of VAVFL varies widely (12;96;97;106), with some individuals showing 

very mild loss of the far periphery of the visual field (94;96;116) whist others develop a 

very severe constriction extending to involve the central 30
o 

of 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 severe (92).    
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Figure 1.3 The characteristics and severity of VAVFL 

 

Figure 1.3 legend: VAVFL is well characterised as a concentric peripheral constriction of 

the visual field.  A normal visual field plotted with the I4e isopter using Goldmann Kinetic 

perimetry is shown (A).  The severity of VAVFL ranges from mild (B) to severe (C). 

 

1.6 The evolution of VAVFL  

 

1.6.1 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 VAVFL 

have been carried out, and even in these studies the time of VAVFL detection may not 

A

B C
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be the time of VAVFL onset due to the asymptomatic and possibly insidious nature of 

the visual field loss (140). 

In an unpublished clinical trial of VGB reported by the FDA, 25 VGB-exposed 

individuals were prospectively assessed for VAVFL at three monthly intervals (141).  

7/25 individuals developed VAVFL within the follow-up period (median duration of 

follow-up was 500 days).  One individual developed VAVFL after two months of VGB 

exposure and five individuals developed VAVFL after around one year of exposure 

(141).   

In a prospective study of the use of VGB for treatment of cocaine and metamphetamine 

abuse, visual field testing was performed at baseline and at one, four and eight weeks 

during VGB exposure.  In the 18 individuals who completed the study, no changes were 

seen in the visual field compared to baseline.  However, the duration of VGB exposure 

and the cumulative VGB exposure were 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 to VGB, 

and again 34-120 months after initiation of VGB (108).  At the follow-up examination 

13/29 (45%) had developed VAVFL.  Of the individuals who had developed VAVFL, 

the duration of VGB exposure ranged from 9 - 71 months.  However, because 

individuals had not undergone repeated visual field assessments during the VGB 

exposure period, the time of onset of VAVFL after VGB exposure could not be 

determined.   

 In cross-sectional studies, VAVFL has frequently been detected in individuals within 

around one year of VGB exposure (96;99;112;138;143).  Abnormalities of the ERG 
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have also been reported to occur within six months after VGB exposure (105;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 one-off dose of VGB develop ERG abnormalities despite maintaining 

normal visual fields (145).  

The onset of symptoms of visual field constriction (e.g. ñbumping into thingsò) has been 

reported to occur from 6 ï 75 months after starting VGB therapy 

(78;79;82;101;143;146).  The onset of symptoms suggests that the visual field 

constriction is likely to be severe, and encroaching on central vision (97).  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 VAVFL.   

1.6.2 The development of VAVFL  

The nature of the onset of VAVFL is unknown.  The asymptomatic characteristics of 

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 VAVFL from mild and 

asymptomatic to severe constriction suggest that VGB toxicity may be slowly 

progressive, with individuals with varying degrees of VAVFL at varying stages of 

progression (147).  Conversely, in some VGB-exposed individuals, significant changes 

in the visual field occur within short time periods, suggesting that VAVFL onset may 

occur rapidly in some cases (139;143).  Analysis of serial visual field assessments over 

a ten-year period in an individual on VGB therapy showed a significant deterioration in 

visual field size between assessments carried out one year apart (139).  Similarly, in an 

unpublished prospective study of VGB-exposed individuals assessed using perimetry at 
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three-monthly intervals, VAVFL was first detected as a moderate degree of constriction 

within 20-30
o 

of fixation in three individuals (141).  As the individuals included in the 

study were assessed at three-monthly intervals, this demonstrated that in these cases 

moderate VAVFL developed rapidly within the three month period between visual field 

examinations (141).   

The nature of onset of VAVFL will be difficult to determine (140).  VAVFL is largely 

asymptomatic and few individuals who are able to perform reliable perimetry are newly 

started on VGB, meaning that good prospective data are unlikely to become available 

(99).  In addition, inferences about the nature of VAVFL onset may be influenced by 

the frequency of perimetric examinations undertaken.  From the available studies it is 

difficult to determine the nature of VAVFL onset and it is possible that the onset of 

VAVFL  may differ between individuals, showing either a slowly progressive or rapidly 

progressive onset (Figure 1.4) (141).   

 

Figure 1.4 The nature of the onset of VAVFL (adapted from (141)) 

 

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 unknown (black dashed line).  

VAVFL may develop in a slowly progressive pattern occurring over a protracted time period 

(A) (black dashed line).  Alternatively VAVFL may have a sudden and rapid onset, occurring 

over a short time period (B) (black dashed line).    

 

1.6.3 The progression of VAVFL 

It is generally accepted that once established, VAVFL is stable and does not progress 

with continued VGB exposure (111).  Follow-up studies of individuals who continue 

VGB therapy have shown no progression of VAVFL over time (81;100;111;148-150) 

(See Table 3.1).  In addition, several studies have shown that the risk and severity of 

VAVFL does not increase with increasing VGB exposure (see 1.7.1) 

However, other studies have shown an association between increasing VGB exposure 

and increased risk of VAVFL (see 1.7.1).  In addition, progression of VAVFL with 

continued VGB use has been reported in some studies (81;139;151;152) (Table 3.1).   

Overall, studies of the evolution of VAVFL in individuals continuing VGB therapy 

have typically followed patients for less than four years (Table 3.1).  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 after ten years of 

VGB exposure, suggesting that VAVFL can progress in some individuals after many 

years of VGB use (139).  

1.6.4 The irreversibility of VAVFL  

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

reported by Eke et al. (78).  Subsequent follow-up studies have confirmed that in most 

individuals VAVFL is irreversible after VGB withdrawal (Table 1.3).   
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Table 1.3 Summary of follow-up studies investigating the effect of VGB withdrawal  

on visual field size.  

Reference  Number of 

individuals   

Follow-up after 

VGB withdrawal 

(months) 

Overall finding   

Nousiaien 2001 (100) 29 4 - 38 No change# 

Newman 2002 (95) 21 6- 18 No change# 

Hardus 2000 (152) 16 24
b 

No change 

Johnson 2000 (153) 13 3 - 11  No change 

Schmidt 2002 (149) 11 12 - 24 No change 

Lawden 1999 (81) 10 Not stated No change# 

Kjellstrom 2008 (154) 8 48 - 72 No change 

Fledelius 2003 (110) 8 Not stated Improvement  

Vanhatalo 2001 (155)* 7 Not stated  Improvement  

Hardus 2003 (151) 6 37 ï 47  No change 

Eke 1997 (78) 2 12, 48 No change 

Krakow 2000 (156) 2 6, 1 Improvement 

Wong 1997 (82) 1 48 No change 

Giordano 2000 (157)* 1 9 Improvement 

Versino 1999 (158)* 1 10 Improvement  

*Paediatric studies  

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

overall the authors concluded that there was no change in the visual field size after VGB 

withdrawal. 
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Some cases of reversibility of VAVFL have been reported, particularly in children 

(155;157;158) and rarely in adults (81;95;100;110;156).  Young age has been suggested 

as a favourable factor for reversal of VAVFL (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 after VGB withdrawal or whether they are a product of the limitations of 

perimetry in the assessment of some individuals.  A learning effect in repeat perimetry 

is well recognised (159;160) and the apparent reversal of VAVFL after VGB 

withdrawal may be related to improved performance and familiarly with the task (81).  

In particular, children often show a progressive improvement of the visual field over 

subsequent test sessions related to the learning effect (122), 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 visual-field assessment (157).  Similarly, in an 

individual with a reported improvement in VAVFL after VGB withdrawal (158), the 

illustrated visual field  taken whilst on VGB showed a ñclover-leafò pattern which is 

typical of functional visual impairment, or concentration and fatigue-related artefact 

(152;161).  Vanhatalo et al.  reported a case series of seven children who showed 

improvement of the visual field after VGB withdrawal (155).  In the analysis to 

determine the change in visual field size the ñworse visual fieldò whilst on VGB was 

chosen to compare against the latest visual field after VGB withdrawal (155).  Several 

factors may have contributed to the integrity of the ñworse visual fieldò that were not 

related to VGB exposure, including poor task performance, impaired attention and 

concentration and fatigue.  Use of the ñworse visual fieldò in the analysis may have led 

to an overestimation of the improvement in visual field size after VGB withdrawal.   
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It is possible that there are both reversible and irreversible effects of VGB on visual 

function.  In most individuals VAVFL does not improve even many years after VGB 

withdrawal.  In agreement with this a post mortem examination 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 irreversible (162).  On the 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 exposure return to normal after VGB withdrawal, further suggesting that aspects 

of visual dysfunction related to VGB exposure may be reversible.   

 

1.7 Risk factors for VAVFL  

 

1.7.1 Cumulative VGB exposure and duration of VGB exposure  

The relationship between increasing VGB exposure and the development of VAVFL is 

controversial and studies have shown conflicting findings.  Increasing cumulative VGB 

exposure (81;96;113;122;137;163), duration of VGB exposure 

(81;92;94;96;108;118;126;137;164), maximum daily VGB dose (107) and mean daily 

VGB dose (92;109;137) have been associated with increased risk of VAVFL in some 

studies (Table 5.7).  However, other studies have reported no effect of cumulative VGB 

exposure (95;97-100;104;109;124;164), duration of VGB exposure 

(95;97;99;100;109;122;124;128;135), maximum daily VGB dose (99;102;108) or mean 

daily VGB dose (124;126;128;165) on risk of VAVFL (Table 5.7).   

Recently, a large, multicentre study of VAVFL in 386 VGB-exposed adults and 

children identified increasing duration of VGB 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 increasing VGB exposure and increasing risk of VAVFL.  But it is 

clear that there is not a simple dose-related toxic effect (12).  Some individuals develop 

significant VAVFL after relatively small cumulative VGB exposure and short periods 

of VGB exposure; conversely, other individuals maintain normal vision despite 

receiving high doses of VGB for many years (96;98;122).  Multiple clinical, therapeutic 

and demographic factors may contribute to an individualôs risk of developing VAVFL.  

It has been suggested that VAVFL may represent an idiosyncratic adverse drug reaction 

(12;95;99) where susceptible individuals will develop VAVFL irrespective of the dose 

or duration of VGB exposure, possibly dependent on genetic variability (166). 

1.7.2 Male sex  

In a large multicentre study of 386 VGB-exposed individuals male sex was found 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 females (92;97;140).  In 

addition, certain abnormalities of the electroretinogram were found to be more prevalent 

in VGB-exposed males compared to females (167).  Conversely, other studies have 

found no increased risk of VAVFL associated with male sex (100;104;122;135) (Table 

1.4).  Differences in findings between studies may relate to the approach to analysis of 

the data.  Studies that have reported no association between sex and risk of VAVFL 

have not controlled for the amount of VGB exposure (e.g. cumulative VGB exposure, 

duration of VGB exposure) between groups (Table 1.4).  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 risk factors. 



50 

 

No theories for the mechanisms of increased susceptibility to VAVFL in males have 

been suggested, although Newman et al. proposed that this finding may indicate a 

genetic susceptibility to VGB toxicity (95).       

 

Table 1.4 Summary of studies exploring an association between male sex and 

VAVFL  

Reference  Number of 

participants 

Male gender a 

risk factor  

Control for VGB 

exposure 

Wild 2009 (92) 386 Yes  Yes 

Hardus 2000 (94) 118 Yes  No 

Newman 2002 (95) 100 Yes Yes* 

Wild 1999 (97) 99 Yes  Yes  

Nicolson 2002 (98) 98 Yes No 

Hardus 2001 (137) 92 Yes# Yes 

Vanhatalo 2002 (122) 91 No No 

Nousiainen 2001 (100) 60 No No 

Durbin 2009 (167)**  42 Yes No 

Kalviainen 1999 (104) 32 No No 

McDonagh 2003 (103) 32 Yes No 

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

exposure (independent samples T-test). 

#only found when quantifying visual fields using the surface method but no difference was 

found between males and females when visual fields were quantified using the Esterman 

method. 
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**Visual fields were not assessed.  VGB retinotoxicity was defined as a reduction in the 30Hz 

flicker amplitude of the electroretinogram compared to amplitudes measured before VGB 

therapy. 

 

1.7.3 Other risk factors  

Increased risk of VAVFL has also been associated with increasing age (108) and co-

medication with valproate (108;114;164).  However, most demographic, clinical and 

therapeutic factors have shown no association with increased risk of VAVFL, including; 

exposure to other AEDs  (94;97;137), number of other AEDs exposed to (108;112), age 

(97;112;122;135), epilepsy syndrome (104;113), duration of epilepsy (94;112), 

temporal lobe lesions (94), history of status (94) or poor cognitive performance (122).   

1.7.4 Genetic predisposition  

Genetic variation may play a role in the development of VAVFL (95;98;99;104;168).  

In a study by Kinirons et al. three candidate genes were found to be associated with 

increased risk of VAVFL including a gene encoding GABAb receptor (GABRR1/2) and 

two genes encoding GABA-transporters (GAT1/3 and GAT2).  However, no significant 

association was found on replication of the study by the same authors in a second 

independent cohort (168).  Whilst the initial genetic association found in the study 

probably represents a false positive result, a real association between the gene variants 

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 measurement (168).   

Genetic variation in the mitochondrial enzyme ornithine ŭ-aminotransferase has also 

been suggested as a possible source of inter-individual susceptibility to VAVFL 

(169;170).  Individuals with a deficiency of ornithine ŭ-aminotransferase in the rare 
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inherited metabolic disease gyrate 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 of ornithine ŭ-

aminotransferase (171) and may lead to accumulation of ornithine resulting in a mild 

form of gyrate atrophy (172).  Allelic variability in the gene encoding ornithine ŭ-

aminotransferase may modulate its vulnerability to inhibition by VGB, and thus the 

vulnerability of the retina to VGB-induced toxicity (170).  A recent study showed that 

individuals with VAVFL and a history of VGB exposure had reduced ornithine ŭ-

aminotransferase activity compared to individuals with a history of VGB exposure with 

normal visual fields.   The authors concluded that individuals with congenitally 

decreased ornithine ŭ-aminotransferase activity may have increased risk of VAVFL 

during VGB exposure (172).  However, the same study found no difference in ornithine 

ŭ-aminotransferase activity between individuals currently exposed to VGB with 

VAVFL and those with normal visual fields.  In addition, sequencing of the ornithine ŭ-

aminotransferase gene in 17 VGB-exposed individuals did not reveal any clinically 

significant mutations (169).  A common intronic polymorphism was identified, but it 

was not associated with VAVFL (169). 
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1.8 Symptoms and quality of life in individuals with VAVFL  

 

1.8.1 Symptoms of VAVFL  

The delay in recognition of VAVFL (first reported in 1997) after VGB was licensed (in 

1989 in the UK) was probably largely due to the asymptomatic nature of VAVFL (12).  

The initial reports of VAVFL by Eke et al. (78) and others (79;82) were in symptomatic 

individuals.  Soon thereafter, it was reported that asymptomatic visual field defects may 

also occur with VGB exposure (85;88-90).  In the first study to screen VGB-exposed 

individuals with no visual complaints, 11/15 showed VAVFL (173) demonstrating that 

VAVFL was likely to be largely asymptomatic (173).  Later studies confirmed that in 

most individuals (approximately 90% (12)) VAVFL is asymptomatic 

(81;93;94;96;98;101;104;106;112;121;137).  The 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 adaptation processes such as 

using compensatory gaze movements to explore the visual field (81;92;97;112). 

The first reports of VAVFL from Eke et al. (78) described symptomatic individuals 

with complaints of  ñtunnel visionò and ñbumping into objectsò associated with the 

development of visual field loss.  Subsequent studies have also reported some VGB-

exposed individuals with these symptoms (81;101;103;104;114).  Occasionally 

symptoms were reported spontaneously, but more often individuals only reported 

symptoms of visual field constriction on direct questioning (104;108).  Symptoms of 

VAVFL appear not to occur until the defect encroaches on the central visual field (97).  

In reports of symptomatic VAVFL, the visual field constriction typically encroaches on 

the central 30
o
 (78;104;146).  Using a questionnaire of visual symptoms and disability, 
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the number of complaints experienced by an individual correlated with decreasing 

visual field size (93;174).  In a larger study no correlation was found between the 

presence of visual symptoms and disability and the presence of VAVFL (92). The 

questionnaires used in each study were not specifically developed for the assessment of 

individuals with VAVFL.  In the study which reported no association between visual 

field size and visual disability measures, the questionnaire used was one which was 

developed for individuals with retinitis pigmentosa and Usher syndrome (92).  It is 

possible that the questionnaire was not specific or sensitive enough to detect the impact 

of VAVFL on visual disability (92)  

In some individuals with VAVFL, symptoms of blurred vision (81;103;104;114), 

photopsia (81;104) and phosphenes (81) were also reported.  However, VGB-exposed 

individuals with normal visual fields also reported these symptoms (104), suggesting 

that they may not be directly related to the mechanisms leading to VAVFL.  In addition, 

several AEDs are associated with visual side effects including blurred vision, 

phosphenes and photopsia (175;176); thus these symptoms may have been related to 

concomitant treatment with other AEDs and not directly related to VGB exposure.   

1.8.2 Quality of life in individuals with VAVFL  

Moderate to severe impairment in performing ñdaily tasksò which involve reading, 

writing and orientation and mobility  occurred in individuals with a visual field area of 

smaller than 2000 degrees
2
 (equivalent to a 50

o 
diameter of the Goldmann II4e isopter 

(177).   

In most individuals with VAVFL, visual field loss is mild and asymptomatic and does 

not affect quality of life or impair ability to perform everyday tasks (93;97).  However, 

using a questionnaire of visual complaints, individuals with VAVFL were found to have 
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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 perform a number of activities of daily living (97;106;178).  

Individuals with severe VAVFL may not meet the visual field standards required by the 

DVLA for driving eligibility (179) despite having good seizure control (180).    

 

1.9 Clinical features of VAVFL  

 

1.9.1 Visual acuity 

Visual acuity is normal in the majority of studies of VGB-exposed individuals with 

VAVFL and with normal visual fields (78;94;96;101;104;111;112;114-116;120-

122;128;164;181).  Occasional reports of reduced visual acuity with VGB exposure 

have arisen (81;106;113;114;138); this may due to co-existing ocular pathology in some 

cases and not related to VGB exposure (138;182).  In a prospective study of individuals 

receiving eight weeks of VGB therapy for cocaine and metamphetamine abuse, no 

change in visual acuity over the eight week assessment period was observed (142).   

1.9.2 Colour vision 

Most studies have found that VGB-exposed individuals with VAVFL exhibit normal 

colour vision (81;101;112;138;183).  Even in individuals with severe symptomatic 

visual field loss, colour vision can remain intact (101;139;146).  However, in some 

VGB-exposed individuals colour vision impairment has been reported (113;184-186).  

One study of individuals receiving VGB monotherapy showed impaired colour 

discrimination in 32% of VGB-exposed individuals (184).  In addition, healthy 

individuals showed an impairment of colour vision after a one-off dose of 2000mg of 
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VGB (187;188).  The colour vision defects that have been reported with VGB exposure 

have been mainly in the tritanoptic axis (detected using the Farnsworth-Munsell 100 

hue test) (176;184;186;188) and are suggested to be consistent with enhanced retinal 

GABAergic inhibition and relate to the physiological effects of VGB rather than 

retinotoxic mechanisms (187;188).  In individuals currently taking VGB the number of 

misread plates on the Ishihara charts ranged from 0-13 (out of a possible 15) and ranged 

from 0-1 in individuals previously exposed to VGB (113), further suggesting that 

abnormalities with colour perception may be related to physiological effects of current 

VGB exposure as opposed to retinotoxic effects related to the mechanisms of VAVFL.  

Conversely, other studies have shown diffuse, generalised colour vision impairment, 

suggesting that VGB induces toxic damage in all chromatic pathways (176;185). 

Exposure to other AEDs including carbamazepine (184;187;189;190), valproate 

(189;191), topiramate (186), tiagabine (192) and phenytoin (193) is also associated with 

impairments of colour vision (for a review see (176)), making it difficult to distinguish 

physiological effects of AEDs on visual perception from those mechanisms that might 

be related to neurotoxic effects (176). 

1.9.3 Contrast sensitivity  

Measures of contrast sensitivity examine the minimal contrast required to detect a 

difference between the luminance of an object from the luminance of its surroundings.  

Abnormal contrast sensitivity has been described in some VGB-exposed individuals 

(167;181;185), which was found to be related to the presence of VAVFL  (181), but not 

to abnormal electrophysiological measures (167).  Conversely, other studies have found 

normal contrast sensitivity in VGB-exposed individuals (150).  A single dose of VGB 

had no effect on contrast sensitivity in healthy individuals (194).  Furthermore, 
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abnormal contrast sensitivity detected in individuals treated with carbamazepine 

improved after six months add-on therapy with VGB (195). 

1.9.4 Ophthalmoscopic features 

Assessment of the fundus through direct examination, slit-lamp biomicroscopy and 

using fundus photography, reveals that in most individuals with VAVFL, the fundus is 

normal (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 than 20
o
 eccentricity), the 

fundus can be normal (139;146).  Rare abnormalities that have been described in some 

VGB-exposed individuals include narrowing of the retinal arteries 

(97;105;106;121;138), epiretinal membrane formation (105;106), abnormal retinal 

pigmentation (105;106;197), ñmaculopathyò (79) and peripheral retinal pigment 

epithelium disturbance (97).  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 disc.  Atrophy of the peripheral RNFL 

(147;183;198), optic disc pallor or optic atrophy 

(78;81;82;97;101;105;112;120;147;183) have been described in several studies, and 

may be associated with the severity of VAVFL (147). 

 

1.10 Electrophysiological features of VAVFL   

 

1.10.1 Retinal electrodiagnostic techniques  

Many studies have been carried out using electrodiagnostic techniques in VGB-exposed 

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), the electro-oculogram (EOG), 
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the full-field electroretinogram (ERG), the pattern electroretinogram (PERG) and the 

multifocal electroretinogram (mf-ERG).  Using these techniques can aid in the 

localisation of visual system abnormalities to particular pathways and cell types (Table 

1.5).    

 

Table 1.5 Electrodiagnostic techniques used to explore various visual pathway 

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

Visual pathway structure Electrodiagnostic technique  

Retinal pigment epithelium EOG 

Photoreceptors  

Rod photoreceptors  

Cone photoreceptors 

 

ERG a-wave (scotopic) 

ERG a-wave (photopic) 

30Hz flicker ERG 

Middle/inner retina 

Bipolar cells 

Müller cells 

Amacrine cells 

ERG and PERG (P50 component) 

ERG b-wave 

ERG b-wave 

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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1.10.1.1 Visual evoked potentials  

The visual evoked potential (VEP) is the electrophysiological response of the visual 

cortex evoked by a visual stimulus (either a flash or pattern-reversal stimulus).  

Recording of the VEP allows assessment of the integrity and function of the intracranial 

visual pathways including the optic nerve, chiasm and retrochiasmal function, and will 

be abnormal in disease involving any of these pathways (200).  Due to cortical 

magnification of central vision in the visual cortex the VEP is dominated by responses 

elicited from activity of the central retina (201).   

1.10.1.2 The electro-oculogram  

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

retinal pigment epithelium (RPE) and outer retina (202;203).  The EOG is based 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 adaption (202).  Changes in the 

standing potential are mainly derived from differences in ion permeability across the 

basal RPE membrane during light and dark adaptation (202).   Under dark adaptation 

the amplitude of the standing potential decreases.   A subsequent light stimulus leads to 

an initial fall in the standing potential, followed by an increase in amplitude (202).  By 

comparing the maximum amplitude achieved during light adaptation, to the minimum 

amplitude during dark adaptation, the EOG ratio, or Arden ratio, is determined (202).  

In diseases affecting the RPE or RPE-photoreceptor complex the ratio between the light 

and dark peak (the Arden ratio) decreases (199). 

1.10.1.3 The full-field electroretinogram 

The ERG is a technique that provides information about the mass retinal electrical 

response elicited by a visual stimulus.  After a visual stimulus a chain of biochemical 

and electrical activity occurs through the retina; the 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 resulting ERG waveform reflects a summation of the 

activity of all of these electrical processes (199) (Figure 1.5).  By using various visual 

stimuli and by adapting the eye to different light conditions, the contribution of 

particular retinal sub-structures to the ERG waveform can be elicited and can provide 

information as to the retinal localization of any visual impairment.  Under light-adapted 

(photopic) conditions, cone pathway contributions to the ERG waveform can be 

determined.  Under dark-adapted (scotopic) conditions rod pathways are explored (199).  

Abnormalities of the ERG include changes in the normal amplitude or temporal aspects 

of each component of the ERG waveform (i.e. the a-wave, b-wave and oscillatory 

potentials), and reflect pathology in various retinal sub-structures.  

 

Figure 1.5 The normal ERG wave form 

 

 

  

Figure 1.5 legend: Example of a 

normal ERG waveform elicited by a 

single flash light stimulus.  The black 

arrow indicates the stimulus onset.  The 

waveform consists of the early negative 

a-wave followed by a positive b-wave.  

Under certain conditions oscillatory 

potentials can be recorded on the 

ascending arm of the b-wave 
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The a-wave 

The a-wave (Figure 1.5) is the early cornea-negative component of the ERG and is 

generated by the rod and cone photoreceptors (204).   

The b-wave 

The b-wave (Figure 1.5) reflects the depolarization of Müller cells in response to a 

light-induced increase in the potassium levels in the inner retina probably following the 

depolarization of ON-bipolar cells, and thus reflects both bipolar and Müller cell 

function (205;206).   

Oscillatory potentials  

Low amplitude rapid oscillations are present on the ascending arm of the b-wave 

(Figure 1.5). These oscillatory potentials (OPs) can be isolated from the ERG using 

certain recording procedures (207) and reflect synaptic activity of amacrine cells (206). 

30Hz flicker response  

Presentation of a flickering stimulus (of 30Hz) to elicit a retinal response allows cone 

pathway function to be assessed independently of rod pathway function.  Cone 

photoreceptors and post-receptoral cone pathway cells including ON- and OFF-bipolar 

cells contribute to the formation of the  30Hz flicker response (208).     

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 checkerboard) (209;210).  The PERG 

waveform consists of a positive peak at around 50ms after stimulation (P50 component) 

and a negative trough at around 95ms (N95).  The PERG allows assessment of macular 
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function and in particular macular RGC function (reflected predominantly in the N95 

component) (200;209;211). 

Multifocal ERG  

Whilst the ERG reflects a summation of the activity of electrical processes throughout 

the whole retina, the multifocal ERG (mf-ERG) provides a topographic measure of 

retinal electrophysiological activity within the central 60
o
 (200;212).  Using an array of 

hexagonal elements which flicker in a pseudo-random sequence, localized ERG 

responses are recorded from the macular and paramacular retinal areas (212).  In 

addition, a newer technique, the wide-field mf-ERG, enables the assessment of localized 

ERG responses from the central (up to 60
o
) and peripheral (60 ï 90

o
) retina.   

 

1.10.2 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 

reduced OP amplitudes, and the Arden ratio 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 reduced OP amplitudes reduces a- and b-wave 

amplitudes of the photopic and scotopic ERG (79;82;138).  Others found normal 

electrodiagnostics in individuals with VAVFL (83) and when the individuals with 

VAVFL reported by Eke et al. were re-examined after VGB withdrawal, the EOG and 

ERG abnormalities had returned to normal, despite the persistence of the VAVFL (80).  

Furthermore, the same ERG abnormalities were reported in VGB-exposed individuals 

with normal visual fields (138;213), suggesting that the ERG and EOG changes may be 

related to the physiological effect of VGB-induced increased GABA concentrations in 



63 

 

the retina, rather than related to the pathological processes associated with VAVFL 

(97;127;145;214). 

Ensuing studies of the electrophysiological correlates of VAVFL have provided little 

clarity.  Often studies have shown conflicting results.  Even 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 explained by the following factors, and should be taken into 

consideration in the interpretation of findings.    

1.10.2.1 Electrodiagnostic techniques and standards  

The International Society of Clinical Electrophysiology have published standards for 

electrodiagnostic assessment including ffERG (207), EOG (202), VEP (201), PERG 

(215) and mf-ERG (212)  to reduce the variability in results between centres .  Whilst 

most studies acknowledged that these standards were met for all electrodiagnostic 

testing , others have not stated if these standards were met (144;196), or have used non-

standard recording conditions (101;135) which could account for some of the variation 

in findings between studies (153). 

1.10.2.2 Control groups  

For all electrophysiological procedures, normative data are established by each 

individual facility; thus the normal ranges used usually vary between laboratories 

(200;207).  Whilst some studies of VGB-exposed individuals have compared ERG 

findings to normative data based on healthy controls (120;154), other studies have used 

non-exposed individuals with epilepsy, often matched for exposure to other AEDs, as a 

control population (103;106).  
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For example in VGB-exposed children assessed using ERG, abnormalities of the 30Hz 

flicker were defined arbitrarily as a response less than 56 µV.  When this definition of 

abnormality was used one out of four children with VAVFL showed a reduced 30Hz 

flicker amplitude, yielding a sensitivity of 25%.  However, when the normal cut-off for 

healthy adults was used (below 70 µV) three out of four children with VAVFL showed 

abnormal responses, yielding a sensitivity of 75% (131).    

1.10.2.3 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 individuals on VGB 

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 humans (175) including the ERG 

(carbamazepine (218)), VEP (sodium valproate (219), carbamazepine (187;219) and 

phenytoin (220)) and the EOG (lamotrigine (221)).  In addition, several studies have 

described abnormal ERG findings involving both the rod and cone pathways in 

individuals with epilepsy, with no 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.   

1.10.2.4 Cohorts studied 

Separating the physiological effects of VGB exposure (and concurrent AED exposure), 

from the pathological changes in retinal electrophysiology has proved difficult.  Studies 

have often been small; the largest have included less than 40 VGB-exposed subjects, 

and have typically integrated heterogeneous cohorts including individuals both on and 

off-VGB; with VAVFL and normal visual fields; and receiving a variety of other AEDs.  

Recognizing electrodiagnostic features that are present in discrete sub-groups within 
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each study cohort (e.g. ñcurrent VGB exposure with VAVFLò or ñcurrent VGB 

exposure with normal visual fieldsò), may help to distinguish the physiological changes 

related to VGB from those associated with pathology.  This review of the literature on 

the electrodiagnostic features of VGB exposure and VAVFL has attempted to do this.  

However, it is important to note that the sub-group populations discussed are often 

small.   

 

1.10.3 VEPs in VGB-exposed individuals 

In agreement with preclinical studies of VGB-exposed individuals (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 component (101;106;126;138;197) of 

the VEP, which has typically been associated with the presence of moderate to severe 

VAVFL extending to involve the central visual field (101).  However, increased 

latencies of the P100 component of the VEP have also been found in individuals with 

epilepsy with no exposure to VGB (72) and are suggested to be due underlying 

neurological insult, seizure activity or exposure to other AEDs and may not be related to 

VGB exposure or VAVFL (72;197).  In addition, abnormal VEPs were not found to be 

associated with the presence of VAVFL or ERG abnormalities in one study of VGB-

exposed individuals (106).     

The normal VEP in most VGB-exposed individuals suggests that the lesion associated 

with the development of VAVFL is unlikely to be in the anterior visual pathway or 

visual cortex (74;97).  However, the VEP is dominated by responses elicited from 

activity of the central visual field (201), 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 result in an abnormal VEP if the central 

projections remain intact.   

1.10.4 The EOG in VGB-exposed individuals 

 

1.10.4.1 The EOG in individuals currently exposed to VGB 

In individuals currently exposed to VGB the Arden ratio has been show to be reduced in 

those with VAVFL (78;81;101;112;114;134;135;165) and in individuals with normal 

visual fields (81;114;135), with no relationship seen between the severity of the 

VAVFL and the Arden ratio (114).  The reduction in the Arden ratio was found to be 

present in individuals on VGB monotherapy and in individuals receiving other AEDs 

alongside their VGB therapy (216).  In addition, compared to individuals previously 

exposed to VGB, the Arden index was significantly lower in those currently exposed to 

VGB (165).  Conversely, in some individuals currently exposed to VGB, with normal 

visual fields and with VAVFL, the Arden ratio is normal (101;112;134;216).  

Increasing cumulative VGB exposure (109) and maximum daily VGB dose (164) have 

been shown to correlated with abnormalities of the Arden ratio, suggesting that there 

may be a dose-related effect of VGB on the RPE electrophysiology.   

1.10.4.2 The EOG in individuals after VGB withdrawal  

The Arden ratio was found to be normal in the majority of individuals after VGB 

withdrawal, (with VAVFL  and with normal visual fields) (81;134;216).  However, in 

some individuals previously exposed to VGB with VAVFL the Arden ratio was reduced 

(134;151). 
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In a number of studies of VGB-exposed individuals, EOGs were recorded before and 

several months after discontinuing vigabatrin. In all patients, the EOG Arden ratio 

increased substantially on discontinuation, becoming normal in some individuals 

(81;135;150). 

1.10.4.3 Summary of EOG in VGB-exposed individuals 

Abnormalities of the Arden ratio appear to be related to current VGB exposure 

regardless of the presence of VAVFL (134;165).  After VGB withdrawal there is 

recovery of the Arden ratio, even though the VAVFL persists.  This suggests that 

abnormalities of the EOG are not directly related to pathological process leading to 

VAVFL but more likely represent a physiological effect of increased retinal GABA 

levels on normal RPE function (81;135;216). 

 

1.10.5 The ERG oscillatory potentials in VGB-exposed individuals 

 

1.10.5.1 Finding in individuals on-VGB with VAVFL  

One of the most consistently reported ERG abnormalities in individuals with VAVFL 

has been reduced OP amplitudes.  In four studies, reduced OP amplitudes were found in 

all individuals examined (78;112;138;146).  However, it is important to note these 

reports include case reports, case series and observations of subgroups of individuals 

from larger VGB-exposed 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 VAVFL (104), 

suggesting that abnormalities 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 therapy had subnormal OP amplitudes, the degree of abnormality was 

associated with the severity of the VAVFL (112). 

In contradiction to these reports, Daneshvar found normal OPs in 10/10 individuals with 

VAVFL currently receiving VGB (101).  This discrepancy in findings could have been 

related to differences in VGB exposure between the cohorts studied.  The duration of 

VGB exposure was lowest in the individuals studied by Daneshvar et al. (9 ï 75 

months) (101), compared to those included in two of the larger studies by Kalviainen et 

al. (29 ï 119 months) (104), and Besch et al. (12 ï 96 months) (112).  Furthermore, it 

may have related to differences in the recording techniques used between studies, as the 

ERG recordings by Daneshvar et al. did not comply with ISCEV standards (153), or 

differences in the methods used to measure the OP amplitudes (101).  However, in 

agreement with the findings by Daneshvar, others have found normal OP amplitudes in 

some individuals with VAVFL and current VGB therapy (83;104;114).    

1.10.5.2 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 fields (105;114;121;153).  In healthy individuals with 

normal visual fields exposure to a one-off dose of VGB did not alter the OPs (145), 

suggesting that the abnormal OPs reported in some VGB-exposed individuals is 

unlikely to reflect an acute effect of VGB-associated increases in retinal GABA on 

amacrine cell physiology.  

1.10.5.3 Findings in individuals after VGB withdrawal  

Individuals with VAVFL and decreased OP amplitudes during VGB exposure showed 

no improvement in either measure after VGB withdrawal (153;154).   However, in 

another study, three VGB-exposed individuals with normal visual fields showed a 

substantial improvement in the OP amplitude after VGB withdrawal, two individuals 
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returning to normal levels (153).  Similarly, the OP amplitudes were found to be 

subnormal in 17/17 children whilst receiving VGB.  After VGB withdrawal, the OP 

amplitudes showed some improvement in 12/17 although the amplitudes remained at 

subnormal levels in most children (222).  

In a study by Harding et al. ERGs were compared between individuals with severe 

VAVFL currently exposed to VGB and those with severe VAVFL previously exposed 

to VGB.  The implicit time of the OP was delayed in individuals currently taking VGB 

compared to those previously taking VGB, suggesting that this abnormality of the ERG 

is related to current VGB exposure rather than irreversible VAVFL (165). 

1.10.5.4 Summary of oscillatory potentials 

OP amplitudes appear to be one of the more sensitive electophysiologcial techniques to 

identify individuals with VAVFL.  However, some individuals with VAVFL may have 

normal OPs and some individuals with normal visual fields have reduced OP 

amplitudes.  Furthermore, OP may improve after VGB withdrawal, particularly if the 

visual fields are normal.     

It is possible that in VGB-exposed individuals, abnormal OP amplitudes reflect both 

physiological effects of increased retinal GABA on amacrine cell physiology (153), and 

pathological changes to amacrine cell function, which manifest as reversible and 

irreversible changes in the ERG OPs, respectively.   
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1.10.6 The ERG a-wave in VGB-exposed individuals 

 

1.10.6.1 Finding in individuals with VAVFL currently taking VGB  

In individuals with VAVFL currently receiving VGB the photopic and scotopic a-wave 

implicit times (78;81;101;106;138) and amplitudes (78;81;101;106) were normal.  

Normal a-waves were also found in individuals on current VGB monotherapy, but the 

visual field was not examined in these individuals (216).  Conversely, in other studies of 

individuals with severe VAVFL the photopic and scotopic a-wave amplitudes were 

decreased (104) and the photopic a-wave implicit time was delayed (112;138).  

1.10.6.2 Findings in individuals after VGB withdrawal  

In individuals with VAVFL previously exposed to VGB the photopic a-wave amplitude 

was reduced compared to individuals with VAVFL currently receiving VGB (136;151).  

The reduction in the a-wave in the previously exposed individuals  was suggested to be 

related to current exposure to other AEDs including carbamazapine (136;151)  which 

decreases the photopic a-b wave amplitude (218). 

In individuals with severe VAVFL and previous VGB exposure the scotopic a-wave 

latency was normal.  In individuals with severe VAVFL and current VGB exposure it 

was delayed, suggesting that this measure reflects current VGB exposure and is not 

related to irreversible VAVFL (223). 

1.10.6.3 Summary of a-wave 

In most individuals with VAVFL, ERG a-waves are normal.  Any abnormalities in the 

a-wave in VGB-exposed individuals may be related to current VGB exposure and not to 

pathological mechanisms associated with VAVFL (223).  Photoreceptor pathology is 

therefore unlikely to be a prominent feature of VGB toxicity and is probably not 

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

 

1.10.7.1 Findings in healthy individuals  

In healthy individuals receiving a one-off dose of VGB (1000mg or 2000mg) the group 

mean latency of the photopic ERG b-wave was significantly increased compared to pre-

dose recordings although visual fields were unchanged compared to baseline (145). 

1.10.7.2 Findings in individuals on VGB monotherapy  

In a study of nine adults on VGB monotherapy, the amplitude of the ERG b-wave 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 monotherapy, the ERG was performed prior to 

starting VGB and then repeated at frequent intervals over 18 months of VGB exposure.  

At the earliest follow-up (around six months after initiation of VGB therapy), the 

photopic ERG b-wave 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 of the children included in the cohort (217).   

1.10.7.3 Finding in individuals with VAVFL currently taking VGB  

The amplitude of the ERG b-wave was found to be reduced in individuals with VAVFL 

on current VGB therapy, under both photopic (104;120;138) and scotopic conditions 

(101;104;150;154;196).  Equally, however, the b-wave was normal in some individuals 

with VAVFL and current VGB exposure under both photopic (78;101;104;120;146) and 

scotopic (78;101;104;112;138;146;150) conditions.  Even within the same study where 
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techniques are standardised across subjects, some individuals with VAVFL can show b-

wave abnormalities where others have normal findings (101;104;120;150). 

This difference in findings between studies may be related to differences in co-

medication with other AEDs.  The amplitude of the photopic b-wave was found to be 

reduced in individuals with epilepsy not-exposed to VGB which may have been  related 

to treatment with carbamazepine (165) or other AEDs (223) which reduce the photopic 

b-wave amplitude (218).  Different combinations of AEDs could have a unique effect 

on the retinal electrophysiology and account for some of the differences seen between 

individuals and between studies.  In opposition to this, some, but not all, individuals 

receiving VGB monotherapy were found to have decreased photopic and scotopic b-

wave amplitudes, however, the visual field status of these subjects was not known 

(216). 

In individuals with VAVFL currently receiving VGB the implicit times of photopic b-

wave has been reported as normal (101;112;150;216) and delayed (112;150). The 

scotopic b-wave implicit time was normal (101;216).    

1.10.7.4 Finding in individuals currently taking VGB with normal visual 

fields  

Reduced amplitude of the photopic (109;121;138) and scotopic (109;121) b-wave have 

been reported in individuals with normal visual fields.  Normal scotopic (136;138;196) 

and photopic (136) b-waves have also be reported.  

1.10.7.5 Findings in individuals after VGB withdrawal  

Reductions of the photopic (150;151;153;154;222) and scotopic (151;153;154) b-wave 

amplitudes recorded whilst on VGB did not improve after VGB withdrawal.  In addition 

the photopic b-wave implicit time was delayed and did not improve after VGB 
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withdrawal (150).  However others have found that the scotopic b-wave amplitude 

increased after VGB withdrawal (to normal levels in some individuals) (150).   

In some studies the scotopic and photopic b-wave amplitudes were 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 other studies which have found the 

b-wave amplitude to increase when currently exposed to VGB (218;224).  In children 

the b-wave was found to increase after VGB therapy was initiated compared to that 

recorded before VGB was started (217;222).  

The conflicting findings regarding the effect of VGB on the b-wave of the ERG may be 

related to the opposing effects of GABA on GABAA and GABAC receptors (106) which 

are found on the axon terminals of bipolar cells (225).  In isolated rat retina, suppression 

of GABAA receptors using the GABAA receptor antagonist bicuculline led to an 

increase in the b-wave amplitude, whilst suppression of GABAC receptors, with 

GABAC receptor antagonist 3-aminopropylphosponic acid, led to a decrease in b-wave 

amplitude (226).  GABAA receptors located on bipolar cells appear to act to decrease 

the light evoked response of these cells, whereas GABAC receptors appear to enhance 

the response from bipolar cells (226).  Differences in the effect of VGB on the b-wave 

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 subtypes.  GABAC receptors have 

a higher affinity for GABA than GABAA receptors (227).  Therefore, the increased 

ERG b-wave seen early after exposure to VGB may result from activity at GABAC 

receptors.  After chronic VGB exposure, and persistently elevated GABA, pathological 
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or long term physiological changes in bipolar cells may occur, resulting in a decrease in 

the ERG b-wave. 

1.10.7.6 Summary b-wave  

An abnormal reduction of the photopic and scotopic ERG b-wave is associated with 

VGB exposure and VAVFL and does not improve in most individuals after VGB 

withdrawal.  However, the effect of VGB on the b-wave is complex, and probably 

includes an early physiological component associated with increased activity at bipolar 

cell GABAC receptors (and a resulting increase in the ERG b-wave amplitude), 

followed by a later irreversible pathological component which could involve both 

bipolar and Müller cell function. 

 

1.10.8 The 30Hz flicker in VGB-exposed individuals 

 

1.10.8.1 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 VGB-associated dysfunction in the cone pathway (165).  

In individuals with VAVFL currently exposed to VGB a decrease in the amplitude of 

the 30Hz flicker response has been reported (101;120;134;153;154;165;196).  However, 

it is also normal in some individuals (101;114;146).  A delayed implicit time of the 

30Hz flicker response has been reported in some individuals with VAVFL (165;196).  

In a study by Harding et al. the amplitude of the 30Hz flicker correlated with the 

severity of VAVFL, and was associated with the presence of VAVFL regardless of 

current or previous VGB exposure (165).   
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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 system to VGB toxicity might be 

explained by differences in GABA receptor expression between rod bipolar and cone 

bipolar cells (106).  Both GABAC and GABAA receptors are found on bipolar cell axon 

terminals (225).  The distribution of GABAA and GABAC receptors differs for each 

bipolar-cell type with rod bipolar cells having the highest ratio of GABAC to GABAA 

receptors compared to cone ON-bipolar and OFF-bipolar cells (228).  In addition the 

effect of activity differs between the receptor subtypes; GABAA receptors appear to act 

to decrease the light evoked response of bipolar cells (thus decreasing the ERG b-wave), 

whereas GABAC receptors appear to enhance the response from bipolar cells (and 

increase the ERG b-wave) (226).  After VGB exposure high retinal GABA levels would 

inhibit the response of cone bipolar-cells through activity at GABAA receptors, 

impairing cone pathway output.  Conversely, activity at GABAB receptors on rod 

bipolar cells would lead to enhanced activity through the rod pathway.  Overall this 

manifests as the cone ERG (photopic and 30Hz flicker responses) showing preferential 

susceptibility to VGB toxicity (106).    

1.10.8.2 Findings in individuals currently taking VGB  with normal visual 

fields  

A reduced 30Hz flicker amplitude was found in individuals with normal visual fields 

(153;196) which persisted after VGB withdrawal suggesting that it is not a drug-related 

effect (153).  Conversely Ardnt et al. found the amplitude to be normal in 2/2 

individuals with normal visual fields (114).  A delayed implicit time of the 30Hz flicker 

response was also found in individuals with normal visual fields (153).  



76 

 

1.10.8.3 Findings in individuals after VGB withdrawal  

A decreased amplitude of the 30Hz flicker response did not improve up to six years 

after VGB withdrawal (154;222).  Similarly Johnson et al. examined the ERG in 

thirteen individuals whilst receiving VGB, and again after VGB withdrawal.  Whilst on 

VGB, individuals showed decreased amplitudes and delayed implicit times of the 30Hz 

flicker response, which did not improve after VGB withdrawal (153) 

1.10.8.4 Summary 30Hz flicker   

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

marker for the presence and severity of VAVFL (165), and does not improve after VGB 

withdrawal.  However, it may be normal in some individuals with VAVFL, and reduced 

in some individuals with normal visual fields.  Cone pathway function is evidently 

impaired in individuals with VAVFL.  The reported predominant cone pathway 

dysfunction associated with VGB exposure may reflect physiological differences in 

GABA receptor expression between rod and cone bipolar cells.   

 

1.10.9 The Pattern ERG in VGB-exposed individuals 

In eight individuals with severe VAVFL (within 15
o 

eccentricity), PERG latencies and 

amplitudes of the P50 and N95 components were within normal limits (134).  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 recording (215)).  Conversely, when part of the pattern stimulus 

was presented in an area of VAVFL the N95 component was reduced (146).  These 

findings suggest that whilst macular RGC function is normal in individuals with 

VAVFL, peripheral RGC function may be impaired. 
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1.10.10 Multifocal ERG  in VGB-exposed individuals 

Several studies have used mf-ERG to assess the distribution of electrophysiological 

abnormalities across the retina.  Harding et al. found that in eight individuals with 

severe VAVFL there was a ñreasonable correlationò between the pattern of mf-ERG 

abnormalities and the pattern of VAVFL (134).  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 diffuse mf-ERG abnormalities across 

the retina which were not related to areas of VAVFL (81;153) or even the presence of 

VAVFL, as some individuals with normal visual fields also showed mf-ERG 

abnormalities (120;153).   

Using wide-field mf-ERG, McDonagh et al. found that individuals with VAVFL had 

significantly reduced ERG amplitudes in the central (<60
o
) and peripheral (60

o 
ï 90

o
) 

retina, and delayed implicit times in the periphery, compared to VGB-exposed 

individuals with normal visual fields (103).  The difference between the central and 

peripheral implicit times was thought to represent a marker for VAVFL, identifying all 

individuals with VAVFL and only 2/13 VGB-exposed individuals with normal visual 

fields.  The authors suggested that although diffuse physiological abnormalities related 

to VGB exposure (and exposure to other AEDs) may be present, certain features of the 

wide-field mf-ERG may be specific to VAVFL and indicative of peripheral retinal 

dysfunction (103).   

1.10.11 Relationship between ERG abnormalities and VAVFL 

Although all ERG measures have been associated with VAVFL in  various studies, 

including decreased OP amplitudes (103;112;135) and increased implicit time of the OP 

(109;150); decreased 30Hz flicker amplitude (103;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;151) and scotopic (109;135;150;151) b-wave; and an increased 

implicit time of the photopic a-wave (151), non have consistently shown to be 

associated with the presence of or severity of VAVFL (229).   

 

1.11 VGB, GABA and the retina  

 

The mechanisms of VGB toxicity and VAVFL are unknown.  However, the normal 

VEPs reported in most VGB-exposed individuals alongside the abnormal ERG findings 

suggest that the pathological insult associated with the development of VAVFL is 

unlikely to be in the optic tract or visual cortex and suggest a retinal origin of VGB 

toxicity (74;81;97;104;134;154;180).  In addition, concentric visual field loss is most 

commonly associated with retinal disease (81) and pathology involving the optic nerve 

typically involves loss of visual acuity and colour vision, which are rarely seen in 

individuals with VAVFL (81). 

1.11.1 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 ganglion cell layer 

(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 Bruchôs membrane, the choroid and the sclera.  The rod 

and cone photoreceptor cell bodies comprise the INL.  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 nerve head 

(ONH) where they will exit the globe as the optic nerve.  The RNFL also contains 

displaced amacrine cells, astrocytes and capillaries.  The cell bodies of the Müller cell, 

the principal glial cell of the retina lies in the IPL, but their processes span the entire 

depth of the retina.  Their apical processes form the external limiting membrane (ELM) 

and end-feet form the internal limiting membrane (ILM) (Figure 1.6) (230). 

 

Figure 1.6 Normal anatomy of the retina 

 

Figure 1.6 legend: The normal architecture of the human retina.  RPE = retinal pigment 

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

nerve fibre layer; ILM = internal limiting membrane; ONL = outer nuclear layer; OPL = outer 

plexiform; INL = inner nuclear layer; IPL = inner plexiform layer.  (Image adapted from (231)) 
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1.11.2 Normal GABA activity in the retina  

GABA is the major inhibitory neurotransmitter 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 IPL) (225).  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 GABA receptors are found in the IPL (Figure 1.7), the ionotropic 

GABAA and GABAC receptors, and the metabotropic GABAB receptors.  Both GABAC 

and GABAA receptors are found on bipolar cell axon terminals, whereas only GABAA 

receptors are found on amacrine and ganglion cell dendrites (225).  Activity at the pre-

synaptic, GABAA and GABAC receptors modulate neurotransmitter release from the 

bipolar cells (225).  GABAC receptors have a higher affinity for GABA than GABAA 

receptors (227) and give rise to a more sustained inhibitory response than that generated 

by GABAA receptors (225;228).  The combination of both receptor sub-types on the 

bipolar-cell axon terminal allows a dynamic response to a range of GABA 

concentrations (225;228).  The distribution of GABAA and GABAC receptors differs for 

each bipolar-cell type with rod bipolar cells having the highest ratio of GABAC to 

GABAA receptors compared to cone ON-bipolar and OFF-bipolar cells (228).   

Termination of GABA signaling is achieved by active transport of GABA from the 

synaptic cleft via GAT-1 into the pre-synaptic GABAergic amacrine cell and by GAT-

3, and to a lesser extent GAT-1, into surrounding Müller cells (232;233).  Within the 

amacrine cell or Müller cell, GABA is metabolized by the mitochondrial enzyme 

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

 

Figure 1.7 legend:  In the IPL, pre-synaptic bipolar cell activity is modulated via GABAergic 

amacrine cells, through activity at GABAA (light green) and GABAC (dark green) receptors.  

GABA activity is terminated by uptake via high affinity GABA-transporters (GAT) into the pre-

synaptic GABAergic amacrine cell and surrounding Müller cells, where it is metabolised by 

GABA-transaminase (GABA-T)      

 

1.11.3 VGB in the retina  

In mice and rats, exposure to VGB leads to a dose-dependent decrease in GABA-T 

activity and an increase in GABA concentration in several CNS regions, including 

cerebellum, pons, midbrain, striatum, hippocampus, hypothalamus, frontal cortex, 

dorsal cortex, spinal cord and retina (9;10;14-19).  However, studies have consistently 

shown that the effects of VGB are particularly pronounced in the retina where after a 

single dose, VGB 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 any other CNS region (15). In another study VGB concentration was up to 

18 times higher in retina than brain (17).  In addition, inhibition of GABA-T activity 

(14;15;17;234;235) and associated increase in GABA concentration (14;15;17;234) are 
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significantly more pronounced in the retina than elsewhere in the CNS.  In rats 

receiving a one-off dose of 1000 mg/kg VGB, retinal concentrations of GABA-T were 

reduced to less than 22% of control animals, with GABA concentration elevated to 

260% of control animals (15) (Table 1.6).  Comparatively, the dorsal cortex showed the 

greatest effect of VGB on the brain with GABA-T activity reduced to 54% of control 

activity, and GABA levels 195% of control levels (Table 1.6) (15).    

 

Table 1.6 Percentage difference in GABA-T activity and GABA concentration in 

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

 Cerebellum  Pons Hippocampus Frontal 

cortex 

Dorsal 

cortex 

retina 

GABA 

concentration 

150.6% 178.8% 140.0% 171.7% 195.0% 261.3% 

GABA-T 

activity 

59.2% 68.3% 60.3% 68.3% 53.5% 21.4% 

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

group (rats injected with saline).  Table adapted from (15). 

*  Rats were exposed to a one-off dose of 1000 mg/kg of VGB 

GABA = ɔ-aminobutyric acid; GABA-T = GABA transaminase; CNS = central nervous system; 

VGB = vigabatrin 

 

The distribution of retinal GABA was also changed after VGB exposure.  In non-

exposed control animals GABA-immunoreactivity was localised in the IPL, in 

GABAergic amacrine cell bodies in the INL, and in occasional cell bodies in the GCL 

(presumed to be displaced amacrine cells) (234;236).  In VGB-exposed animals 

significant GABA-immunoreactivity was detected in Müller cells as vertical streaks of 

staining extending through the depth of the retina to the ELM (234).  In addition, there 

was increased staining in the amacrine cell bodies and in the IPL (234).  In healthy 

control animals Müller cells fail to show staining for GABA, as any GABA transported 
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into Müller cells via GAT is rapidly metabolised by GABA-T (237).  The prominent 

Müller cell staining seen in VGB-exposed animals suggests that the inhibition of 

GABA-T leads to abnormal accumulation of GABA in these cells (234).  The retinal 

distribution of GABA-T was unchanged in VGB-exposed animals, although there 

appeared to be a decrease in the density of GABA-T immunoreactivity particularly in 

the IPL (234). 

 

1.12 Retinal pathology in VGB-exposed animals 
 

The toxic effects of VGB on the retina were 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 sections from albino and pigmented rats exposed to VGB 

for 90 days.  In the albino rats, diffuse changes were seen in the ONL including 

structural disorganisation, migration of photoreceptor nuclei toward the RPE and loss of 

photoreceptor nuclei (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 retinal lesions were detected even after exposure to 

300mg/kg/day of VGB. 

1.12.1 Outer retinal pathology in VGB-exposed animals 

Subsequent studies of the effects of VGB exposure on retinal morphology in albino 

animals have found similar changes to the outer retina as those described by Butler et al.  

Disorganisation of the ONL has been consistently reported (238-242) (Figure 1.8), 

which is associated with migration of photoreceptor nuclei toward the RPE (238;240-
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242) and the OPL (238) (Figure 1.8), and irregularities in the structure of the ELM 

(239).   

 

Figure 1.8 Disorganisation of the ONL in VGB-exposed rats  

 

 

Figure 1.8 legend: Figure (A) shows a normal retinal section from a non-exposed control 

rat.  Note the highly organised retinal structure with distinct demarcation of individual retinal 

layers.  Figure (B) is taken from a VGB-exposed 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).  Figure taken from (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 changes in cone inner/outer 

segments (238;240;242) which were not restricted to areas of ONL disorganisation, but 

were also seen in areas with apparently normal retinal structure (238).  In addition, a 

decrease in the density of cone inner/outer segments was found (238;241;242), with 

signs of photoreceptor degeneration in some areas (detected using TUNNEL staining 

for evidence of DNA fragmentation) (238).  Under electron microscopy, abnormal 

photoreceptors showed vacuolization of the inner segment, disruption and dilatation of 

discs, and formation of membranous bodies in the outer segments (238).  Changes in the 

A B
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OPL have also been noted, with withdrawal of rod photoreceptor synapses towards the 

retinal pigment epithelium (240).  Cone photoreceptor synapses were found to stay 

localised within the OPL, although they were found not to be as uniformly organised as 

cone photoreceptor synapses in the retinas of non-exposed control animals (240).  In 

conjunction with the withdrawal of rod photoreceptor synapses (240), neuronal 

plasticity was seen to occur, with rod bipolar cells extending their dendrites past the 

OPL, deep into the ONL (240-242), to form ectopic synapses with the withdrawing rod 

photoreceptor cells (240).   

 

All of the pathological changes described in the outer retina after VGB exposure have 

been noted in albino strains of rats and mice (64;238-242).  In the study by Butler et al. 

exposure to 300mg/kg/day of VGB led 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 environment (12 hour dark/light cycles with light intensity of 

260 lux), developed no retinal lesions (64).  In addition, pigmented rabbits exposed to 

VGB showed no difference in the intensity and distribution of staining of cone 

inner/outer segments, or in the number of cone/inner outer segments, compared to non-

exposed rabbits (243).   

 

Albino rats are known to develop retinal pathology after excessive light exposure which 

is similar to that seen in the VGB-exposed albino rats (64).  In the study by Butler et al. 

albino rats not exposed to VGB and maintained in the same light conditions as the 

VGB-exposed albino rats, did not develop retinal pathology (64).  Thus the 

morphological changes in the albino VGB-exposed rats could not solely be explained 
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by phototoxicity (64).  The influence of light on VGB retinotoxicity was explored by 

Izumi et al.  Albino rats injected with a single dose of VGB were maintained under two 

different light conditions; either a 12 hour light/dark cycle (light intensity 300-500 lux), 

or 24 hours of light (light intensity 6000-8000 lux) (239).  In rats exposed to 24 hours of 

light, the retina showed changes similar to those described previously in VGB-exposed 

albino animals.  Conversely, VGB-exposed rats maintained in a 12 hour light/dark cycle 

showed no retinal abnormalities (239).  In the same study, the effect of VGB and light 

exposure were assessed ex vivo in retinal sections from normal, healthy rats.  Retinal 

sections were suspended in artificial CSF with added VGB and exposed to either 20 

hours of darkness or light (light intensity 20000 lux).  In addition, control retinal 

sections were suspended in artificial CSF alone or with added GABA, and subject to the 

same light conditions.  The retinal sections exposed to VGB and 20 hours of light 

showed changes comparable with those seen in albino rats.  In addition, the effect of 

VGB and light exposure was dose- and time-dependent, with pathology observed more 

frequently after suspension in higher concentrations of VGB and after exposure to 

longer durations of light.  In contrast, retina exposed to VGB and maintained in 20 

hours of darkness showed no pathological changes.  Retina exposed to GABA showed 

no pathological changes under light or dark conditions (239).    

 

These findings suggest that VGB sensitises the already sensitive albino retina to light, 

enhancing its phototoxic effect and promoting retinal degeneration (63-65).  

Furthermore, whilst VGB and light exposure resulted in pathological changes in retinal 

slices, application of GABA under the same light conditions was not retinotoxic (239), 

suggesting that high levels of GABA alone may be insufficient to lead to retinotoxicity 

and VAVFL in humans. 
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1.12.2 Other retinal pathology in VGB-exposed animals  

In VGB-exposed albino rats and mice, abnormalities involving Müller cells have been 

reported.  Increased GFAP immunoreactivity in Müller cells was found in areas of 

disorganisation and in some areas of normal retinal structure (238;241;242).  In highly 

disorganised retinal areas, GFAP-immunoreactive Müller cell processes extended 

beyond the ELM into the layers of the photoreceptor inner/outer segments (238).  This 

also occurred in some normal-appearing areas suggesting that VGB-induced gliotic 

changes were occurring throughout the retina (238). 

 

In VGB-exposed rabbits (of unknown strain), GFAP immunoreactive Müller cells were 

detected in the peripheral and central retina with some cells showing abnormal 

morphology (236).  No immunoreactive Müller cells were seen in non-exposed rabbits 

(236).  Studies of VGB-exposed pigmented rabbits have found no indication of altered 

Müller cell morphology or function (243;244).  However, in one of these studies, VGB-

exposed  pigmented rabbits were maintained for a 4-5 month treatment-free period 

before sacrifice and enucleation of the eye (244).  The authors suggested that the 

pathological changes in Müller cells that had been previously found in VGB-exposed 

rabbits may only present during VGB exposure and might be reversible on cessation of 

therapy (244).  Alternatively, differences in the findings between studies may be related 

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

differences in the duration or amount of VGB exposure between studies (243). 

 

1.12.3 Reversibility of VGB-associated retinal pathology in animals 

Two studies have examined whether VGB-associated retinal pathology may be 

reversible on VGB withdrawal.   In a study by Kjellstrom et al. rabbits exposed to VGB 
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for 12 months were maintained for a 4-5 month treatment-free period before sacrifice 

and enucleation of the eye (244).  No difference in retinal morphology was detected 

using immunohistochemical techniques between the VGB-exposed and non-exposed 

animals.  Similarly, Duboc et al. assessed the effect of a ñrecovery periodò on VGB-

exposed albino rats.  After VGB exposure, animals were given either a two-day or a 43-

day recovery period before sacrifice and enucleation of the eye (238).  Animals in both 

the two-day and 43-day recovery period groups showed the same outer retinal 

pathology as described in other VGB-exposed albino animals.  Fewer animals in the 43-

day recovery group showed the retinal changes, and the areas of pathology were 

reduced in size compared to the two-day recovery group (238). 

 

1.13 Retinal pathology in VGB-exposed humans 

 

Only one pathological study of the retina and optic nerve from a single individual with 

VAVFL has been reported (162).  The individual had been exposed to VGB for 28 

months prior to death at a maximum daily dose of 6g/day.  Prior to death the individual 

reported ñvisual difficultiesò and one month prior to death perimetry using HVFA 30-2 

showed VAVFL.  At post mortem examination the retina showed almost complete loss 

of RGC in the periphery, with less severe involvement of RGC in the macula, and 

severe atrophy of the RNFL.  There was some loss of nuclei from 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 projecting form the macula 

compared to those projecting form the peripheral retina.  The optic tracts also showed 

some atrophic changes (162). 
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1.14 The retinal nerve fibre layer in VGB-exposed individuals  

 

Although the precise mechanisms of VGB retinotoxicity are unknown, there is evidence 

to suggest that in humans RGC loss is implicated (80;101;146;147;162;165).  RNFL 

atrophy (97;106;147;183;198) and optic atrophy (101;147;183) are the most common 

abnormalities detected using fundoscopy or fundus photography.  These clinical 

observations are supported by finding that RGC loss was the most prominent retinal 

pathological change seen in a post mortem study of an individual with VAVFL (162).  

However, assessment of the fundus through direct examination, slit-lamp 

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 than 20
o
 eccentricity), the fundus 

can be normal (139;146). 

1.14.1 The normal retinal nerve fibre layer  

The RNFL is an inner-retinal layer composed of the axons of RGC.  Projecting RGC 

axons are organised into bundles which extend in radial wedge-shaped sectors from the 

retinal periphery to the ONH where the RGC axons exit the globe of the eye forming 

the optic nerve (245;246).  The nerve fibre bundles maintain horizontal topographic 

organisation of RGC axons, 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 in neighbouring retinal locations project to discrete areas of 

the ONH (Figure 1.9) (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 discrete areas 

of the ONH.   

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

nerve head 

 

RGC axons in the nasal hemifovea, and caecocentral area, project directly towards the 

ONH in a rectilinear course, to enter at its most temporal aspect (246-249)  (Pollock).  

Axons from RGC in the temporal hemifovea and extrafoveal area project in an arcuate 

course to avoid the rectilinear central projections, entering the ONH supero- and infero-

temporally (246-249).  At increasing distances from the horizontal raphe, axons in the 

temporal peripheral retina take an increasingly arcuate course to enter the ONH at the 

superior and inferior poles (246-249).  Fibres from RGC in the nasal periphery, take a 

radial trajectory and enter the ONH on the nasal side (247-249) (Figure 1.9).  RGC 

axons respect the horizontal meridian (grey horizontal line on Figure 1.9), such that 

Fovea ONH
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axons from the superior retina do not cross the horizontal meridian, and enter the ONH 

at its superior pole, and RGC axons in the inferior retina enter at the inferior pole (246). 

In the RNFL in the area immediately surrounding the ONH (the peripapillary RNFL 

(ppRNFL)), the organisation of the converging RGC axons creates a ñdouble humpò 

configuration.  The ppRNFL is thickest at the superior and inferior poles of the ONH 

and thinnest in the nasal and temporal aspects of the ONH (250;251).   

1.14.2 Imaging the ppRNFL 

Assessment of the ppRNFL around the ONH not 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 location of any focal 

pathology, owing to the topographic organisation of the RGC axons at the ONH (250).  

Several instruments are available that allow quantitative imaging of the ppRNFL 

including optical coherence tomography (OCT), scanning laser polarimetry and 

scanning laser opthalmoscopy (252).  The diagnostic abilities of each of these 

instruments in diseases affecting the ppRNFL (e.g. glaucoma) have been extensively 

evaluated, and there is little difference in the capabilities between the three technologies 

(253-255). 

In the output from each of these instruments, quantitative summary measures of 

ppRNFL thickness are provided including average thickness around the 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 VGB-exposed 

individuals (198).  They showed that in an individual with VAVFL and atrophy of the 

peripheral RNFL, evident using red-free fundus photography, thinning of the ppRNFL 

could be detected using OCT.  The pattern of ppRNFL thinning detected using OCT 

was consistent with the clinical and photographic features, showing ppRNFL thinning 

restricted to the ONH areas receiving RGC axons from the peripheral retina (198). 

After the initial report of ppRNFL thinning in VGB-exposed individuals (198), 

subsequent studies using OCT (119;198;229;256), scanning laser ophthalmoscopy (229) 

and scanning laser polarimetry (257), confirmed that the ppRNFL was significantly 

thinner in VGB-exposed individuals compared to healthy controls and non-exposed 

individuals with epilepsy (Table 1.7). 
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Table 1.7 Summary of studies using ppRNFL imaging in VGB-exposed individuals  

Reference  Number 

of VGB-

exposed 

Method  Main finding  

Choi 2004 

(198) 

1 TD-OCT (Stratus 

model) 

3.4mm fixed 

diameter scan  

ppRNFL thinning was consistent with 

photographic and clinical abnormalities   

Wild 2006 

(229) 

21 TD-OCT (Stratus 

model)  

Proportional circle 

scan 

100% of individuals with VAVFL were below 

the 95% confidence limit for normality  

ppRNFL was significantly thinner in VGB-

exposed with VAVFL compared to VGB-

exposed with normal visaul fields, non-

exposed individuals and healthy controls 

Durnian 

2008 (257) 

8 SLP (GDx VCC) 100% of individuals with VAVFL showed 

abnormal ppRNFL thinning  

Lawthom 

2009 (256) 

27 TD-OCT (Stratus 

model)  

3.4mm fixed 

diameter scan 

100% of individuals with VAVFL showed 

ppRNFL thinning in the nasal quadrant* 

Ardagil 

2010 (119) 

14 TD-OCT (Stratus 

model)  

3.4mm fixed 

diameter scan 

ppRNFL was significantly thinner in VGB-

exposed compared to non-exposed and healthy 

controls  

Moseng 

2011 (258) 

9 TD-OCT (Stratus 

model)  

3.4mm fixed 

diameter scan 

ppRNFL was significantly thinner in VGB-

exposed individuals with VAVFL compared to 

non-exposed, there was an increased frequency 

of ppRNFL thinning compared to non-

exposed* 

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

VCC = variable corneal compensation   

*compared to the manufacturersô normative database  

 

1.15.1 ppRNFL thickness in individuals with VAVFL  

In individuals with VAVFL, the ppRNFL was significantly thinner compared to non-

exposed individuals with epilepsy (119;229;258) and compared to healthy controls 
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(119;229).  Furthermore, using OCT, Wild et al. showed that individuals with VAVFL 

had significantly thinner ppRNFL compared to VGB-exposed individuals 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 thinning and the degree of visual 

field loss.  However, no statistical analysis or discussion of the trend was made by the 

authors (229).  Reinspection of the data does not appear to show an association between 

the two measures. 

1.15.2 The pattern of ppRNFL thinning in individuals with VAVFL  

A pattern of ppRNFL thinning associated with VGB exposure, that is in agreement with 

the pattern of RNFL and ONH atrophy observed using fundus photography (147;183), 

has been suggested.  In individuals with VAVFL, ppRNFL thickness was compared to 

ppRNFL thickness data from healthy controls provided in the manufacturersô normative 

database
2
.  Individuals with ppRNFL thickness falling below the 5

th
 percentile of the 

manufacturersô normative database were considered to have abnormal thinning.  All 

individuals (n=11) with VAVFL showed abnormal ppRNFL thinning in the nasal 

quadrant leading to the suggestion that ppRNFL attenuation in the nasal quadrant 

should be used as a biomarker for VGB toxicity (256).  Conversely, the ppRNFL in the 

temporal quadrant is relatively preserved with few individuals showing abnormal 

thinning in this area (119;256;259). 

1.15.3 ppRNFL thickness in VGB-exposed individuals with normal visual 

fields 

Thinning of the ppRNFL was also found in some VGB-exposed individuals with 

normal visual fields (229;256).  The pattern of ppRNFL thinning was similar to that 

                                                           
2
 See 1.19.3 
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seen in individuals with VAVFL, with thinning detected in the superior, nasal and 

inferior quadrants, but preservation of the ppRNFL thickness in the temporal quadrant 

(256).  These findings may represent individuals with subtle pathological changes in the 

retina that do not result in functional changes that are detectable using standard white-

on-white perimetry, and thus provide promising evidence that ppRNFL imaging may be 

a more sensitive measure of VGB retinotoxicity than does perimetry (256).  

1.15.4 The relationship between ppRNFL thickness and VGB exposure  

Using OCT, ppRNFL thickness in the nasal quadrant was found to correlate with 

cumulative VGB exposure, with increasing VGB exposure related to decrease ppRNFL 

thickness (256).  However, in a study using scanning laser polarimety no correlation 

was found between any ppRNFL thickness measure and cumulative VGB exposure or 

duration of VGB exposure (257).  In an OCT study by Wild et al., average ppRNFL 

thickness was plotted as a function of cumulative VGB exposure and of duration of 

VGB exposure (229).  However, no statistical analysis or discussion of the trend was 

made by the authors.  On reinspection of the data there does not appear to be an 

association between either measure of VGB exposure and average ppRNFL thickness.  

The disagreement between studies is probably due to the small number of subjects 

included, and larger studies are needed to fully appreciate the relationship between the 

amount and duration of VGB exposure and the degree of ppRNFL thinning. 

 

1.16 ppRNFL thickness in non-exposed individuals with epilepsy 

 

In some non-exposed individuals with epilepsy, ppRNFL thinning was detected as 

compared to the normative database of ppRNFL thickness provided by the 
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manufacturer
3
 (229;256).  In a study by Lawthom et al. 3/13 non-exposed individuals 

showed abnormal thinning in at least one of the ppRNFL quadrants, although all 

showed normal average ppRNFL thickness (256). The individuals all had normal visual 

fields and no clinical reason was found for the attenuation.  The authors suggested that 

the abnormal finding in these individuals was most likely due to misalignment of the 

subject during scanning or misplacement of the scan circle (256).  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 controls (260).  

 

1.17 ppRNFL imaging for clinical use in VGB-exposed individuals 

 

Based on these OCT studies (Table 1.7), ppRNFL imaging has been proposed as a 

useful tool in the assessment of VGB-exposed individuals, providing a sensitive and 

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 biomarker for VGB 

toxicity (256). 

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

require an assessment form to be completed at each opthalmological examination of 

individuals undergoing VGB therapy which is to be returned to the manufacturers after 

completion.  The form includes a section for OCT assessment, requiring the 

interpretation of the OCT as ñnormal, abnormal or uninterpretableò (261).  In addition, a 

recent report on the recommendations for visual testing in VGB-exposed individuals 

compiled by an ñexpert panelò of neurologists, ophthalmologists and visual 

                                                           
3
 For details See 1.19.3 
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electrophysiologists, included OCT in the suggested visual evaluation protocol, 

particularly when perimetry is unreliable or inconclusive (262).  In a briefing document 

compiled for the FDA during the application for approval of the licensing of VGB in the 

US, it was stated that ñIt is highly likely that OCT will be the primary modality of 

assessing VGB retinal effects within 5 yearsò (263).   

At the present time however, the exact role of OCT in the management of VAVFL is 

uncertain (262).  The available OCT studies have been on a small number of 

individuals, and the precise relationship between the degree of ppRNFL thinning and 

the severity of VAVFL is unknown.  In the expert panelôs report on the 

recommendations for visual testing in VGB-exposed individuals, it was stressed that 

currently OCT should be considered as an ñexploratory testò (262).  Furthermore, 

although it has been suggested that ppRNFL imaging may provide an alternative tool to 

assess individuals who are unable to perform perimetry (229;256;262), this has not been 

formally assessed, and the repeatability of measurements has not been validated in a 

population of individuals with epilepsy. 

 

1.18 Optical coherence tomography  

 

1.18.1 Intr oduction to OCT 

OCT (264) is an optical imaging tool that allows non-invasive, high resolution, cross 

sectional imaging of biological tissue microstructure in vivo (264;265).  OCT imaging 

is analogous to ultrasound; however, instead of sound waves, low-coherence light is 

used to obtain images based on the optical properties of the tissue (264;265). Images are 

generated by measuring the time delay and the magnitude of backscattered and back-
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reflected light from the various tissue microstructures (266;267). Detailed imaging of 

discrete tissue architecture relies on the ability to detect difference in the optical 

properties of adjacent structures (268).    

The axial image resolution of OCT is determined by the bandwidth of the light-source 

(267).  Axial resolutions achievable with commercially available OCT instruments 

ranges from 4 - 10µm (265), compared to standard clinical ultrasound which has a 

resolution of 0.1 ï 1mm (269).  Transverse resolutions are dependent on the spot size of 

the light beam on the tissue, and in retina transverse resolutions of around 20µm are 

typically achieved (270;271).  The cross-sectional image (tomograph) generated from 

OCT imaging has been referred to as an ñoptical biopsyò (265), as it provides images of 

tissue microstructure similar to those seen under a microscope, that are not obtainable 

with any other non-invasive techniques (266;267).     

The main disadvantage of OCT is that light (unlike sound waves in clinical ultrasound) 

is substantially scattered by most biological tissues.  Attenuation of the light from this 

scattering limits the imaging depth to around 2mm (265;269), compared to standard 

clinical ultrasound which can reach depths of up to 10cm (269).  The limited penetration 

depths make OCT imaging impractical for many clinical applications.  The retina, 

however, is particularly accessible to OCT imaging as the transparent tissues of the lens, 

cornea and ocular media, allow transmission of light from the OCT instrument to the 

retina with minimal scattering and attenuation (267).   Because of this, the clinical use 

of OCT has developed most rapidly in ophthalmology for imaging the microstructure of 

the retina and optic nerve head (267), and will be further discussed here with reference 

to retinal imaging. 
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1.18.2 The basic principles of OCT 

The basic principles of OCT are illustrated in Figure 1.10.  Low-coherence light (800-

1400 nm wavelength) from a superluminescent diode is directed into a fibre-optic 

Michaelson interferometer.  At the interferometer the incident light beam is split into a 

reference arm and a sample arm via a partially reflective mirror.  Light in the reference 

arm is reflected back to the interferometer from a reference mirror.  At the same time, 

the light beam in the sample arm is incident upon a scanning mechanism, which under 

computerised control, focuses the beam onto the retina in 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 producing an optical interference pattern on the 

surface of a photodetector (264;266;270). 

The raw signals received at the photodetector are processed into an individual A-scan, 

which represents the depth-resolved reflectivity profiles of the retina at the discrete 

location on which the beam was focused by the scanning mechanism.  Movement of the 

scanning mechanism allows the light beam in the sample arm to ñsweepò across the 

retina in a predetermined scan pattern (e.g. a single-line (Figure 1.11)) enabling the 

acquisition of multiple sequential A-scans in a desired pattern and location  (272).  After 

processing, multiple individual A-scans acquired during a scan session are assembled 

into a two-dimensional cross-sectional image (B-scan) (Figure 1.10 and 1.11). Using 

some OCT technologies, a series of B-scans in a raster pattern can be taken to generate 

three-dimensional OCT images (Figure 1.11).   
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Figure 1.10 Basic principles of OCT  

 

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

retina.  Figure adapted from (273) 

 

Figure 1.11 Assembly of processed A-scan data into a tomograph 

 

Figure 1.11 legend: (A) The individual A-scan (red arrow) represents the depth-resolved 

reflectivity profiles of the tissue being scanned.  (B) Multiple A-scans (red arrows) are 
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assembled into a B-scan (black arrow) to produce the two-dimensional tomograph.  (C) Using 

some OCT technologies, a series of B-scans (black arrows) in a raster pattern can be taken to 

generate three-dimensional OCT images. 

 

1.18.3 OCT technology 

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

1995 and utilised time-domain technology.  The most 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 spectral-domain (also called 

Fourier-domain) technology (e.g. Cirrus HD-OCT (Carl Zeiss Meditec, Inc., Dublin, 

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

available OCT instruments.   

Although the basic principles of time-domain OCT (TD-OCT) and spectral-domain 

OCT (SD-OCT) are the same (Figure 1.10), they utilise different mechanisms to resolve 

the axial depth of structures within the tissue being scanned, resulting in significant 

differences in scanning speed, and axial resolution (271;274;275). 

1.18.3.1 TD-OCT (Stratus OCT) 

In TD-OCT the depth and relative positions of the retinal structures are determined 

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 scattering sites in the sample (276;277).   

The dependence on movement of the reference mirror to enable depth resolution, and 

the requirement of sequential resolution of light reflected from various depths, limits 

image acquisition speed to around 400 A-scans per second.  Using this technology, the 

latest commercially available OCT model (Stratus OCT, Carl Zeiss Meditec, Dublin, 
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CA, USA) allows acquisition of a single-line B-scan, comprised of 512 adjacent A-

scans, within 1.28 seconds, with axial resolution of around 10µm (277).   

1.18.3.2 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 the interference pattern obtained from the light reflected from the stationary 

reference arm, and that reflected from all scattering sights (i.e. at all depths) in the 

sample, to be collected simultaneously on the photodetector (278).  The interference 

pattern then undergoes Fourier transformation to produce the A-scan image (275;277).  

Because the light reflected from different scattering sights in the sample are measured 

simultaneously, as opposed to sequentially with TD-OCT, the process is up to 100 times 

faster (279) with data acquisition speeds of around 27,000 A-scans per second.  Cirrus 

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

consisting of 40,000 A-scans, in less than 1.49 seconds. 

1.18.4 The OCT image (retinal tomograph) 

After processing, multiple individual A-scans acquired during a scan session are 

assembled into a two-dimensional cross-sectional image (B-scan) (Figure 1.11).  Using 

SD-OCT, a series of B-scans in a raster pattern can be taken to generate three-

dimensional OCT images (Figure 1.11).  The final processed images are displayed in 

the OCT output using a colour-scale (or grey-scale) to represent the logarithm of the 

intensity of the reflected signal (265;266;268;270;272).  Typically, the red end of the 

colour spectrum represents areas of high reflectivity with the blue end corresponding to 

areas of low reflectivity (264;268) (Figure 1.12). 
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The laminated appearance of the retinal tomograph suggested that individual retinal 

layers might be distinguished by differences in their optical properties (280).  To 

determine the retinal structural components represented in OCT images, studies 

compared cross-sectional retinal tissue, seen under light microscopy, with 

corresponding retinal OCT scans, in humans (264;281) and in animals (268;280;282) 

(Figure 1.12).  In the OCT image, a distinct layer of high reflectivity at the vitreoretinal 

interface corresponded to the RNFL (264;268;280). Other highly reflective layers were 

compatible with the IPL, OPL and RPE (268;280-282).  Retinal areas of low reflectivity 

corresponded with the location of the photoreceptor inner and outer-segments and the 

INL and ONL (Figure 1.12 (268;270;280-282).   

 

Figure 1.12 The relationship between the OCT tomograph and retinal histology 

 

Figure 1.12 legend: The retinal substructures observable on light microscopy (A) have 

unique optical properties which produce distinct layers in the OCT tomograph (B).  Light 

microscopy image (A) taken from (231) 
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structure of interest.  The tomograph obtained from each scanning protocol is provided 

in the manufacturersô summary report and can be used to detect retinal pathology 

through direct observation.  In addition to the tomograph, the summary report provides 

quantitative 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 the RNFL appears as a distinct layer of high reflectivity at the 

vitreoretinal interface (264;268;280) (Figure 1.12).  Interest in developing methods to 

image and measure RNFL thickness was stimulated by the need for more objective, 

repeatable tools for use in glaucoma management, where retinal ganglion cell loss and 

associated RNFL attenuation are pathological features (283).   Algorithms developed 

for OCT to measure RNFL thickness employ a circular scan centred on the ONH (in the 

peripapillary area) (Figure 1.13) (283).  As all RGC axons project through the retina in 

the RNFL to leave the orbit in the optic nerve (Figure 1.9), measuring peripapillary 

RNFL (ppRNFL) thickness dictates that the measurement sample contains projections 

from all RGC axons throughout the retina. 

1.19.1 Measuring ppRNFL thickness  

The thickness of the ppRNFL is calculated firstly by determining the borders of the 

ppRNFL. This is achieved using segmentation software which uses ñedge-detectionò 

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 the light passes through the minimally reflective vitreous into the 
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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 structures of the adjacent inner retina.  Once the inner and outer borders of the 

ppRNFL have been established, the thickness in micrometers can be determined 

between these borders (276;283;284).  This process is carried out for each individual A-

scan.  Measures of ppRNFL thickness that are provided in the manufacturersô summary 

report are based on the ppRNFL thickness measurements from each of the individual A-

scans.  

1.19.2 ppRNFL thickness scanning methods  

The impact of the dramatic difference in scanning speed between TD and SD-OCT is 

highlighted in the scanning protocols used by each instrument from which ppRNFL 

thickness is determined.  In TD-OCT the instrument acquires three sets of 256 A-scans 

in a 3.46mm diameter circle around the ONH within 1.3 seconds of scanning time.  The 

ppRNFL measurements provided in the manufacturersô summary report are calculated 

from an average of the three sets of scans.  In SD-OCT instrument acquires a 6x6mm 

cube of data centred on the ONH, consisting of 40,000 A-scans, in 1.48 seconds.  A 

3.46mm diameter circle of data comprised of 256 A-scans, centred around the ONH is 

extracted from the cube of data.  The ppRNFL measurements provided in the 

manufacturersô summary report are calculated from the 3.46mm diameter circle of data. 

1.19.3 The manufacturersô summary reports  

After scan acquisition, each OCT instrument provides ppRNFL thickness data in the 

manufacturersô summary reports.  The reports included summary measures of ppRNFL 

thickness include the average ppRNFL thickness (around the whole ONH), and the 

ppRNFL thickness in 90
o 

quadrants and 30
o 

sectors (Figure 1.13).  Regions of the 

ppRNFL are referred to according to their location around the ONH.  The four 90
o
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quadrants are referred to as temporal, superior, nasal, and inferior quadrants.  The 

twelve 30
o 
sectors are referred to as temporal (Temp), temporal-superior (TS), superior-

temporal (ST), superior (Sup), superior-nasal (SN), nasal-superior (NS), nasal (Nas), 

nasal inferior (NI), inferior-nasal (IN), inferior (Inf), inferior-temporal (IT) and 

temporal-inferior (TI) sectors (Figure 1.13).  A temporal-superior-nasal-inferior-

temporal (TSNIT) plot is also provide in the manufacturersô summary report, which 

graphically represents the ppRNFL thickness around the whole ONH across each of the 

256 individual A-scans (Figure 1.13). 

In addition to providing quantitative ppRNFL thickness data, the ppRNFL thickness is 

classified according to which percentile it falls into, based on the manufacturersô 

database of age-corrected normal values.  ppRNFL thickness values for all summary 

measures (average, 90
o 

quadrants, 30
o 

sectors and TSNIT plots), are colour-coded 

according to which percentile they fall into.  Values falling into the Ò95
th
ï>5

th 
percentile 

are colour coded as green, Ò 5
th
ï>1

st 
percentile are coloured yellow and those falling 

into Ò1
st 

percentile are coloured red (Figure 1.13). 

Details of the normative database in the TD-OCT (Stratus OCT, software version 4.0, 

Carl Zeiss Meditec, Dublin, CA) have been made available.  The normative data base is 

comprised of 328 subjects aged 18 ï 85 of whom 155 (48%) were men.  The ethnic 

groups included in the database were ñCaucasianò (63%), ñHispanicò (24%), ñAfrican 

Americanò (8%), ñAsianò (3%), ñAsian Indianò (1%) (285).   

Details of normative data for the SD-OCT model are not currently available.  
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Figure 1.13 The manufacturersô summary report of ppRNFL thickness data  

 

Figure 1.13 legends: Data provided in the manufacturersô summary report of ppRNFL 

thickness.  Data illustrated on the left-hand side of the report is taken from the right eye.  Data 

illustrated on the right-hand side of the report is taken from the left eye 

(A) The 3.46mm diameter scan circle composed of 256 A-scans (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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