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ABSTRACT

Perimetry is the measurement of the visual field and has important clinical applications in the
diagnosis and management of many conditions causing visual impairment. Current clinical
methods of perimetry are subjective and are difficult or impossible to perform in some groups
of patients such as the young, the elderly and those with severe learning difficulties. This
thesis describes the development of an alternative objective form of perimetry, called
electroperimetry, which records the cortical potentials evoked by visual stimuli in different
parts of the visual field.

No commercial electrophysiology system was suitable for the research, so a completely new
system based on a personal computer was developed. The system described has two novel
features: it uses a Digital Signal Processing (DSP) card to enable real-time signal processing
and it provides a wide range of software generated stimuli.

Hitherto, a major limitation of electroperimetry had been the time taken to recover visual
evoked cortical potential (VECP) signals from electroencephalographic activity and muscle
noise. In order to minimise the recording time, the signal-to-noise ratio (SNR) had to be
increased. This was achieved by using steady-state stimuli, by analysing the VECP in the
frequency domain and by using four recording electrodes. A new DSP method based on
adaptive noise cancelling was developed which has a number of advantages over conventional
Fourier analysis for real-time signal measurement.

Visual stimuli were created using computer graphics and presented to the subject on a
computer monitor screen. Work concentrated on optimising pattern-reversal checkerboard
stimuli for testing visual field quadrants, and the optimum check-size for testing different size
fields was determined. As a result, a dartboard pattern-reversal stimulus was developed in
which the most effective check-size was presented at each location in the visual field. The
increased SNR enabled the testing of smaller areas within each visual field quadrant. It has
been proposed that motion stimuli may be useful for testing the extramacular area of the
visual field, so motion-onset stimuli were developed and compared with pattem-reversal
stimuli. It was concluded that patten-reversal stimuli were superior for electroperimetry
because the motion-onset VECP is reduced by adaptation to moving stimuli.

Accurate positioning of the stimulus on the retina is essential for electroperimetry. A new
method of fixation monitoring was introduced which also helped patients to concentrate and
reduced fatigue. In addition, a novel system employing a miniature LCD display and an
mdirect ophthalmoscope has been developed to enable VECPs to be recorded whilst the
stimulus pattern is simultaneously positioned on the retina under direct view of the operator.
VECPs from transient dark pattemn-onset stimuli were investigated for this system.

The steady-state stimulus and signal analysis techniques developed were clinically evaluated
using a large number of subjects including 17 patients with complete and absolute hemifield
and quadrantic field defects. Quadrant field stimuli were used and were presented on a
computer monitor screen. A unique aspect of this study was the use of objective signal
detection techniques. The results confirmed pattems of subjective visual field loss. The
system currently has a sensitivity and specificity of at least 85% and 80% respectively for
detecting non-seeing areas of the visual field. The results have demonstrated that when
subjective perimetry is not possible the developed system is of potential clinical value to the
ophthalmologist. Current developments are aimed at further improving the sensitivity and
specificity of the system whilst keeping the recording time to a minimum.
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PREFACE

Perimetry has important clinical applications in the field of ophthalmology but current
methods are subjective and are difficult or impossible to perform in some groups of
patients. Dr D M I Montgomery, an ophthalmologist working in the Tennent
Institute of Ophthalmology, recognised that the measurement of visual evoked
cortical potentials could be used to develop an objective form of perimetry that would
overcome the limitations of subjective techniques. In collaboration with Dr D Allan,
a Senior Physicist working with the West of Scotland Health Boards Department of
Clinical Physics and Bio-Engineering, Dr Montgomery made some preliminary
measurements in 1988. This work was further developed in collaboration with
Dr A L Evans and the author, both working for the West of Scotland Health Boards
Department of Clinical Physics and Bio-Engineering. Together they sought grant
funding in 1989 for the developments described in this thesis.
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DEFINITIONS

Adaptive noise canceller (Sections 3.2.2 and 3.4). A method
for estimating a signal corrupted with uncorrelated noise. In
this laboratory, a novel implementation of the ANC has been
developed to estimate visual evoked cortical potentials
(VECPs) corrupted with electroencephalographic activity and
muscle noise. An adaptive filter is used to cancel the noise and
provide an estimate of the VECP signal.

Digital signal processing. The mathematical processing of
digital signals (Chapter 3).

An objective form of perimetry in which the visual field is
assessed by recording the cortical potentials evoked in
response to visual stimuli (Section 1.5).

For further definitions and explanations of abbreviations please refer to the glossary.



1. INTRODUCTION

This chapter describes the visual system. The concept of the visual field is introduced
and it is explained how different forms of visual impairment cause characteristic
defects in the visual field.

Measurement of the visual field is called perimetry. Perimetry has a number of
important clinical uses which are explained. The current clinical methods of perimetry
are subjective and are difficult or impossible to perform in some groups of patients.
There is therefore a need for an alternative objective form of perimetry. A way of
achieving this is to use electrophysiology to measure the electrical responses
produced by the visual system in response to stimulation.

The main methods for clinical electrophysiology are introduced and their application
to visual field analysis is discussed. Measurement of visual evoked cortical potentials
can be used to assess visual fields but current methods have a number of major
limitations:

1. The traditional method for signal recovery is signal averaging and it is very slow.

2. When small parts of the visual field are tested the signal-to-noise ratio is reduced
and the test is even slower.

3. Objective signal detection methods have not been applied to determine the
significance of the recorded signals.

4. Patient studies have been published using quadrant field stimuli but these have not
employed smaller stimulus areas.

5. A reliable method for patient fixation needs to be developed.

An explanation is given of how the current work is aimed at overcoming each one of
these limitations.
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1.1 VISUAL SYSTEM

Sensory input to the visual system is received through the photoreceptors in the retina
and is transmitted to the visual cortex via the visual pathway. Hubel (1988) provides

a useful review of the visual system.

1.1.1 Retina

The retina can be considered to be an extension of the brain. In the retina there are
two types of photoreceptor cells, cones and rods. There are about five to seven
million cones and about 100 million rods (Osterberg 1935, Curcio et al 1990). The
rods are not colour specific whilst there are three types of cone with maximum
sensitivity to violet (~430 nm), blue-green (~ 530 nm) or yellow-green (~ 560 nm)
wavelengths of light (Hubel 1988). The distribution of the photoreceptors has been
mapped (Osterberg 1935, Curcio et al 1990) and the peak cone density was found to
be at the centre of the retina with 50% of cones within 18° of the centre. In contrast,
there are no rods present in the central 1.25° of the retina and the peak rod density is
about 15° from the centre (Curcio et al 1990).

The photoreceptors hyperpolarise in response to light and their outputs project to
bipolar cells (Figure 1.1). There are two groups of bipolar cells; one group
hyperpolarises in response to light whilst the other group provide signal inversion by
depolarising in response to light (Hubel 1988).

The bipolar cells in turn project to ganglion cells from which axons travel in the optic
nerve (Figure 1.1). There are about one million ganglion cells (Curcio and Allen
1990, Jonas et al 1992) and the highest densities are found in the central 15° of the
retina (Curcio and Allen 1990). Ganglion cells discharge impulses and are classed as
either on-centre cells or off-centre cells (Hubel 1988) according to their response to
light. The discharge rate of on-centre ganglion cells increases in response to light
whilst the discharge rate of off-centre cells decreases.

Ganglion cells usually have an antagonistic surround; on-centre cells have an off-
surround and off-centre cells have an on-surround (Hubel 1988). The surround
mechanism requires the convergence of inputs from a number of bipolar cells. In the
central retina the convergence is small and the photoreceptor density is high, so the
receptive field of each ganglion cell is small. In the peripheral retina the convergence




Ganglion Horizontal
cone
Amacrine
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Retina nerve

Figure 1.1 Enlarged retina showing relative positions ofthe photoreceptors,
bipolar cells and ganglion cells. (From Flubel DH (1988). Eye, brain and vision.

Scientific American, New York. Reproduced with permission ofthe publisher)
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is greater and the photoreceptor density is less, so the receptive field of each ganglion
cell is consequently larger. The surround mechanism provides spatial tuning and is
therefore an elementary part of visual processing. Taking an on-centre / off-surround
ganglion cell as an example, a maximal response is obtained only when a light
stimulus totally covers the central receptive field. If the stimulus is too small
excitation is sub-maximal;, whilst if it is too large the inhibitory surround is recruited
and the response is inhibited. The optimum stimulus increases in size with
eccentricity due to the increasing receptive field sizes (Hubel 1988).

The anatomy of the retina is reviewed by Duke-Elder and Wybar (1961) and Marshall
(1991). The central area of the retina is known as the macula and is defined as the
area of the retina in which the number of layers of nuclei in the ganglion cell layer
exceeds two. The diameter of the macula is 5 to 6 mm, which corresponds to an
angle of 20° assuming a retinal magnification of 276 um/degree (Holden and Fitzke
1988).

At the centre of the macula is a shallow rounded pit known as the fovea which is 5° in
diameter and is formed by the radial displacement of the inner retinal layers. The
foveal margin is in fact the thickest part of the retina (300 um) due to the large

number of displaced intermediary neurones and ganglion cells.

In the centre of the floor of the fovea, exactly on the optic axis of the eye, is a slight
dip referred to as the foveola. The foveola is about 1° in diameter and contains
closely packed cones which facilitate a high level of visual acuity. This area of the
retina is rod-free and is also avascular. The absence of blood vessels, together with
the absence of cells overlying the photoreceptors, contribute to the high level of
visual acuity.

The axons of the retinal ganglion cells avoid the fovea and take arcuate paths through
the surface of the retina to the optic disc from where they leave the retina and form
the optic nerve (Figure 1.2). There are no photoreceptors over the optic disc and so
the image forming on it cannot be seen. The optic disc is located about 4 mm (15°) to
the nasal side and 0.8 mm (3°) to the superior side of the fovea. There is a large
interindividual variation in the size of the optic disc but the average horizontal disc
diameter is 1.8 mm (Jonas et al 1988) which corresponds to an angle of 6.5°.
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Figure 1.2 The visual pathway from the eyes to the primary visual cortex.
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1.1.2 Visual Pathways

The visual pathway from the retina to the visual cortex can be segregated into on and
off pathways dependent on whether the input is from on-centre ganglion cells or off-

centre ganglion cells.

The visual pathway can also be classified as magnocellular and parvocellular
according to the classification of neurones in the lateral geniculate nucleus (LGN)
(Section 1.1.4). The cells are histologically and physiologically different. The small
parvocellular cells are mainly spectrally sensitive whilst the large magnocellular cells
exhibit broadband sensitivity. The parvo and magnocellular pathways form separate
distinct layers in the LGN and also project to separate layers of the primary visual
cortex (Hubel 1988, Zeki 1992).

1.1.3 Optic Nerves, optic chiasm and optic tracts

The nerve axons in the optic nerves are at first simply bundled together in the same
arrangement as in the optic disc, with the nerve fibres from the macula occupying a
sector shaped area in the temporal portion of the nerve (Hoyt and Tudor 1963). As
the optic chiasm is approached the macular fibres move centrally into the nerve and
become more diffusely dispersed (Hoyt and Luis 1963).

The optic chiasm (Figure 1.2) is formed by the junction and partial decussation of the
optic nerves. The route of the axons through the chiasm is determined by their retinal
origin (Hoyt and Luis 1963). Axons from the temporal retina pass into the ipsilateral
optic tract whilst those from the nasal retina pass into the contralateral optic tract. As
a result of this crossover each optic tract carries information on the contralateral
hemi-field of vision. There is also a rearrangement of the nerve fibres in the chiasm
according to their size. Small diameter fibres, which are principally from the macular
area of the retina, rise to the superior areas of the chiasm and optic tract whilst large
diameter fibres, which are principally from the extramacular area, descend during their
passage through the chiasm to the inferior area of the optic tract.

It is possible that the division of the two hemi-fields in the chiasm is not exactly along
the vertical meridian of the visual field. There is evidence from work with monkeys
that there is an overlap of about 1° due to the overlap of ganglion receptive fields
(Talbot and Marshall 1941, Stone et al 1973, Bunt and Minckler 1977, Fukuda et al
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1989) although this finding has recently been contradicted by Tootell et al (1988)
who found no evidence for an overlap. Some studies have also provided evidence for
bilateral representation of the foveola (Bunt and Minckler 1977, Leventhal et al 1988,
Fukuda et al 1989) although again this finding has been contradicted by Tootell et al
(1988) and was not proven by Stone et al (1973). The apparent contradictions in
these experimental findings could be explained by the fact that different workers used
different species of monkey and also used a variety of measurement techniques,
including various staining methods (Stone et al 1973, Bunt and Minckler 1977,
Tootell et al 1988, Fukuda et al 1989) and microelectrode recordings (Talbot and
Marshall 1941).

Most of the optic tract fibres pass to the lateral geniculate nuclei but a few fibres go
to other structures that produce eye movements and control the pupillary light reflex
(Hubel 1988).

1.1.4 Lateral Geniculate Nucleus

There are two lateral geniculate nuclei situated in the forebrain (Figure 1.2). Almost
all of the LGN cells receive input directly from the optic tract fibres and act as a relay
sending axons on to the primary visual cortex located at the occipital pole of the
visual cortex (Hubel 1988). Some LGN cells, however, synapse locally on other
geniculate cells, others receive input back from the visual cortex and others receive
input from the brainstem reticular formation, which has a role in attention or arousal
(Hubel 1988).

The terminations of the optic tract fibres with the cells in the LGN are
topographically organised as are the corresponding terminations with the primary
visual cortex. (Topographic organisation means that the cells are arranged next to
each other according to their relative positions on the retina and hence the visual
field.)

1.1.5 Optic Radiation
The fibres extend from the LGN to the primary visual cortex in a broad band known

as the optic radiation (Figure 1.2). The anatomy of the optic radiation has been
reviewed by Harrington and Drake (1990).
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The fibres fan out so that the upper and lower field quadrants are separated by the
macular fibres. The dorsal fibres, which correspond to the inferior field quadrant,
pass backward in a fairly direct course to terminate in the dorsal portion of the
primary visual cortex. The ventral fibres, which correspond to the superior field
quadrant, initially travel anterior and slightly inferior, looping around the inferior horn
of the lateral ventricle (Meyer's loop) before continuing to the ventral portion of the
primary visual cortex. The macular fibres terminate in the posterior pole of the
primary visual cortex.

1.1.6 Visual Cortex

The primary visual cortex is also known as the striate cortex or area V1 and
corresponds to area 17 on the Brodmann architectonic map of the brain (Brodmann
1909). Area V1 is found in both the right and left hemispheres of the brain and
contains a precise topographical map of the contralateral visual field (Hubel 1988,
Harrington and Drake 1990). Area V1 is surrounded by the prestriate cortex which
extends to the posterior bank of the superior temporal sulcus and correspond to areas
18 and 19 on the Brodmann map. This area contains at least four separate visual
processing areas, V2, V3, V4 and V5.

Most of the output from V1 is sent to V2. V1 and V2 perform parallel processing
with cells whose function it is to detect colour, orientation, end-stopping, direction
and stereopsis. Each of the other visual areas has a specialised visual function and
receives its input from projections of V1 and V2 from either the magno or
parvocellular pathway (Hubel 1988, Zeki 1992).

Area V3 is concerned with dynamic form, the shape of objects in motion. It receives
its input from the magnocellular pathway.

Area V4 receives its input from the parvocellular pathway, mostly from the central
retina. V4 has two functions, to process colour and colour with form.

Area VS5 is also known as area MT (for medial temporal) and processes motion. It
receives its input from the magnocellular pathway with hardly any representation of
the central retina.
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The function of these specialised visual areas was originally determined using
microelectrode studies in monkeys such as the owl monkey (Zeki 1980) and the
macaque (Maunsell and Van Essen 1983). More recently it has been possible to
confirm this organisation in the human visual cortex using positron emission
tomography (PET). PET can be used to measure increases in regional cerebral blood
flow when people perform certain tasks. Zeki et al (1991) showed that areas V1, V2
and V4 were functional during colour vision whilst V1, V2 and V5 were functional
during motion stimulation. V4 is located in the lingual and fusiform gyri of the
prestriate cortex and VS5 is located in the region of the temporo-parieto-occipital
junction.

Each area of the visual cortex projects forward to other structures in the brain as well
as back to those areas from which they received their input. It has been proposed that
the specialised areas V3, V4 and V5 send information back to V1 and V2 so that the
results can be mapped back onto the visual field (Zeki 1992).

1.2 THE VISUAL FIELD

The visual field can be defined as the part of space in which objects are
simultaneously visible to the steadily fixating eye (Harrington and Drake 1990). The
visual field of each eye extends approximately 60° superiorly, 75° inferiorly, 60° to
the nasal side and 100° to the temporal side (Werner 1991). There is a blind spot in
the visual field that corresponds to the position of the optic disc (Section 1.1.1) and is
located 15° to the temporal side of the fovea and 3° inferior of the horizontal
meridian.

1.2.1 Representation of the Visual Field in the Striate Cortex

Much of the knowledge of the cortical representation of the visual field has come
from the study of war wounded (Inouye 1909, Holmes and Lister 1916, Holmes
1918). Visual field deficits were correlated with the position of missiles penetrating
the occipital cortex and used to construct a map. The most well known map was
produced by Holmes (1945) and is shown in Figure 1.3.

The map shows an ordered topographic representation of the contralateral hemi-field
of vision. The vertical meridian is represented along the periphery of the
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Figure 1.3 The left striate cortex and the right halfofthe visual field. The different
patterns indicate the corresponding segments ofthe visual field on the cortex.
(From Holmes G (1945). The organisation of the visual cortex in man. Proc R Soc

Lond Series B (Biol) 132, 348-361 Reproduced with permission ofthe publisher).
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striate cortex. The superior visual field is represented in the inferior striate cortex and
vice versa. The central field is represented in the occipital pole and is 'magnified'
relative to the peripheral field which is mapped anteriorly. According to this map,
approximately 25% of the surface of the striate cortex processes the central 15° of

vision.

This map has been confirmed by studies using x-ray computed tomography (Spector
et al 1981) and PET (Fox et al 1987). However, recent work correlating the visual
field deficits of patients with occipital lobe lesions with magnetic resonance images
(Horton and Hoyt 1991, McFadzean et al 1993) have suggested a revision of the
map. The revised map shows a greater representation of the central visual field, with
the central 30° covering approximately 83% of the striate cortex.

The distance in the cortex, in millimetres, concerned with 1° of the visual field has
been termed cortical magnification (Daniel and Whitteridge 1961). The cortical
magnification in man has been found to be inversely proportional to retinal
eccentricity (Rovamo and Virsu 1979, Horton and Hoyt 1991) and is proportional to
the density of ganglion cells in the retina (Rovamo and Virsu 1979, Curcio and Allen
1990).

1.2.2 Sensitivity of the Visual Field

The sensitivity of the visual field varies across its surface in accordance with its
cortical representation. Consequently the visual field is most sensitive in the centre
and least sensitive in the periphery. Small objects are seen distinctly within the visual
field when they are near the visual axis whilst larger or brighter stimuli are required if
they are to be seen in the peripheral field.

The visual field can be represented as a map showing the retinal sensitivity at different
locations. The most familiar clinical representation is an isoptre plot in which isoptres
are drawn, connecting visual field test locations of equal threshold (Figure 1.4). If the
visual field were to be plotted in three dimensions, as sensitivity against retinal
location, it would appear as a 'hill of vision' (Traquair 1927) with a pit at the blind
spot (Figure 1.5).
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Figure 1.5 The 'hill of vision'. A three dimensional representation of the visual field,
showing retinal sensitivity at each point in the field, as described by Traquair (1927).
This example shows the retinal sensitivity of a right eye. (From Wemner EB (1991).
Manual of visual fields. Churchill Livingstone, New York. Reproduced by
permission of the publisher).
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The measurement of visual fields is clinically important because it can show
characteristic variations and abnormalities in sensitivity when the visual system is
affected by disease or damage. Therefore by careful interpretation of variations in the
visual field map it is possible to anatomically locate the lesion which produced the
variation.

Visual field measurement has a number of uses:

1. To establish a diagnosis, such as glaucoma.

2. To estimate the anatomical location of pathology within the visual pathways.

3. To provide a prognosis, such as in glaucoma.

4. To assess visual function, such as in stroke patients.

5. To monitor the progress of disease, such as in glaucoma, and to guide clinical
intervention where possible.

The terms used to describe visual field loss are described in Table 1.1.

1.2.3 Types of Visual Field Loss

Types of visual field loss are reviewed in Harrington and Drake (1990), Townsend et
al (1991) and Wemner (1991). Some of the most common types of field loss are
described below.

Pre-chiasmal pathology

Pre-chiasmal field loss is caused by intraocular disease or disease of the optic nerve
and is often characterised by scotomatous defects.

Glaucoma is a common cause of visual field loss. Defects in the visual field are
caused by loss of optic nerve fibres and are usually associated with raised intraocular
pressure. The overall prevalence of primary open angle glaucoma is about 0.4 % in
western countries, rising to 1 % around the age of 70 and to 3 % over the age of 75
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Table 1.1 Terms used to describe visual field loss

Scotoma
Constriction
Absolute

Relative

Hemianopia
Quadrantanopia

Homonymous
Complete

Incomplete

Congruous

Incongruous

Localised defect

Deiect limiting the peripheral extent of the visual field.
Defect so dense that the patient does not respond to the
maximum stimulus used.

Defect disappears or becomes smaller using a brighter or
larger stimulus.

Defect involving only left or right half of the visual field.
Hemianopic defect involving only a superior or inferior
quadrant.

Defect affects the same part of the field of both eyes.

Entire right or left hemi-field is lost.

At least a part of involved hemi-field in one eye is partially
or totally spared.

Defects are the same size, shape and location for the two
eyes and are superimposable. Lesions in the visual cortex
are congruous.

Defects for the two eyes are different. Lesions just
posterior to the chiasm in the optic tracts tend to be
Incongruous.



36

(Leske 1983). In the early stages of glaucoma the large nerve fibres from the
magnocellular pathway (Section 1.1.2) are most at risk of damage and 20% may be
lost before a visual field defect is detectable (Quigley et al 1989). In glaucoma the
frequency of scotomata is approximately the same in the upper and lower halves of
the visual field, but the locations of the scotomata vary widely (Aulhorn and
Karmeyer 1977). In the upper half of the visual field, arcuate scotomata are found
corresponding to the route of axons from the retinal ganglion cells (Section 1.1.1),
whilst in the inferior half of the field the scotomata lie predominantly in the nasal
quadrant. An example of a glaucomatous visual field is shown in Figure 1.6.
Effective control of glaucoma can only be achieved using frequent, regular and
detailed examination of the visual field.

Lesions such as tumours, scars and retinal haemorrhages produce dense, localised

scotomata.

Retinal detachments produce visual field defects which correspond exactly with the
area of the detached retina and in the early stages have a characteristic sloping border.
In contrast, retinoschisis produces an absolute visual field defect with a very sharp
border.

Field defects due to retinitis pigmentosa are highly variable. The defect commonly
starts in the mid peripheral retina at an eccentricity of 20° to 25° from fixation and in
the late stages the fields are often characterised by a small residual central island of

vision.

Chiasmal pathology

Compression of the optic chiasm causes field defects which are dependent on the
course of the nerve fibres through the chiasm (Section 1.1.3).

Compression of the optic nerve as it enters the optic chiasm produces a junctional
scotoma, a combination of an optic nerve defect in one eye and a temporal superior
quadrantanopia in the other eye.

Compression of the chiasm from below, such as from a pituitary tumour, causes a
superior quadrantic bitemporal hemianopia.  Superior quadrantic bitemporal
hemianopia may also be caused by a decelerating head trauma resulting in shearing of



Figure 1.6 Central visual field chart from a left eye showing typical glaucomatous
field defects. The field was recorded by means of a Tubingen perimeter. The
subject was a 58 year old lady with bilateral open angle glaucoma. The upper field
shows baring of the blindspot.
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the blood supply from below. Compression of the chiasm from above, such as from a
craniopharyngioma, causes an inferior quadrantic bitemporal hemianopia. An
aneurysm of one internal carotid artery can displace the chiasm, compressing it
against a normal artery, and can produce a binasal hemianopia.

Post chiasmal pathology

Compression of the optic tract (Section 1.1.3) produces homonymous visual field
defects which are incongruous.

The nerve fibres in the optic radiations are not in a compact bundle but a wide fan
(Section 1.1.5) and are vulnerable to a wide range of insults. For example, damage to
the nerve fibres in Meyer's loop (Section 1.1.5) causes homonymous superior
quadrantanopia whilst lesions in the parietal lobe tend to produce homonymous
hemianopia. The optic radiations are supplied by the middle cerebral artery and
patients who develop hemiparesis due to disease of this artery often have an
homonymous hemianopia on the same side.

In normal brains the blood supply to V1 is often supplied entirely by the calcarine
branch of the posterior cerebral artery (Smith and Richardson 1966). In this situation
a calcarine artery infarct would result in a complete homonymous hemianopia. Such
a defect is often referred to as a 'macular splitting' homonymous hemianopia. In some
subjects, however, V1 is also supplied by the posterior temporal or parieto-occipital
branch of the posterior cerebral artery or an occipital branch of the middle cerebral
artery (Smith and Richardson 1966). In these cases, an infarct of the calcarine artery
would result in a homonymous hemianopia with sparing of the central visual field. As
the central field corresponds to the macular area of the retina, such a field defect is
often referred to as a ‘'macular sparing' homonymous hemianopia. The extent of the
sparing is dependent on the extent of the dual blood supply. Figure 1.7 shows an
example of a complete homonymous hemianopia with some central sparing.

Occasionally glioma, metastases and meningioma cause visual dysfunction in the optic
radiations and occipital cortex.

Due to the functional specialisation of the visual processing, damage to the prestriate
cortex can impair the recognition of objects causing visual agnosia (Zeki 1992). Such
agnosias include the inability to recognise faces and familiar surroundings. A lesion in
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Figure 1.7 Peripheral visual field charts from a Tubingen perimeter showing a
complete homonymous hemianopia with some central sparing, a) right eye and b)
left eve. The subiect was a 69 year old lady who had developed an occipital infarct.



area V5 produces akinetopsia, in which the patient cannot see or interpret objects in

motion. Some patients with homonymous hemianopia due to cortical pathology are
unaware of their visual field loss because the part of the cortex responsible for
recognising the significance of the loss is also destroyed.

1.2.4 Clinical Visual Field Testing

In clinical practice it is essential to test the visual field of each eye independently for
many pathological conditions to be detected.

It is also essential to test the visual field out to an eccentricity of about 25° to 30° but
not necessarily beyond (Bedwell 1982, Weber and Dobek 1986, Wemer 1991). In
glaucoma early visual field defects usually occur at an eccentricity of approximately
15° (Aulhorn and Karmeyer 1977). Most of the nerve fibres in the visual pathway
serve central vision and therefore almost all significant neurological visual field
defects are found to affect the central 30° (Werner 1991). In addition, due to the
high cortical magnification of the central visual field (Section 1.2.1) a 30° visual field
examination tests 83% of V1 and a 24° examination tests 80% of V1 (Horton and
Hoyt 1991).

1.3 PERIMETRY

The measurement of visual fields is called perimetry and is reviewed in a number of
texts including Bedwell (1982), Harrington and Drake (1990), Townsend et al
(1991), Werner (1991).

1.3.1 Principles of Perimetry

The simplest and crudest form of examination is confrontation in which the examiner
tests the visual field using simple objects such as his moving finger. A large range of
commercially available measurement devices is now available to the ophthalmologist
which facilitate clinical testing under controlled conditions. These devices are
sensitive to even subtle field defects. They can be either manual or automated with
some degree of computer control.



The visual field can be measured using a curved surface or bowl, with the eye

positioned at the focus of the bowl. The central visual field can be measured using a
flat surface and this is often referred to as campimetry.

There are two ways of performing perimetry. Kinetic perimetry uses moving stimulus
targets whilst static perimetry uses stationary targets. In kinetic perimetry a target of
constant intensity and size is repeatedly moved towards central fixation from the
peripheral visual field. The test subject responds when he first sees the stimulus.
Isoptres are then drawn on a chart linking points of equal sensitivity. In static
perimetry the stimulus is presented in the same place at various sizes or intensity until
it is seen by the test subject. The advantages of kinetic perimetry over static
perimetry are that it is relatively fast and that it is useful for plotting the borders of
field defects with steeply sloping sides. The drawbacks of using kinetic perimetry are
that it is difficult to detect small or shallow scotomata and to plot the borders of field
defects with gradually sloping sides (Townsend et al 1991, Wemer 1991).

The brightness of the stimulus target and the background are carefully controlled to
ensure test reproducibility. The brightness is measured in apostilbs (asb), where
1asb = 0.31831 cd/m’. The retinal sensitivity can be expressed in decibels (dB) by
a formula which generates high numbers where the visual field is sensitive and low
numbers where it is insensitive. The exact formula varies between different
perimeters. This demonstrates the lack of standardisation between instruments and
makes the comparison of results from different perimeters difficult (Keltner et al
1986).

It is very time consuming to find the sensitivity threshold across the whole visual
field. A quicker alternative is to make measurements with suprathreshold stimuli
which are about 0.5 dB brighter than the normal sensitivity threshold (Harrington and
Drake 1990). The disadvantage of this technique however, is that no information is
produced on the depth of the field defect.

1.3.2 Manual Perimeters

The Goldmann perimeter of 1945 (Bedwell 1982, Harrington and Drake 1990,
Townsend et al 1991, Werner 1991) is probably the most widely used perimeter in the
world. Stimuli are projected onto the inside surface of a bowl and it can be used to
perform quantitative kinetic and static perimetry. The Tubingen perimeter (Bedwell
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1982, Harrington and Drake 1990, Townsend et al 1991, Werner 1991) is similar in
design to the Goldmann perimeter but was designed to perform static profile
penmetry more easily. Both these perimeters can test the central and the peripheral
visual fields.

The Friedmann Visual Field Analyser was introduced in 1966 (Bedwell 1982,
Townsend et al 1991) and is very popular in Europe and Japan. It is used to perform
static quantitative measurement of the central visual field out to an eccentricity of
25°. Multiple stimuli are presented simultaneously from behind holes in a flat plate
and the operator records the number and location of the stimuli seen by the test
subject. In this way it is possible to test the visual field more quickly, than is possible
with the Goldmann perimeter (Bedwell 1982).

Peripheral fields are sometimes measured using the Aimark, light projection arc
perimeter, introduced in the 1930s (Bedwell 1982, Wemer 1991).

1.3.3 Automated Perimeters

Automated perimeters were developed to make perimetry more widely available by
dispensing with the need for extensively trained and experienced operators.

The two most popular automated perimeters are the Octopus perimeter (Bedwell
1982, Harrington and Drake 1990, Wemer 1991) and the Humphrey field analyser
(Townsend et al 1991, Wemer 1991). Both systems use projection stimuli and
provide an extensive range of programmed test protocols. These systems have the
advantages that the test procedure is exactly repeatable and they can also store the
results, provide statistical analysis, display results in a variety of formats and provide
hardcopy.

1.3.4 Current developments in perimetry
The availability of low-cost personal computers with computer graphics capability is

enabling the development of a new generation of perimeters tailored for specific
needs.



A computerised visual field test has been specially developed for use with children

(Johnston et al 1989). Conventional perimetric tests cannot usually be performed
with children because the tests are long, tedious and require steady fixation. This new
test uses a game format to hold the child's attention and unlike conventional tests, the
child is allowed to move his eye.

Fitzke et al (New Scientist 1991) have developed a test for screening for glaucoma.
The test uses moving stimuli and is designed to test the nerve fibres of the
magnocellular pathway which subserve movement detection and which are
preferentially damaged in the early stages of glaucoma (Section 1.2.3).

Keating and Mutlukan (1993) have developed an automated multistimulus perimeter.
Upon seeing a stimulus, the patient responds to the computer via a touch screen and
this makes the test faster than conventional multistimulus perimetry.

The use of computer graphics in these perimeters enables the use of novel stimuli.
For example, dark stimuli can be used, which may have a useful clinical role in testing
the off-pathway of the visual system (Mutlukan and Damato 1992).

These low-cost computerised perimeters will make perimetry more accessible and
enable wider screening for diseases such as glaucoma.

1.3.5 Limitations of Clinical Perimetry

Despite the latest achievements in perimetry the technique remains subjective and
relies on the co-operation and concentration of the patient. Mapping the visual field
can be very time consuming and even the most co-operative patient's concentration
varies over the duration of the test. Tests typically take 15 to 30 minutes per eye.
The tests are particularly difficult or impossible to perform in the young, the elderly,
those with severe learning difficulties and stroke victims. Testing these groups can
also be complicated by difficulties in communication, because the tests require a
verbal or motor response.

The reliability of perimetric tests can be checked by monitoring fixation on a
television monitor and by testing with stimuli placed in the blindspot. Nevertheless, it
is still possible for co-operative subjects to give variable results (Katz and Sommer
1991).



There is therefore a clinical need for an objective form of perimetry. One way of

achieving this is to use electrophysiology techniques to detect the evoked signals
produced in the visual system in response to stimulation.

1.4 CLINICAL ELECTROPHYSIOLOGY OF THE VISUAL SYSTEM
1.4.1 Introduction

Clinical electrophysiology offers non-invasive measurement techniques to objectively
test the function of the visual system. These techniques record evoked potentials
which are electrical signals generated by the nervous system in response to sensory
stimulation. The electroretinogram (ERG) records the evoked response from the
retina and the visual evoked cortical potential (VECP) records the evoked response
from the visual cortex.

1.4.2 A Review of the Electroretinogram
The flash ERG

The flash ERG provides a measure of the function of the outer retinal layer,
containing the photoreceptors, and the mid retinal layer, containing the bipolar cells

(Figure 1.1).

A diffuse light flash stimulus is used. The ERG is recorded using an electrode placed
on the cornea and amplified using a physiological amplifier. The ERG has two
principal components, a negative 'a' wave followed by a positive 'b' wave. The 'a’
wave occurs about 12 ms after the light stimulus and is generated by the
photoreceptors. The 'b' wave occurs after about 30 ms and is related to the activity of
the bipolar and Mueller cells (Carr and Siegel 1990).

The ERG amplitude depends on the stimulus intensity. A normal photopic response
to a single flash stimulus is about 50 uV in amplitude and is dominated by the
response from the cones. If the stimulus is presented in excess of 15 times per second
(flicker stimulus) the rods do not have time to respond and a pure cone response is
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obtained. A normal scotopic response, obtained after a period of dark adaptation, is
about 300 pV in amplitude and is dominated by the response from the rods.

In retinitis pigmentosa, the ERG amplitude is reduced or absent. Congenital
stationary night blindness causes a reduced or absent scotopic 'b' wave and sometimes
a reduced scotopic 'a' wave. Disorders of the cone system lead to an absent flicker
ERG (Carr and Siegel 1990).

The pattern electroretinogram

The pattern ERG (PERG) is a relatively new test and not widely used but it provides
further information on retinal function. The PERG provides functional information
on the mid and inner retinal layers and has been reviewed by Berninger and Arden
(1988). The measurement technique differs from the standard ERG in that a pattern
stimulus is used. The response is only 2 uV in amplitude and therefore requires
careful recording techniques and the use of signal averaging.

The PERG has two main components, a positive peak 50 ms from stimulus onset,
P50, and a negative peak 95 ms from stimulus onset, N95. (Conventions for
labelling electrophysiological waveforms are explained in Section 2.10.3). The P50
component is a luminance response originating in the mid retinal layer. The NO95
component originates from the ganglion cells in the inner retinal layer (Maffei and
Fiorentini 1981) and shows spatial tuning due to the receptive fields of the ganglion
cells (Section 1.1.1).

The P50 and N95 are usually affected separately in disease. P50 is reduced in
macular disorders while N95 may be selectively affected in conditions where the
optic nerve is damaged (Holder 1987). In glaucoma the PERG is often significantly
reduced in amplitude before it is possible to detect a visual field defect and may
therefore provide a useful prognostic indicator for patients with ocular hypertension
(Berninger and Arden 1988). In diabetic retinopathy the PERG can be used to
demonstrate retinal ischaemia. . PERG measurements are usefully combined with
VECP measurements. Both tests can confirm damage to the optic nerve, whilst an
abnormal VECP in the presence of a normal PERG implies damage posterior to the
optic nerve.
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1.4.3 A Review of the Visual Evoked Cortical Potential

There have been a number of reviews of the VECP including Galloway (1981),
Drasdo (1983), Galloway (1986), Regan and Spekreijse (1986) and Celesia (1991).
The VECP is also described in recent texts by Spehlmann (1985), Regan (1989), Carr
and Siegel (1990) and Heckenlively and Arden (1991).

The VECP measures electrical activity from the striate cortex, V1, and the prestriate
cortex (Spekreijse 1980, Maier et al 1987, Beers et al 1992). When the visual cortex
is stimulated it can be thought of as a voltage dipole causing currents to flow over the
surface of the scalp. By placing electrodes on the scalp it is possible to measure a
potential difference due to the currents. The VECP is dominated by the response
from the central visual field due to cortical magnification and the orientation of the
striate cortex (Halliday et al 1977). Similarly due to orientation of the relevant parts
- of the cortex, the inferior visual field contributes a greater proportion of the total
VECP than does the superior visual field.

The recorded potentials are of the order 1 to 20 uV in amplitude and are buried in
ongoing electroencephalographic (EEG) activity which is commonly up to 60pV in
amplitude. The signal recorded from the electrodes is first filtered and amplified
using a physiological amplifier. The VECP is then usually recovered from the
background noise by means of signal averaging. The principle of signal averaging is
based on the assumption that EEG noise occurs in a random fashion and cancels out
when successive recordings are averaged (Regan 1989). In clinical practice it is
usually necessary to average 100 recordings in order to obtain a sufficiently clear and
reproducible VECP waveform.

The technique of signal averaging was pioneered by George Dawson in the 1950s
(Regan and Spekreijse 1986). Dawson's first averager was an electromechanical
device (Dawson 1954) and this was succeeded by an electronic version in 1958
(Regan and Spekreijse 1986). It was not, however, until 1960 (Cobb and Dawson
1960) that the first averaged VECP was published. The number of VECP studies
then rapidly increased as signal averagers became commercially available.

Workers initially experimented with simple flash stimuli and Ciganek (1961) produced
a key paper in which he described the characteristics of the flash VECP waveform.
The response to flash stimuli is very dependent on the luminance of the stimulus and
unfortunately its amplitude and latency are very variable (Spehlmann 1985). Through
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time the flash stimulus has been largely superseded by patterned stimuli such as the
pattern-reversal checkerboard. The pattern-reversal response is more related to the
stimulus pattern size, contrast and frequency of reversal and is less dependent on
luminance because the stimulus is isoluminant. Pattern stimuli are the most clinically
useful stimuli because they have a smaller intra- and interindividual variation than
flash stimuli and are generally more sensitive to disease processes (Spehlmann 1985).

Despite the disadvantages highlighted above, the flash VECP still has clinical uses.
When the optic media are opaque or the visual acuity is very poor the pattern
stimulus is of no use but a flash stimulus can give useful information about central
visual function (Galloway 1986, Galloway 1988) due to cortical magnification of the
central retina (Section 1.2.1). The flash VECP can therefore be used, for example, to
provide prognostic information before cataract surgery or vitrectomy (Galloway
1986, Galloway 1988).

In the late 1960s research interest switched from the flash VECP to the pattern VECP
in order to test different functions of the visual system (Regan and Spekreijse 1986).
A significant clinical breakthrough came in 1972 when it was discovered that the
pattern-reversal VECP was delayed in optic neuritis (Halliday et al 1972). This event
heralded the widespread clinical introduction of the patten VECP. The diagnosis of
optic neuritis and multiple sclerosis using the pattern-reversal VECP remains one of
the most widely used applications of visual electrophysiology.

Figure 1.8 illustrates a typical recording from a checkerboard pattern-reversal
stimulus. The recordings were made from an electrode positioned 5 cm superior to
the inion so that the recording site was directly over the visual cortex. The recordings
were made relative to a reference electrode positioned 12 cm superior to the nasion.
The waveforms have three characteristic features: a negative peak at approximately
75 ms, labelled N75, a positive peak at approximately 100 ms , labelled P100, and a
negative peak at 145 ms, labelled N145. Most patients fit this characteristic pattern
but some recordings are more difficult to label and interpret, with N75 not easily
seen. In contrast to Figure 1.8, Figure 1.9 illustrates typical recordings from a patient
with optic neuritis. The signal from the right eye is characteristically delayed.
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The pattern VECP exhibits spatial tuning properties and in normal subjects the largest
response is obtained with 15' checks. The VECP recorded from small checks is
dominated by the central field whilst the VECP recorded from large checks is
dominated by more peripheral areas of the visual field (Harter 1970).

The finest stimulus pattern which yields a detectable signal can be used to infer the
visual acuity, or resolving power, of the visual system (Hyvarinen 1991). This
threshold can also be determined by extrapolating from the amplitude of
suprathreshold VECP measurements (Tyler 1991). For infants and multiply
handicapped children the VECP provides a method of assessing visual acuity which
| cannot be obtained by subjective techniques (Sokol et al 1983, Hyvarinen 1991,
Taylor and McCulloch 1992). This objective test is also useful for testing patients
who claim to have poor visual acuity and are suspected of hysteria or malingering
(Galloway 1986).

|

A combination of full-field and hemi-field stimuli can be used to localise lesions in the
visual pathway and objectively detect visual field defects (Blumhardt et al 1977,
Galloway 1981, Spehlmann 1985, Galloway 1986).

| Monocular full-field stimuli are used to detect visual field defects due to retinal or

| prechiasmal pathology, whilst monocular patterned hemi-field stimuli are used to
detect hemianopia from chiasmal or postchiasmal pathology.

A gross monocular visual field defect will result in a reduced or absent VECP.

A pattern-reversal stimulus is usually used for hemi-field investigations (Spehimann
1985). Blumhardt et al (1977) wrote a key paper in this field and they described how
the normal VECP from a hemi-field pattern-reversal stimulus has a characteristic
asymmetric voltage distribution about the midline of the occipital scalp and requires
the use of additional recording electrodes positioned equidistant from the midline.
Due to the orientation of the visual cortex, the maximum response is detected on the
midline and contralateral to the stimulated side of the cortex and has peaks similiar to
those of the full-field VECP, that is N75, P100 and N145. The signals recorded
over the excited hemisphere usually have a lower amplitude and may show P75,
N105 and P135 peaks. An example is illustrated in Figure 1.10. The mid-occipital
electrode was placed 5 cm superior to the inion and the right and left occipital
electrodes were placed 5 cm either side. The left temporal electrode was
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Figure 1.10 Normal transient VECP for monocular
pattern-reversal stimulation of the right hemi-field.
Characteristic peaks are labelled.



placed 10 cm left of the midline. All recordings were made relative to an electrode

placed 12 cm superior to the nasion. Stimulation of a hemi-field with a complete
hemianopia will result in an absent VECP. Lesions which are incomplete may reduce
the amplitude, distort the shape and occasionally increase the latency of the involved
VECPs (Spehlmann 1985). Whilst hemi-field stimuli are suitable for detecting large
visual field abnormalities (Blumhardt 1977), smaller stimulus fields are required to
detect smaller visual field defects (Cappin and Nissim 1975, Howe and Mitchell 1980,
Yanashima 1982).

Since the introduction of hemi-field VECP studies, x-ray computed tomography (CT)
and magnetic resonance imaging (MRI) have become available for imaging the visual
system and accurately localising lesions. Nevertheless, evoked potential studies may
reveal functional abnormalities of the visual system when imaging tests are normal.
Evoked potential recording and imaging techniques are therefore complementary to
one other (Chiappa 1991).

As explained earlier in this section, the VECP measures cortical activity. By means of
multi-channel recordings it is now possible to map the distribution of the evoked
potential on the scalp and to estimate the location and orientation of the cortical
generators (Celesia 1991). This technique is enabling researchers to determine the
cortical origin of different components in the VECP but it is uncertain whether the
technique will become a routine clinical tool (Nunez et al 1991).

1.4.4 Conclusion

The ERG, PERG and the VECP can all detect lesions in the visual system and
therefore offer the potential of providing objective information on the visual field.
The most appropriate recording technique depends on the type of pathology
suspected. If a problem is suspected at the retinal level then an ERG or PERG is
likely to be most sensitive although the VECP will be sensitive to pathology involving
the macula. If a problem exists posterior to the optic nerve a VECP is the only test
modality available. In this sense the ERG, PERG and VECP are complementary
techniques.

The advantage of using the VECP for visual field testing, however, is that it measures
the whole visual system: optics, neural stimulation, conduction and processing. A
limitation of any objective technique using the VECP, however, will be the fact that it
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is less sensitive to the peripheral visual field due to cortical magnification and
orientation. Nevertheless, the development of VECP techniques can still be justified
on the grounds that the central visual field is the most important part to test (Section
1.2.4)

1.5 ELECTROPERIMETRY
1.5.1 Introduction

The concept of using VECPs for detailed visual field analysis has been pursued for
about 30 years, the first experiments being made by Copenhaver and Beinhocker
(1963). They introduced the term electroperimetry (Beinhocker et al 1966) to
describe objective analysis using the VECP, although subsequently the term has also
been used to describe measurements made using the ERG (Henkes and Van Lith
1973).

As yet there is no commercially available instrument for performing electroperimetry.
The following sections review the problems that have to be addressed before
electroperimetry can become a practical clinical tool. Electroperimetry by means of
the VECP is considered for the reasons given in Section 1.4.4.

1.5.2 Stimulus Types

There is no consensus as to which is the best stimulus for electroperimetry. As with
conventional clinical visual electrophysiology, unstructured and patterned stimuli have

been used.

For simple flash stimuli the source most often used has been a Xenon flash tube
(Copenhaver and Beinhocker 1963, Beinhocker et al 1966, Schreinemachers and
Henkes 1968, Henkes and Van Lith 1973, Adachi-Usami et al 1978, Kojima and
Zrenner 1980). Other sources have been an LED (Elberger and Spydell 1985) and a
monitor (Regan and Milner 1978, Howe and Mitchell 1980, Yanashima 1982).

Patterned stimuli have usually been produced on a monitor screen which could
obviously be very flexible if the pattern were software generated. Patterns have
included a checkerboard (Howe and Mitchell 1980, Yanashima 1982) and a circularly
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symmetric difference of two Gaussian functions with the geometric centres
superimposed (Sandini et al 1983). A checkerboard stimulus has also been produced
using a rotating polaroid screen (Cappin and Nissim 1975).

1.5.3 Clinical Studies
As yet there have been very few clinical studies with patients.

Copenhaver and Beinhocker (1963) demonstrated visual field defects in two patients:
one with a right homonymous hemianopia and one with a scotoma due to a retinal
tumour. They used a 3.9 Hz flash stimulus subtending 2.5° and tested various points
in the visual field out to an eccentricity of 30°. The signal was recovered using signal
averaging which was very time consuming. Furthermore, only one recording channel
was used so it is unlikely that the maximum signal-to-noise ratio (SNR) was obtained.

The remaining studies have all used quadrant checkerboard stimuli.

Cappin and Nissim (1975) studied 21 patients with glaucoma, 11 patients with ocular
hypertension and 10 normals. They studied homonymous visual field quadrants using
a pattern which subtended 22° x 22°. The checks each subtended 50 ' and the pattern
reversed 12 times per second. The VECPs corresponding to small visual field defects
showed a phase shift relative to normal homonymous quadrants. No signal was
recordable if the field defect filled more than three quarters of the quadrant. Like
Copenhaver and Beinhocker (1963), only one recording channel was used and the
signal was recovered using slow signal averaging.

In a study of 12 patients, Howe and Mitchell (1980) found that quadrantic field
stimulation made a substantial improvement in the detection of homonymous field
defects due to cerebrovascular accident and migraine. The stimulus pattern reversed
12 times per second. The test stimulus was only eight degrees wide and six degrees
high. Twenty minute checks were used to maximise the response from the central
segment of the quadrant. The quadrant was subsequently retested using 50' checks to
maximise the response from the peripheral part. As before, only one recording
channel was used and the signal recovery was limited by signal averaging.
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Yanashima (1982) demonstrated homonymous hemianopia and quadrantanopia in a
small group of patients. He used a specially developed electrophysiology system
which had a number of advantages over the systems used in previous studies. The
SNR was maximised by recording from five electrodes placed over the visual cortex
and by analysing the recordings in the frequency domain. The recording time was
reduced by testing four quadrants simultaneously, each quadrant was tested with a
slightly different frequency. A limitation of the study was that the stimulus only
extended to an eccentricity of 10°. The study could have been further improved by
extending the signal processing to include the use of objective signal detection
methods.

In conclusion, quadrant field stimulation as described above has proved clinically
useful but only provides crude information on the visual field. There is little clinical
literature on more detailed examination of the visual field. This is probably due to the
difficulty in recording a measurable signal from the peripheral areas of the visual field,
the time consuming nature of the test and the technical limitations of the available

electrophysiology systems.

In order to record the VECP from small areas of the peripheral retina the stimulus
should be optimised so that the SNR is maximised. In order to complete the test in a
reasonably short time the method of signal recovery should be optimised so that
signals can be detected rapidly.

1.5.4 Optimisation of Stimuli for Electroperimetry

A number of strategies have been developed to maximise the VECP amplitude from
stimulation of the peripheral visual field.

Patterned stimuli

In quadrant field studies the check-size can be varied in order to measure the response
from the central or peripheral parts of the visual field (Section 1.4.3 and Section
1.5.3) because the most effective check-size increases with retinal eccentricity.

Sandini et al (1983) increased the size of their pattern stimulus with retinal
eccentricity according to the reciprocal of the cortical magnification factor.
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Flash stimuli

Workers using flash stimuli have also varied the stimulus size according to retinal
eccentricity to increase the size of the VECP amplitude from the peripheral field
(Beinhocker et al 1966, Henkes and Van Lith 1973).

Kojima and Zrenner (1980) demonstrated that the VECP is related to the number of
rods and cones stimulated and so varies under scotopic and photopic conditions. The
advantage of performing electroperimetry under photopic conditions is that these are
the same conditions used for psychophysical clinical perimetry (Henkes and Van Lith
1973). The advantage of recording VECPs under scotopic conditions however is that
the peripheral visual field is relatively more sensitive. Under scotopic conditions,
using a 5° diameter stimulus, Adachi-Usami et al (1978) could record the VECP up
to 25° eccentricity but found a high interindividual vanability. They were pessimistic
that the scotopic VECP would enable measurement of retinal sensitivity with an
adequate resolution for clinical use. Kojima and Zrenner (1980) however showed
good reproducible results for 4 subjects along one meridian under scotopic
conditions. A disadvantage of performing electrophysiology under scotopic
conditions is that a long adaptation period of 20 to 40 minutes is required and slow
stimulation rates have to be used to prevent light adaptation. Despite these problems
scotopic VECPs have been shown to be useful in discriminating between normal
subjects and subjects with night blindness (Airas and Peterson 1985) and in
identifying cases of concentric field restriction (Peterson and Airas 1985).

The colour of the stimulus and the background also affect the relative contributions of
cones and rods to the VECP. A white stimulus has the advantage of exciting all
photoreceptors whilst red light (Schreinemachers and Henkes 1968, Henkes and Van
Lith 1973) leaves the green and blue cones relatively undisturbed. Other colours used
in electroperimetry experiments have included yellow (Copenhaver and Beinhocker
1963), green (Copenhaver and Beinhocker 1963, Elberger and Spydell 1985), orange
(for photopic stimulation) and blue (for scotopic stimulation) (Kojima and Zrenner
1980).

The VECP signal amplitude is an integral of the flash luminance and duration (Wicke
et al 1964, Beinhocker et al 1966). There have been similar findings with ERG
measurements and it has been found that there is a stimulus duration at which the
response saturates (Henkes and Van Lith 1973). These observations have parallels in
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Bloch's law which describes temporal influences on the psychophysical threshold of
vision.

New stimuli

An alternative way of improving the relative sensitivity of the peripheral retina may be
to use moving stimuli. The parts of the visual cortex which process motion receive
their input from the magnocellular pathway (Section 1.1) in which the peripheral
retina is well represented This hypothesis is supported by recent reports in the
literature which showed that the amplitude of the motion-onset VECP is significantly
larger for extramacular than for macular stimulation (Kubova and Kuba 1992, Kuba
and Kubova 1992). Muller et al (1990) were able to record VECPs from motion-
onset stimuli at an eccentricity of 23°.

1.5.5 Scattered Light

When recording VECPs due to localised stimuli it must be ensured that the measured
signals are not due to light scattered to other parts of the retina. The retinal
distribution of stray light has been thoroughly investigated by de Mott and Boynton
(1958a,b) mostly using eyes excised from steers. Their measurements showed that
about 70% of scattered light comes from the cornea, whilst the remainder comes from
the lens. They were also able to measure the distribution of scattered light as a
function of angle from the incident light direction. These results show, for example,
that at an angle of 5° the illuminance of the scattered light is about 2.5 log units less
than the source. Consequently, if the source illuminance is more than 2.5 log units
above the VECP threshold, the light scattered 5° from the stimulus will contribute to
the recording.

The effect of scattered light can be minimised in photopic test conditions by the
addition of a light adapting surround to the stimulus (Copenhaver and Beinhocker
1963, Beinhocker et al 1966, Schreinemachers and Henkes 1968, Henkes and Van
Lith 1973, Adachi-Usami et al 1978, Kojima and Zrenner 1980, Sandini et al 1983).
In scotopic test conditions the effect of scattered light is minimised because the
stimulus luminance is very close to the minimum threshold of stimulation (Adachi-
Usami et al 1978, Kojima and Zrenner 1980, Airas and Peterson 1985, Peterson and
Airas 1985).
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1.5.6 Fixation Monitoring

Reliable fixation is essential for electroperimetry (Beinhocker et al 1966). A number
of methods for monitoring fixation have been tried but none is ideal. Fixation can be
checked using an infrared camera (Fujimoto and Adachi-Usami 1988), but this can be
difficult to assess. Fixation can also be checked by using a reference VECP signal
which is recorded from small checks positioned at fixation (Spekreijse 1980). This
technique enables fixation to be checked to within 30' of arc, but the patient must
have normal visual acuity which is not always the case if extensive field defects are
present. A third method is to place additional recording electrodes on either sides of
the eyes and record the electrooculogram. The problem with this technique is that in
addition to the time and discomfort of placing an additional two electrodes on the
patient, an additional amplifier channel is also required.

1.5.7 Signal Recording

The distribution of the VECP over the surface of the scalp varies according to the
location of the stimulus in the visual field. Therefore the number and position of
recording electrodes is critically important. Blumhardt et al (1977) found that four or
five recording sites were necessary for hemi-field stimulation. Regan and Milner
(1978) concluded that at least two channels are required for electroperimetry.
Yanashima (1982) detected quadrant field defects using quadrant field stimulation and
four recording channels, he concluded that more than two channels should be used.
Surprisingly, many experiments with electroperimetry have only used one channel and
it is therefore highly likely that the measured SNR was sub-optimal for many of the
stimuli investigated.

Most electroperimetry studies have used transient stimuli occurring at a rate of about
once per second and have recovered the signal from background noise by signal
averaging. When higher stimulus frequencies have been used the signal has also been
measured using a frequency analyser (Regan and Milner 1978) or a Fast Fourier
Transform (FFT) (Yanashima 1982).

In electroperimetry no advanced method of digital signal processing (DSP) has been
used to improve the SNR. Potential methods of improving the SNR include Wiener
filtering (Cerutti et al 1987a, de Weerd 1981), parametric filtering (Cerutti et al
1987b) and adaptive filtering (Widrow et al 1975, Widrow and Stearns 1985).
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The processed signals need to be characterised by a number of key parameters. This
is usually achieved by quoting the amplitude or latency of various key features. For
high frequency stimulation the latency is quoted as a phase. In general the amplitude
of the VECP increases and the latency decreases with stimulus intensity (Regan 1972,
Adachi-Usami 1978, Kojima and Zrenner 1980). Kojima and Zrenner (1980) argued
that latency was a more reliable measurement criterion than amplitude because the
amplitude measurements were variable and influenced by the distance between the
stimulated part of the visual cortex and the recording electrode.

Some attempts have been made to automatically analyse the signal. Beinhocker et al
(1966) integrated the VECP response and empirically determined whether a signal
was present or not. Kleinschmidt et al (1992) decided that amplitudes and latencies
were too variable to use and tested the significance of differences in variance of the
EEG for 512 ms before and after stimulation.

1.6 CONCLUSION AND AIMS

An objective technique for performing perimetry would be a useful clinical tool
especially for testing those patients who are unable to co-operate adequately with
conventional subjective methods. For such a technique to be clinically useful it
should record VECPs and enable testing of the visual field out to a retinal eccentricity
of 25° to 30° (Section 1.2.4). In order to make the test practical it should take no
longer than 15 minutes per eye to complete.

To date most clinical electroperimetry data has been recorded using visual field
quadrant stimuli. To enable finer resolution of the visual field, the stimuli need to be
further optimised for stimulation of the extramacular visual field and faster recording
methods need to be developed. Many commercial systems are now available to
perform visual electrophysiology but the variety of stimuli offered is limited, in
general because the stimuli are produced by dedicated hardware.

The current availability of low-cost personal computers with high resolution graphics
allows the development of new stimuli for optimal stimulation of the peripheral retina.

A further limitation of commercial electrophysiology equipment is that signal
averaging is the only method of signal recovery. Recent developments in DSP may
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fitering. High-speed signal processors which are specialised microprocessors
designed to perform computationally intensive DSP algorithms in real-time are now
commercially available on low-cost processor cards for use in a PC, complete with
memory and interface circuits.

Reliable fixation is essential for electroperimetry but there is currently no ideal
method for monitoring fixation. An alternative approach would be for the test subject
to undertake a simple task that could be completed only if they were fixating
properly. Such a task would have the added advantage of helping the subject to
concentrate on fixating. Johnston et al (1989) found this approach very successful in
their computerised subjective perimeter (Section 1.3.4). For those patients who are
unable to reliably perform a simple task, the only satisfactory method of fixation
would be for the clinician to project the stimulus under direct view onto the
appropriate part of the retina.

The aims of the current research are:

1. To develop a visual electrophysiology system based on a PC with two novel
features: a DSP card to enable real-time signal processing and a wide range of
software generated stimuli.

2. To develop DSP techniques for fast objective signal detection and measurement.

3. To optimise stimuli for testing different parts of the visual field using a computer
monitor. In particular, to optimise quadrant field stimuli with a view to recording
from smaller areas of the visual field and to investigate the use of motion stimuli
for electroperimetry.

4. For those patients able to fixate on a monitor screen, to develop a method of
monitoring fixation which involves a simple task and also helps the patient to
concentrate.

5. For those subjects unable to fixate reliably on a monitor screen, to develop an
instrument which enables VECPs to be recorded whilst pattern stimuli are
positioned on the retina by the examiner under direct vision.
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6. To clinically validate the use of quadrant field stimuli by assessing patients with
complete and absolute hemi-field and quadrant field defects, and implement
methods for objective signal detection.



2. INSTRUMENTATION AND RECORDING METHODS

2.1 INTRODUCTION

This chapter describes the instrumentation and recording techniques used to develop
methods for objective visual field analysis using digital signal processing of visual
evoked cortical potentials. No commercial electrophysiology system was suitable for
the research and a new system based on a personal computer has been developed. This
development is described together with the clinical validation.

A number of commercial systems are also now based on PCs which have the
advantages of being able to archive data in a standard format, use various hardcopy
facilities and perform administrative tasks. Several microcomputer based systems are
also described in the literature (de Waal et al 1983, Epstein et al 1983, Stanziano et al
1988, Torok 1990). The reasons for their construction include the need for compact
portable systems (de Waal et al 1983) and the search for alternatives to the high cost,
limited flexibility and limited performance of commercial systems. Nevertheless, these
systems all have a restricted range of stimuli and are limited to slow averaging or off-
line spectral analysis.

The system described in this chapter has two novel features; it uses a DSP card to
enable real-time signal processing and it provides a wide range of software generated
stimuli.
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2.2 SYSTEM DESIGN SPECIFICATION

The system was designed to be capable of performing routine electrophysiology as

well as allowing the development of novel visual stimuli and signal detection

techniques.

The basic specification of the system was as follows:

1.

The system should be able to record VECPs or ERGs.

The system should be based on widely available commercial hardware and include
a PC and a DSP card.

. The visual stimuli should be software generated and displayed on a monitor.

The system should enable stimuli to be presented at slow transient rates (once per
second or less) as well as fast steady-state rates (four to twenty times per second).

A range of patterned stimuli should be available and the range of presentation
modes should include pattern-reversal, pattern-onset, pattern-offset and motion.

The DSP card should enable real-time signal processing including signal averaging
and facilitate the development of on-line adaptive filtering techniques for the
detection of steady-state VECPs.

The system should provide four recording channels.

The system should comply with the British Standard BS 5724 part 1 for patient
connected electromedical equipment (British Standards Institution 1989). BS 5724
part 1 is equivalent to the standard IEC 601 part 1 (International Electrotechnical
Commission 1988).

In order to be consistent with other centres the system should enable the recording
of flash ERGs to agreed international standards (Marmor et al 1989).
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2.3 SYSTEM HARDWARE
2.3.1 System overview

The system hardware is based on an IBM personal computer PS/2 30-286 with an
80287 co-processor. The computer has a 16 bit, AT compatible, bus with three
expansion slots (Figures 2.1). One slot is used for the DSP card, a second slot is used
for an analogue input/output card and the third slot is used for a card to drive two
computer monitors. Patterned stimuli are presented on a computer monitor and flash
stimuli are presented using a Ganzfeld bowl or a Xenon strobe. A four channel
physiological amplifier is used to amplify and filter signals before they are digitised in
the analogue input/output card.

2.3.2 Physiological amplifier
The physiological amplifier has two purposes:

1. To amplify the difference in potential between two electrodes so that the output
voltage is within the operating range of the analogue input/output card in the
computer (Figure 2.1).

2. To filter the recording and improve the SNR. The filter is set to attenuate
frequencies outside the range of frequencies contained in the VECP under study.

A differential amplifier must be used to reduce the effect of common mode
interference, such as that due to mains electricity. One recording electrode is
connected to the positive input of the amplifier V, and the other is co