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Dedicated to all those
who suffer from visual discomfort,
especially Maria T.
—and to my wife, Liz,
children, Martha and Jonathan,
and parents, Leslie and Barbara.



The eye is not satisfied with seeing
Ecclesiastes 1:8.



On the next page is a stressful pattern of stripes. Do not look at this
pattern if you have migraine or photosensitive epilepsy because it
might provoke an attack.

The pattern has a square-wave luminance profile (duty cycle
50%) with a Michelson contrast greater than 0.8. At a viewing
distance of about 0.4m the radius is close to 14 deg. and the spatial
frequency close to 3 cycle.deg=!. Figure 3.1 shows that when
patterns have these characteristics, anomalous perceptual effects,
eye-strain, headaches, and seizures are possible.
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Preface

In 1973 I was working as a post-doctoral research fellow in the Psychology
Department at the Montreal Neurological Institute, with Brenda Milner.
Frederick Andermann, a neurologist, referred one of his patients to the
department and I was asked to see her. This book is dedicated to this
patient, Maria T. She was a girl, then aged 14, who had seizures whenever
she looked at striped patterns. The seizures consisted of a momentary
loss of awareness, an absence, and they occurred only when she looked at
striped patterns. Unfortunately for this little girl, stripes are everywhere
in the modern urban environment: they are on clothes, furnishing fabrics,
grills, gratings, and so forth. She was having an average of 22 absences
an hour.

Pattern-sensitive epilepsy of this kind was then thought to be extremely
rare. It was first described by Bickford in 1953, and since then only a few
cases had been reported in the medical journals. By far the most intensive -
study had been by Chatrian et al. (1970), who had described four patients
in detail. Hubel and Wiesel had recently made their momentous discovery
of cells in the visual cortex of cats and monkeys that responded selectively
to lines in certain orientations (see Hubel 1988). The parallels between the
activity of these cells and of the cells that were triggering pattern-sensitive
seizures were obvious.

Although Maria had been experiencing many absence seizures, they had
lasted for only a few seconds and never developed into major motor convul-
sions. For this reason it seemed ethically acceptable to expose her to a variety
of visual stimuli in the laboratory so as to investigate which stimuli did and
which did not provoke a physiological response, in this case, a discharge of
spike and slow waveforms on the electroencephalograph (EEG).

Most important from Maria’s point of view was the finding that when one
eye was covered, the sensitivity to patterns was greatly reduced. She was
therefore given a pair of glasses with one lens frosted. Her seizures were
monitored using the ambulatory EEG recording techniques, developed at the
Montreal Neurological Institute by John Ives, that were then just becoming
available. The EEG was recorded for four consecutive days. She wore the
glasses on two of those days, and when she did so, the incidence of seizures
was reduced from 22 per hour to 3 per hour.

Unfortunately the success in treating Maria was limited. She had many
other handicaps in addition to her seizures, and the glasses did not prove



xiv  Preface

to be a long-term success. The seizures were eventually controlled by
sodium wvalproate, when the drug became available in North America. At
the time, however, the short-term success in reducing seizures motivated me
to continue studying pattern-sensitive epilepsy on my return to England to
work at the MRC Applied Psychology Unit. I am grateful to the Medical
Research Council and the director of the Applied Psychology Unit, Alan
Baddeley, for giving me this opportunity.

I joined a team of people that had just begun an investigation of the
mechanisms of a related form of reflex epilepsy: so-called television epi-
lepsy, in which the viewing of television precipitates seizures. The team
included Colin Binnie, then in charge of Clinical Neurophysiology at
St Bartholomew’s Hospital, and Colleen Darby, then Chief Physiological
Measurement Technician at Runwell Hospital. We began a study together
with Siggy Stefansson which was to show that pattern-sensitivity was far
more prevalent than had been thought, and that it was responsible for many
of the problems associated with television. These findings are described in
Chapters 2 and 7. The discovery that pattern sensitivity was not rare but
could be demonstrated in many patients if the appropriate pattern was used,
led to a series of detailed studies of the stimulus characteristics. The effects of
the pattern shape, size, contrast, and brightness were investigated, and these
are described in Chapter 2.

We were eventually able to design visual stimuli that were maximally likely
to induce the EEG abnormalities associated with epilepsy and these stimuli
are now used as a diagnostic tool. Patients’ relatives would often comment:
‘Oh, I could not look at that for long — it would give me a headache.” It soon
became apparent that we had produced a very uncomfortable stimulus, not
necessarily for the patients with epilepsy — they rarely suffered discomfort
— but for people with other complaints.

The complaints of discomfort from people without epilepsy were reminis-
cent of the complaints of eye-strain that had been associated with the recent
introduction of video displays for use with computers. I wondered whether
the flicker from computer screens was one of the causes of the complaints
because many photosensitive patients suffered seizures when they were close
to television screens. I began by checking this in a rather roundabout way.
I asked normal observers to rate the pleasantness of patterns of stripes with
different spacing. Not only were the stripes that provoked seizures rated
as being the most unpleasant, many observers subsequently complained of
headaches and dizziness. They reported anomalous visual effects: illusions
of colour, shape, and motion, and some observers were far more susceptible
to these illusions than others. It was a short step to find out whether the
observers who reported many illusions were those who were generally
more susceptible to headaches, and this indeed turned out to be the case.
Moreover, the stimuli most likely to provoke discomfort and illusions were
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almost exactly the same as those most likely to provoke seizures. These
findings are described in Chapter 3.

It took me some time to realize that text could be considered as a pattern
of stripes, and that at least some of the eye-strain associated with reading
could be attributed to this pattern. At first I thought that the stripes were
too broken up and of too low a contrast, but after listening to patients
describing their symptoms I thought it would be worthwhile doing some
measurements, These measurements seemed to confirm that the lines of text
could be considered to be stripes. Two strands of evidence finally convinced
me: (1) an unbiased observer described illusions from text identical to
those from stripes; (2) covering the lines above and below those being
read (removing the stripes) reduced seizures and headaches. Eventually
Roger Watt and I filtered samples of text having different typographic
characteristics and showed how these characteristics affected the striped
properties.

Illusions and complaints of discomfort are subjective and difficult to
measure. I tried to find objective indices of visual function that might
be associated with the discomfort, and an obvious place to start was
with eye movements. Two experts in the field, John Findlay and Roger
Carpenter, kindly helped me obtain some pilot data which suggested that
such an approach might be worthwhile. They helped set up the necessary
recording equipment based on a personal computer that IBM donated and an
analogue — digital converter made by Mike Gartrell in the IBM laboratories
at Hursley.

The relationships between eye movements and the occurrence of illusions
in patterns proved to be difficult to measure, partly because the movements
that occur when the eyes are looking at something are extremely small. The
effects of flicker from visual displays were more substantial. Large rapid eye
movements (saccades) are often followed by smaller corrective movements
that serve to bring the centre of gaze closer to the desired point in space. I
found that the number of these corrective movements was increased on a
video display, owing to the flicker. Further experiments showed that this
increase may occur because the flicker interferes with the mechanisms that
prevent our seeing the visual world during the eye movement itself. These
experiments are described in Chapters 6 and 7.

Fluorescent lighting pulsates in brightness 100 times per second (120
in America). It had been in use for three decades, but a steady trickle
of complaints of associated headaches and eye-strain still persisted. The
pulsation from fluorescent lighting is too rapid to see, and strictly speaking,
cannot therefore be called ‘flicker’. Nevertheless nerve cells in the eyes and
brain respond to each pulsation. Having found a small effect of the pulsation
on the control of eye movements, I thought it would be worthwhile to
see whether the pulsation was also responsible for headaches. A new form
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of fluorescent lighting had just become commercially available. It used
electronic circuitry to remove most of the 100-per-second pulsation. With
the help of Anthony Slater at the Building Research Establishment and Lou
Bedocs of Thorn Lighting I was able to set up a headache and eye-strain
survey in a large office block, changing the form of lighting during the course
of the survey. Much to my surprise, the office workers reported only half
the usual number of headaches under the new lighting. These findings are
described in Chapter 6.

The new form of lighting was relatively expensive to install (although
much cheaper to run) so I wondered how the effects of the pulsation from
conventional lamps could be reduced in other ways. I measured the pulsation
from a wide variety of lamps and found that for the most common types of
lamp the pulsation was greatest at the blue end of the spectrum. Together
with Peter Wilkinson, then at Cambridge Optical Group, I designed a
spectacle tint to reduce the pulsation. The tint has a rosy-brown appearance.
These spectacles were very similar to some of those designed by Helen Irlen
for use by people with dyslexia.

I had already come across reports of Helen Irlen’s work in the media. She
uses coloured glasses to treat a condition she has called ‘scotopic sensitivity
syndrome’ from which many people with dyslexia are said to suffer. I had
been intrigued by the similarity between the symptoms of this syndrome and
the distortions seen in patterns of stripes. Together with Catherine Neary,
a colleague with a background in optometry (who was supported by the
Health and Safety Executive), I examined a group of patients who had been
to the Irlen Institute and had received specially tinted spectacles. The reports
of the patients convinced me that the treatment could be very beneficial,
although the objective results of the optometric examination were certainly
insufficient to convince clinical colleagues. I designed a simple apparatus for
examining the perceptual effects of colour in a systematic way. Bob Edwards
helped me build it. This apparatus turned out to provide a rapid and precise
technique for assessing ophthalmic tints. A set of tints was developed with
advice from R. W. G. Hunt, and is now part of a system for ophthalmic
tinting that is commercially available and patented by the MRC. A large team
including Bruce Evans and Jenny Brown helped me to run a double-blind
trial to evaluate the system. The trial demonstrated that the benefits people
reported were more than could be attributed to placebo. The tinting system
and its evaluation are described in Chapter 9.

1 offer this autobiographical introduction so that readers can get an idea
of how things actually came about, rather than how, with hindsight, they
should have come about. The latter form of introduction is more commonly
found in scientific texts and such an introduction is offered in Chapter 1!

I am grateful to my colleagues and friends in Cambridge, particularly Ian
Nimmo-Smith who has offered help with statistics on many joint projects,
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Roger Watt for his ideas on images and Kalvis Jansons for criticism. I
thank Horace Barlow and Simon Laughlin who gave me some of the
ideas in Chapter 10. Fergus Campbell and John Robson offered their
advice and support over many years, and kindly looked through a draft of
the manuscript. The book owes much to the pioneering work of these two
scientists, and it is offered in memory of Fergus Campbell. Their comments,
and those of Edward Chronicle, Bruce Evans, Peter Gloor, Chris Kennard,
Anne Maclachlan, and James Tresilian, are much appreciated. Brenda Milner
taught me about science and the brain: I hope I learned a little. My family,
Elizabeth, Martha, and Jonathan, helped me write English, so they certainly
deserve a mention, as indeed do so many others . . .

Cambridge AW
April 1994
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1 Introduction

A general and unified theory of visual discomfort is outlined in Chapters 2—4
and is then applied to a variety of everyday problems, such as eye-strain from
reading (Chapter 5), from lighting (Chapter 6), from television and visual
display terminals (Chapter 7), and more generally from design (Chapter 8).
The role of colour in therapy is reviewed in Chapters 9 and 10, and the
Appendix gives a summary of techniques for preventing discomfort.

Some things are unpleasant to look at by virtue of what they represent, and
others because of their intrinsic physical properties. A picture of a traffic
accident is one example of a visual stimulus that is unpleasant because of
the pain and suffering that it signifies and the emotion that it engenders.
Unpleasant though such scenes undoubtedly are, they do not leave the eyes
feeling tired and they do not cause a sensation ‘like to a knife being driven
through the eye’. Visual stimuli that have these unpleasant effects do exist,
and the effects occur because of the physical properties of the stimuli, quite
independently of any semantic association. This book attempts to explain
the mechanisms of such ‘eye-strain’.

Eye-strain is a term that is used colloquially to refer to discomfort or pain
in or around the eyes, and such discomfort is very common. Although there
are many possible causes for pain with this localization, the causes are easy to
recognize only when the pain is the result of an obvious disorder of the eye.
For example, an ulcer on the front of the eye can be intensely painful. This
is not a common cause for pain in the eye, and for the most part, the pain
of eye-strain remains poorly understood. This book offers a theory of visual
discomfort that seeks to interpret the discomfort in terms of a neurological
response to excessive visual processing. Couched in a dictum, the message of
this book is simply: ‘Eye-strain is brain-strain’, or, more accurately, ‘some
eye-strain is brain-strain’. There are undoubtedly many causes of pain in
and around the eyes that are little to do with the brain, and they are not the
concern of this book. I hope that optometrists do not find this too great an
omission.

The theory is pieced together from a large number of fragmentary items
of evidence. Considered individually, each item might be taken to be a part
of a different picture, but when taken together the various fragments seem
to fit together. They are rather like the pieces of a wet cardboard jigsaw
puzzle! Although each piece of evidence is soft and malleable, it fits with
the other pieces to form a cohesive interlocking structure. The picture is
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still only partially complete and remains somewhat blurred, but it has now
‘dried out’ sufficiently to be worth describing.

Visual stimulation can give rise to a variety of adverse effects, including
anomalous perceptual phenomena, distortions of various kinds, discomfort,
nausea, dizziness, aches and pains in and around the eyes, headaches, and
even epileptic seizures. The theory offered in this book is unified and general:
it is intended to apply to all these adverse consequences of visual stimulation,
and to explain why similar visual stimuli can be responsible for such
effects. Chapter 2 is devoted to a description of the stimuli responsible for
epileptic seizures, and the physiological mechanisms whereby the seizures
are induced. In Chapter 3 it is shown that the stimuli capable of inducing
seizures in patients with photosensitive epilepsy are the same stimuli that
evoke in others perceptual distortion, feelings of discomfort, eye-strain,
and headaches. The perceptual distortion is associated with the eye-strain
and headaches in a variety of ways. In Chapter 4 these threads are drawn
together. It is shown that the visual stimuli responsible for adverse effects
are those:

(1) to which the visual system is most sensitive;
(2) that interfere with the perception of other stimuli;
(3) that give rise to a large electrical and vascular response in the brain.

Once the theory has been developed in Chapters 24, it is applied to
everyday problems. Chapter 5 deals with eye-strain from reading, and is
devoted to the effects of spatially confusing patterns in textual material. In
Chapter 6 some of the detrimental effects of the rapid pulsation of light are
summarized. Electronic displays are described in the next chapter, and in this
chapter the pulsation of light and the spatial structure of text are considered
together, in relation to complaints of visual discomfort from visual display
terminals. The consequences for design are briefly considered in Chapter 8,
with case histories of poor design as examples.

In Chapter 9 there follows a description of a new system for precision
tinting, and the therapeutic promise that it holds. Theoretical speculations
concerning the role of colour in the reduction of visual discomfort are
offered in Chapter 10, and the Appendix provides an overview of techniques
for avoiding discomfort, for the benefit of sufferers.



2 Photosensitive epilepsy

2.1 Introduction

About 4 per cent of patients with epilepsy are liable to visually induced
seizures. The visual stimulation responsible includes both flickering light and
stationary steadily illuminated patterns, usually of stripes. The seizures can
start in the visual cortex of one cerebral hemisphere or both hemispheres
independently. The seizures occur when normal physiological excitation
involves more than a critical cortical area, particularly when the excitation
is rhythmic.

2.1.1 The epilepsies: cause and localization

Epilepsy is defined as a liability to recurrent seizures. Seizures arise from an
abnormal discharge of neurones in the brain. The cause is often unknown, in
which case the epilepsy is said to be idiopathic. Sometimes a structural brain
lesion may be observable (in which case the epilepsy is symptomatic); or it
may be reasonable to assume that there is such a lesion on the basis of clinical
signs (in which case the epilepsy is cryptogenic). The epilepsy is classified not
only on the basis of its cause, but also its localization within the brain. The
epilepsy may be generalized involving all brain regions, or partial, confined
to a specific region of the brain, usually within the temporal or frontal lobes,
structures that are relatively easily damaged by lack of oxygen.

Four diagnostic categories are based on the above nomenclature: idio-
pathic generalized epilepsy, symptomatic generalized epilepsy, idiopathic
partial epilepsy, and symptomatic partial epilepsy. In each of the diagnostic
categories the seizures may take a variety of forms, ranging from the
bilateral rhythmic tonic clonic movements of a generalized major motor
seizure to a momentary lapse of full awareness, which can sometimes be
so fleeting as to pass unnoticed, both by patients and people around them.
The classification of epileptic seizures is therefore complex and controversial.
For the present it is sufficient to note that patients often suffer more than one
type of seizure, and that the behavioural manifestations of a seizure may be
extremely subtle.

In about 4 per cent of patients with epilepsy, seizures may be provoked
by visual stimulation, and in many of these patients the seizures occur only
in response to visual stimulation. (181 of the 454 photosensitive patients
reported by Jeavons and Harding (1975, p. 32) had seizures only in response
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Fig. 2.1 The pattern of stripes formed by the metal stair tread of an escalator.
The pattern has characteristics that are similar to those for which seizures are
most likely.

to flicker.) Usually the seizures are provoked by flickering light, as from
discotheque stroboscopes and television, or when sunlight is interrupted
by road-side trees, or reflected from waves on the surface of a lake.
Occasionally geometric patterns can also be responsible: one pattern that
can provoke seizures is provided by the stripes on the metal stair tread of
certain escalators (see Fig. 2.1).

Light sensitivity is most common in idiopathic generalized epilepsy,
although all categories of epilepsy may be photosensitive. Any type of
seizure may be triggered by light stimulation.

2.1.2 The clinical EEG examination in photosensitive epilepsy

In patients with epilepsy the electrical activity of the brain can be abnormal
between seizures as well as during them. For this reason, patients are
usually examined with the help of the electroencephalograph (EEG). The
minute voltages emanating from the brain are recorded using electrodes
(usually silver discs with a coating of silver chloride) held against the
scalp. The differences in electrical potential between pairs of electrodes
or between each electrode and some combination of other electrodes
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are amplified electronically. The amplified signals are recorded (usually
on moving paper) so as to show the moment-to-moment fluctuations in
voltage that form the electroencephalogram. The fluctuations are due, in
part, to the activity of neurones in the brain beneath. The relatively
large pyramidal neurones are thought to be mainly responsible. These are
oriented perpendicularly to the surface of the brain and their collective
activity provides a varying electrical field. The orientation of this field with
respect to the electrodes determines where on the surface of the scalp the
neural activity may most easily be recorded. The neurones in the striate
cortex (one of the visual areas of the brain) are hidden in the gap between
the cerebral hemispheres at the back of the head (the calcarine fissure).
The electrical field from these neurones is therefore oriented in such a
way that the activity of neurones in the right hemisphere is recorded
on the left side of the scalp (Blumhardt et al. 1978): there is an anoma-
lous lateralization of activity. Other visual structures are not hidden in
the calcarine fissure and their activity is recorded where you might expect it:
on the same side of the head as that on which the neural activity occurs.

Figure 2.2 shows an EEG tracing from a patient with epilepsy. The scale
shows the calibration and the inset maps the position of the electrodes on
the scalp and the combinations of electrodes between which the voltage has
been measured. The fluctuations in voltage may be likened to the vibrations
that you can feel on the outer casing of a piano when several notes are
played simultaneously. Many different frequencies (or ‘notes’) are present
in the voltage fluctuations, and not all arise from brain activity. There
is electrical contamination from muscle activity (mainly high frequency)
and from changes in electrode impedance (mainly low frequency). The
contamination can be reduced by filtering the signal so that only frequencies
between about 3 and 50 per second are displayed.

The record in Fig. 2.2 is entirely normal until the patient looks at a
flickering light. Each flash of the light is shown on the bottom channel. After
a few flashes the tracing shows spikes and large slow waves that were not pre-
viously present. The waveforms comprise one example of a so-called photo-
convulsive response! (Bickford et al. 1953), a misnomer because the patient
does not convulse: indeed there may be no outward clinical signs and
sometimes no awareness of any abnormal sensation on the part of the
patient.

! This term is reserved for a discharge with the following characterstics: (1) there are regular
or irregular single or multiple spikes interspersed with slow waves; (2) the time at which each
spike occurs is independent of the times at which the flashes occur, i.e. the spikes are not
phase-locked to the flashes; (3) the spikes and slow waves have a frequency between 2.5 and
3 per second; (4) the discharge is fairly symmetrical either side of the head; and (5) it is seen
over all head regions (although often maximal on channels towards the front of the head).
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Fig. 2.2 An EEG recording from a 12 year old boy with photosensitive epileps
The lines are drawn by pens that trace the difference in electrical potential betwee
pairs of electrodes on the scalp, positioned as shown in the diagram. The bottor
channel records flashes of intermittent light.

The response shown in Fig. 2.2 outlasts the flashes. Such a response h:
considerable diagnostic significance because when it occurs the chances ar
about 90 per cent that the patient has previously suffered some form of ep:
leptic seizure, occurring either spontaneously or during provocative visu:
stimulation (Reilly and Peters 1973)2. The few people who exhibit a phc
toconvulsive response but do not have a history of seizures are usu
ally close relatives of people with epilepsy (Jeavons and Harding 197
p. 43 et seq.).

The fact that intermittent light can elicit an EEG response that is strongl
associated with epilepsy is one of the reasons why clinical EEG examination
routinely include stimulation with intermittent light. The intermittent light ;
usually provided by a xenon gas discharge lamp that presents a train of ver
intense but very brief flashes. (The apparent brightness is similar to that of
television displaying a white scene.) The flashes are turned off as soon as
photoconvulsive response appears, to prevent the discharge developing int

2 The light is usually turned off immediately a photoconvulsive response occurs, and whethe
or not the discharge outlasts the flashes obviously depends to some extent on the speed wit
which this action is taken.
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a seizure. In this way it is possible to assess epileptic photosensitivity with
only a very small risk of seizures.

Many patients who show a photoconvulsive response to intermittent light
also show a response to certain patterns, even when the patterns are steadily
illuminated. If the patterns have the appropriate spatial characteristics, about
half the patients show pattern-sensitivity (Darby et al. 1980). The propor-
tion increases to 70 per cent if the patterns vibrate with the appropriate
displacement and velocity.

The paroxysmal (i.e. short-lived) EEG response to patterns is usually less
marked than that to intermittent light: it has a lower voltage, is manifest on
fewer electrodes, and may have fewer types of waveforms. In other words, a
pattern stimulus is usually less epileptogenic. The paroxysmal response from
a pattern stimulus nevertheless shares the epileptiform spikes, sharp, or slow
waves characteristically associated with epilepsy.

2.2 The visual stimulation that causes seizures

The paroxysmal epileptiform EEG response, like seizures, is probabilistic:
sometimes it occurs, and sometimes it does not. The probability of the
response can be estimated by repeatedly presenting the pattern and noting
the proportion of presentations on which the epileptiform activity occurs.
It turns out that the probability depends on the characteristics of the visual
stimulus in a predictable way.

2.2.1 Flicker

The epileptogenic properties of a flickering light might be expected to
depend on the size of the retinal image of the source, its time-averaged
luminance, the modulation of the light (i.e. the proportionate change in
luminance with each flash), the frequency of the modulation, the colour
of the light (or more precisely, its spectral power distribution), and the part
of the retina receiving stimulation. Far more is known about the effects of
frequency than any other variable.

Frequency

Jeavons and Harding (1975) studied a sample of 170 photosensitive patients.
The proportion of the sample showing a photoconvulsive response is shown
in Fig. 2.3 (solid line) as a function of flash frequency. About half the patients
were sensitive at frequencies of 50 Hz, although nearly all were sensitive
when the frequency was close to 20 Hz. These are group data. Individual
patients do not always show maximum sensitivity at 20 Hz. The sensitivity
for one such individual is shown in Fig. 2.3 (broken line).
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Colonr

There are four types of photoreceptors in the eye: the rods (active mainly
at twilight) and three categories of cones (active at higher luminance levels
and sensitive mainly to short-, medium-, or long-wavelength light). The
sensation of colour is derived from the output of the cones by complex
neural computation. There have been many investigations of the effects
of coloured light on the photoconvulsive response. Early studies did not
control for the change in luminance associated with the use of a coloured
filter. Jeavons and Harding (1975) reviewed the literature, including studies
of their own in which a xenon lamp was covered with a coloured filter. They
came to the conclusion that if allowance is made for luminance, all colours
of light are almost equally epileptogenic. Takahashi and Tsukahara (1976),
however, reported that red light is more epileptogenic than white. Binnie
et al. (1984) attempted to reconcile these findings, arguing that a deep
red colour may avoid the inhibitory interactions between receptor classes.
Whilst this is possible, the inconsistency in the literature may also have a
simpler interpretation. As we will see in Chapter 9, there are large differences
between individuals in the response to colour. Although individual patients
may show greater susceptibility to certain colours than to others (Newmark
and Penry 1979, p. 131), the differences between individuals mean that the
population as a whole may show little consistency.
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Fig. 2.3 Solid line: The proportion of photosensitive patients showing a photocon-
vulsive EEG response to intermittent light, expressed as a function of flash frequency
(after Jeavons and Harding 1975). Broken line: The probability of epileptiform EEG
activity in a single patient, estimated by repeated randomized trails (after Wilkins et

al. 1980).
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Few studies have investigated the therapeutic effects of wearing col-
oured spectacles. Newmark and Penry (1979) reviewed reports of successful
treatment in single cases, although there was no consistency as to choice of
colour. The therapeutic effects of coloured spectacles are considered in detail
in Chapter 9.

Other characteristics

Many other characteristics of flickering light undoubtedly contribute to its
epileptogenic effects, but their contribution is not well described. We know
that the light does not have to appear in brief flashes: it can be epileptogenic
if it alternates bright and dim for equal periods of time, varying gradually (as
a sine-wave) or abruptly (as a square-wave). The luminance (averaged over
time) can be as low as 20 cd m~2, the modulation as low as 40 per cent and
the variation still be sufficient to provoke epileptiform EEG activity in some
photosensitive patients.

Stimulation at the centre of gaze is far more effective than stimulation in
the periphery of the visual field, despite the fact that flicker is often most
visible ‘out of the corner of the eye’ (Jeavons and Harding 1975). As we will
see in Section 2.3 this is because less of the cortex is devoted to the analysis
of the periphery of vision.

The duration of stimulation is undoubtedly very important: brief two-
second bursts of intermittent light are used in the routine EEG recording
because they can provoke epileptiform EEG activity that does not prog-
ress to seizures. The longer the stimulation the greater the chances of a
seizure, although, for obvious reasons, the effects of duration have not
been studied.

2.2.2 Pattern

When Stefansson et al. (1977) discovered that many photosensitive patients
are sensitive to patterns as well as to flicker, it seemed important to try to
ascertain the nature of the patterns responsible. Wilkins et al. (1975, 1979a,
1980, 1981) studied the stimulus characteristics using the following simple
technique. Patterns printed on card were attached to a wand and held
against a screen, see Fig. 2.4. The screen was diffusely lit with steady
white light and reflected the same amount of light as the patterns. The
patterns bore a central fixation point at which the patient was instructed to
gaze. Patterns were generally presented for 10 s unless eplleptlform act1v1ty
occurred, when they were removed 1mmed1ately No major motor seizures
were induced using this technique, and the patients rarely experienced any
unpleasant sensation. The testing was stopped if the patient wished, or if they
became tired. The epileptogenic effects of patterns could be studied using
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Fig. 2.4 The techniques for pattern testing. The patient sat at a distance of 0.57 m
from a grey screen diffusely lit by high-frequency white fluorescent lamps above
and below. Patterns, printed on card, were attached to a wand and held against the
screen by the examiner. The EEG was recorded using conventional techniques.

this technique without prolonged exposure to patterns and with a minimum
of discomfort or risk.

The patterns most likely to provoke epileptiform EEG activity are striped,
with long line contours. Figure 2.5 shows the data from a single patient who
observed patterns of checks in which the checks were stretched along one
dimension (Wilkins et al. 1975, 19794). The longer the length of the checks,
the greater the probability of epileptiform EEG activity, and the more the
pattern approximated a grating pattern.

Parameters of gratings

Gratings are commonly used in vision research because they are some of
the simplest patterns: they vary in one dimension only. If a light meter
is moved along that dimension, the luminance varies cyclically according
to a particular profile. This luminance profile can vary with respect to its
mean, and the proportion that it varies about the mean (known as the
contrast). In Figs 2.6(a)—(c), [, and [/, are the maximum and minimum
luminances respectively. The mean luminance is [x./,+(s—x)./;]/s which, in
the symmetrical profiles shown in Fig. 2.6(b) and (c) reduces to ([,+1/,)/2.
The contrast is expressed as the Michelson fraction: (l,—1,)/(l,+1,).
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The angle one cycle subtends at the eye (a in Fig. 2.6(d)) is a measure
of the size of the image that the bars of the pattern cast on the retina
of light-sensitive cells at the back of the eye. When describing repetitive
patterns, it is conventional to refer to the reciprocal of this angle as spatial
frequency. Thus the spatial frequency of a pattern is the number of pattern
cycles in one degree subtended at the eye, 1/0.

In the profile illustrated in Fig. 2.6(a) the luminance varies according to
a rectangular-wave: the luminance shifts abruptly between two values. The
bars therefore have sharp edges. The pattern can vary with respect to the
proportion of one cycle for which the luminance is high. This is known
as the duty cycle, and in Fig. 2.6(a) the duty cycle is x/s (=25 per cent). In
Fig. 2.6(b), the rectangular wave is a square-wave in which the luminance is

1.0
?8 0.8-J
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Fig. 2.5 The probability of epileptiform EEG activity in response to chequered
patterns. The checks have been stretched as shown, and the probability is expressed
as a function of the length/width ratio of the checks. The data are from a single
patient tested in two sessions. The width of the checks subtended 6 min of arc in
one session (continuous line) and 12 min in the other (broken line). The pattern
was square in outline, and its side subtended 12.5 deg. The luminance contrast
of the checks was 9 X 101 and the mean luminance about 3 X 10-! c¢d m—2,
(After Wilkins et al. 1979a.) The patterns below the x-axis illustrate the change in
length/width ratio schematically.
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Fig. 2.6 (a) — (c) Patterns with different luminance profiles. The horizontal arrow
shows the path across the pattern traced by a light meter, and the graphs beneath
show the luminance profile measured by the meter. The luminance varies between
1, and [, as shown. The luminance contrast of the pattern is given by the Michelson
ratio, (I, — /,/(/; + 1,). In (b) the luminance profile is a square wave, and in (c) a
sine wave. The duty cycle is x/s. In (d) one cycle of the pattern subtends the angle
a at the eye, and the spatial frequency of the pattern is therefore 1/a cycle deg—1.
(e) The pattern is circular in outline with an angular radius of ©.

alternately high and low for the same distance. The duty cycle of the grating
in Fig. 2.6(b) is therefore x/s=50 per cent.

The gratings commonly used in vision research have a different pro-
file in which luminance varies as a sine-wave, and the bars therefore
have indistinct edges, see Fig. 2.6(c). The reason for this choice is to
be found in the application of Fourier analysis to spatial vision begun
by Campbell and Robson (1968). Fourier’s theorem states that any func-
tion can be made by adding sine-waves together. This is illustrated in
Fig. 2.7. A square-wave, for example, can be made by adding an infinite
number of sine-waves together, beginning with a sine-wave that has a
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spatial frequency the same as that of the square-wave, known as the
fundamental, see Fig. 2.7(a). To this fundamental are added a succession
of sine-waves with higher spatial frequencies (harmonics). In the case of
a square-wave, the frequency, amplitude, and phase of the harmonics bear
a simple relationship to those of the fundamental. The amplitude refers
to the vertical distance between peaks, and the phase to the horizon-
tal position. The amplitude of the even harmonics (those with spatial
frequencies 2, 4, ... times that of the fundamental) is zero. The third
harmonic (with a spatial frequency three times that of the fundamental)
has an amplitude one third that of the fundamental and a phase such
that the troughs occur at the same place as the peaks of the fundamental.
Figure 2.7(b) shows the third harmonic and Fig. 2.7(c) shows the waveform
that results when the third harmonic is added to the fundamental. The
fifth harmonic (Fig. 2.7(e)) has a phase such that the peaks add to those
of the fundamental. When all the harmonics have been added, the end
result is a square-wave with an amplitude 0.785 (7/4) times that of the
fundamental.

0 x 2n 3x 4 0 =m 2 3n 4n 0 n 2x 3n 4n
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+
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0 x 2n 3In 4n 1() x 28 3In 4d=x 0 x 2n 3z 4n
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Fig. 2.7 Fourier components of a square-wave. (a) The fundamental. (b) The third
harmonic. When the fundamental and the third harmonic are added, as in (c) and,
similarly, (d), the waveform begins to resemble a square-wave. When the fifth
harmonic, shown in (e) is added, the curve in (f) results, which has a greater
resemblance to a square-wave. If the addition of odd harmonics is continued to
infinity a square-wave results. The even harmonics of a square-wave are zero.
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Response to complex gratings

Soso et al. (1980a, b) examined a single patient with pattern-sensitive
epilepsy, comparing the amount of epileptiform EEG activity in response
to various sine-wave gratings with that in response to a complex grating.
The complex grating had a profile similar to Fig. 2.7(c). It was formed by
adding two sinusoidal gratings together, one with a contrast of 15 per cent
and a spatial frequency of 5 cycle deg~! and the other with a contrast of 5 per
cent and a spatial frequency of 15 cycle deg—1. Epileptiform activity occurred
in response to sinusoidal gratings with spatial frequencies in the range 1-9
cycle deg—! but was most prevalent when the spatial frequency was 5 cycle
deg~!. The complex grating induced even more epileptiform activity than the
5 cycle deg—! grating. In other words, the sharper the edges of the bars in a
pattern, the greater the activity. The complex grating presumably stimulated
more visual neurones, those sensitive to the fundamental and those sensitive
to the higher harmonics. The results suggest that the greater the physiological
excitation induced by the pattern, the greater its epileptogenic effects.

The third harmonic of the grating in Fig. 2.7(c) has been added to
approximate a square-wave grating. If the phase of the harmonic is shifted so
that the peaks of the curves add rather than subtract, the resulting waveform
approximates a triangle wave. In a second study Soso et al. (19804) found
that gratings with such a luminance profile had an epileptogenic effect similar
to that when the components approximated a square-wave: in other words
it was not the sharp edges that rendered the grating epileptogenic, but the
amplitude of the components; the phase of the components did not appear to
matter. The total energy in the pattern seemed to be the relevant variable.

When a checkerboard is subjected to two-dimensional Fourier analysis,
most of the contrast energy is in the diagonals. The diagonals form two
crossing ‘striped’ patterns, as it were, and the contrast energy in the pattern is
divided between these diagonal orientations. When the checks are stretched,
as in Fig. 2.5, the energy shifts from the diagonals and eventually all the
energy is in one orientation, that of the main axis along which contrast
varies, i.e. at right-angles to the stripes. The increase in epileptiform activity
with the length of the stripes shown in Fig. 2.5 can therefore be interpreted
as resulting from the concentration of energy within one orientation. This
interpretation is supported by the finding of Wilkins et 4l. (19794). In their
study two orthogonal gratings were added optically, giving a plaid pattern
similar to that in Fig. 2.8(c). The energy in the resulting pattern was confined
to the vertical and the horizontal orientations. When one of the gratings was
replaced by a diffuse uniform field with the same space-averaged luminance,
a single lower contrast grating remained, shown in Fig. 2.8(f). Although
the luminance contrast in this grating was less than that in the figure in
Fig. 2.8(c), the epileptogenic effects were greater. Concentration of contrast
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(d) (f)

Fig. 2.8 (a, b, d) Vertical and horizontal gratings, and (c) the plaid pattern formed
when the two are added optically. (f) The low-contrast grating that results when
the vertical grating is replaced by a diffuse field (e) with the same space-averaged
luminance.

energy in one dimension, as in gratings, appears to enhance the epileptogenic
properties of a pattern.

Response to other pattern parameters

All susceptible patients show broadly similar effects of duty cycle and
spatial frequency. The probability of epileptiform EEG activity is shown
as a function of these variables in Figs 2.9 and 2.10. Patterns with a spatial
frequency of 3 cycle deg~! and a duty cycle of about 50 per cent are
epileptogenic for most photosensitive patients. We will see later that the
effects of spatial frequency depend on the angular radius of the pattern and
its position in the visual field.

The differences between patients become apparent when the effects of
other pattern characteristics are considered. Figure 2.11 shows the effects
of pattern radius for patterns with a spatial frequency of 2 or 4 cycle deg~!.
It is immediately apparent that some photosensitive patients are sensitive to
very small patterns whereas others become sensitive only when the pattern
has a very large radius. The curves suggest thresholds that differ in terms
of the total excitation required for epileptogenesis. We will return to this



16  Photosensitive epilepsy

point later. For the present it is sufficient to note that for photosensitive
patients as a group, the probability of epileptiform activity increases with a
shallower slope than that for individual patients. The increase for the group
is approximately linear when the pattern radius is plotted logarithmically,
see Fig. 2.11, continuous line. This means that the increase is approximately
linear with the total area of the pattern.

As might be anticipated, epileptiform EEG activity increases with the
luminance of a pattern, as shown for one patient in Fig. 2.12(a). The data
in this figure were obtained by Chatrian et al. (1970) using a technique in
which a patient looked at a pattern of stripes continuously as the luminance
was slowly increased. Figure 2.12(b) shows for a group of patients the prob-
ability of epileptiform EEG activity estimated from repeated randomized
presentations. This technique provided data that were less stable than those
in Fig. 2.12(a), although less activity was induced. Different patients have
different thresholds below which no activity occurs, as was the case for
the effects of pattern radius. Although most patients are sensitive in the
photopic range of luminance where the cone receptors are active, some
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Fig. 2.9 The probability of epileptiform EEG activity as a function of the duty cycle
of a pattern of stripes. The curve shows the mean for four patients. The patterns were
black and white gratings, circular in outline, spatial frequency 3 cycle deg—1, radius
12 deg, with a mean luminance of 3 X 102 ¢cd m~2, and a contrast of 7.5 X 10-1,

(After Wilkins et al. 1984.)
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Fig. 2.10 The probability of epileptiform EEG activity as a function of the spatial
frequency of a grating. The curves for eight patients are shown separately in grey
and the bold curve shows the mean for the group, with the standard deviation of
observations at each point shown by the bars. The patterns below the x-axis illustrate
the change in spatial frequency schematically. The patterns were black and white
gratings with square-wave luminance profile, circular in outline, radius 12 deg, with
a mean luminance of 3 X 102 cd m=2, and a contrast of 7.5 X 10-1. (After Wilkins
et al. 1979a.)

patients are still sensitive at very low luminance levels where only the rods
are active. For the group as a whole, the increase is approximately linear
with the logarithm of luminance. As can be seen from Fig. 2.12(b), the slope
is such that a reduction in luminance by a factor of 10 is necessary to reduce
the probability of epileptiform activity appreciably, except for a few patients
sensitive only at high luminances.

Susceptibility increases with the luminance contrast between the stripes.
Figure 2.13(a) shows data from Soso et al. (19805) who measured the spike
discharges occurring in 10 s presentations of square-wave gratings as contrast
increased. The curves were obtained from one patient on different days and
show the variation in sensitivity from day to day. Note that there appears to
be little increase in epileptiform activity for pattern contrasts greater than 0.3.
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Figure 2.13(b) shows data from Wilkins et al. (1979a, 1980) who observed
the proportion of presentations on which discharges occurred, terminating
observations upon the occurrence of such epileptiform activity. As with the
effects of pattern size and pattern luminance, patients differ in the threshold
contrast at which the activity first appears. The data for the group as a whole
show an approximately linear increase with the logarithm of pattern contrast,
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Fig. 2.11 The effects of the radius of a pattern of vertical stripes, circular in outline,
with square-wave luminance profile (luminance contrast 7 X 10~1, mean luminance
3 X 102 cd m~2, and spatial frequency 2 or 4 cycle deg—1, as indicated). Grey curves
show data for seven patients, one of whom (solid squares) was tested twice. Note
that the slope of the functions is broadly similar. Each has a different intercept,
and for some patients the function appears to rise from a non-zero probability of
epileptiform activity, perhaps signifying spontaneous activity. The bold curve shows
the mean for the group and it has a shallower slope than that for individual patients.
The diagrams below the x-axis show the increase in pattern size schematically and
illustrate the pattern radius. The percentage area of visual cortex to which the pattern
projects (Q) is also shown. (After Wilkins et a/. 1979a.)
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Fig. 2.12 The effects of the (space-averaged) luminance of a pattern of stripes.
(a) Data from a single patient who looked at the pattern continuously with one
eye (filled points) and both eyes (open points). (After Chatrian et al. 1970.) (b)
Probability of epileptiform EEG activity. Curves for individual patients are shown
by thin lines and the curve for the group is shown in bold. Each patient has a
different threshold luminance below which no epileptiform activity occurs with
the result that the average data for the group shows a shallower slope than that
for individual patients. The stimuli were gratings with square-wave luminance
profile and contrast 7 X 101, circular in outline, radius varying so as to keep
the probability less than 1.0 at high luminance. (After Wilkins ez al. 1980.)
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although this masks the non-linear increase that individuals may show. Again
there is the suggestion of little increase in epileptiform activity for contrasts
above 0.3.

If the stripes differ only in colour and not in photopic luminance they
cease to be epileptogenic (Wilkins ez al. 1980), except in a few patients with
anomalous colour vision for whom the luminance is not matched (Wilkins,
personal observations).

The orientation of the stripes usually has little effect. Figure 2.14 shows
the average probability of epileptiform EEG activity for a group of eight
patients, each of whom was examined with horizontal, vertical, and oblique
stripes. The figure also shows the data from one individual for whom there
was a significant effect of orientation that could not be attributed to focusing
aberrations (astigmatism). Similar data from a patient examined by Soso et
al. (1980¢) are also shown.

Susceptibility is reduced when the pattern is moved continuously across
the stripes in one direction. If the direction of movement is rapidly and
repeatedly changed, however, susceptibility is enhanced rather than reduced.
The enhancement is considerable. Many patients are sensitive to oscillating
patterns and about 20 per cent of patients are not at all sensitive to stationary
patterns. Figure 2.15 shows data obtained from such patients (Binnie et
al. 1979a). It can be seen the spatial and temporal characteristics have
independent effects. The worst frequency of oscillation is 20 Hz regardless
of spatial frequency, and the worst spatial frequency is about 2 cycle deg~1,
regardless of oscillation frequency.

2.2.3 Viewing conditions

Epileptic visual sensitivity is usually greatest under conditions of binocular
stimulation. Covering one eye eliminated the photoconvulsive response to
flicker in 164 of the 244 patients seen by Jeavons and Harding (1975, p.
73). In most of the remainder the response was attenuated and only 2 per

Fig. 2.13 The effects of the luminance contrast of a striped pattern. The contrast is
defined according to Fig. 2.6. (a) The number of spike discharges recorded from one
patient whilst the pattern was fixated. The curves were obtained on different days
and reflect the variation in sensitivity from day to day. (After Soso et al. 1980b.)
(b) Probability of epileptiform EEG activity. Data from seven patients, one of whom
(solid squares) was tested twice; mean of all patients shown in bold. The patterns had
a spatial frequency of 2 cycle deg—1, a mean luminance of 3 X 102 cd m—2, and were
circular in outline. The radius (shown beside each curve) was adjusted according
to the sensitivity of the patient at the outset of testing in an attempt to keep the
probability low when the contrast was high. The diagrams below the x-axis show
the increase in contrast schematically. (After Wilkins et al. 1980.)



22 Photosensitive epilepsy

(a)

(b)

Fig. 2.14 The effects of the orientation of a striped pattern. The diagrams below
the x-axis show the orientation schematically. (a) The number of spike discharges
in a single patient in response to a pattern with various orientations. (After Soso et
al. 1980c.) (b) The probability of epileptiform EEG activity as a function of pattern
orientation. The solid curve shows the mean for a group of eight patients, with the
standard deviation of observations at each point. The broken grey curve shows
the data for one individual who was not astigmatic. The patterns had square-wave
luminance profile, mean luminance 3 X 102 cd m~2, contrast 7 X 10~!, and were
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Fig. 2.15 The effects of spatial and temporal frequency for oscillating patterns.
The probability of epileptiform EEG activity is shown by the proportion of
each rectangle filled. The patterns were rear projected via a mirror moving with
a triangular profile of angular position vs time, i.e. at constant velocity with abrupt
reversals of direction. They had a contrast of at least 80 per cent, a 50 per cent duty
cycle, and subtended about 5 deg. (After Binnie et al. 19794.)

cent showed a similar response with binocular and monocular stimulation.
Pattern sensitivity is also reduced by covering one eye (Chatrian et al. 1970;
Wilkins et al. 1979a, 1980).

2.2.4 Common environmental stimuli

One of the most potent precipitants of seizures is probably sunlight inter-
rupted by road-side trees. Discotheque stroboscopes are another source
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of danger. One of the most widely available sources of epileptogenic
stimulation, however, is the television, particularly a set with a large screen
viewed from less than 1 m. A large proportion of patients with photosensitive
epilepsy suffer their first seizure when watching television, and many suffer
seizures only under these circumstances. When television-induced seizures
were first described they were attributed to the malfunction of the set
which was common in the early days of television, when the picture would
frequently become unstable and ‘roll’, introducing a low-frequency flicker
(Livingston 1952). As the number of reports increased it became apparent
that seizures could be induced by a set that was functioning quite normally.
The details why are given in the section on television epilepsy in Chapter 7,
together with techniques for avoiding television-induced seizures.

Seizures induced by computer display terminals are rare, but they do
occur. The characteristics of computer displays differ a great deal, and most
are unlikely to provoke a seizure. Unfortunately some displays, particularly
those used in British schools, closely resemble conventional television and
are just as likely to provoke seizures. The differences between displays and
their relevance for epilepsy and headaches are discussed in Chapter 7.

2.2.5 Measuring susceptibility — theoretical implications

The stimulus characteristics of patterns that induce the epileptiform EEG
response are of interest for both practical and theoretical reasons. By studying
the patterns that are likely to induce the response it is possible to learn which
patterns in the environment are likely to be a danger to the patient. The
characteristics of such patterns are also of theoretical significance. Recent
advances in our understanding of the neurophysiological processes involved in
pattern vision can be combined with a knowledge of the stimulus characteristics
responsible for pattern sensitive epilepsy and provide clues regarding the nature
of the epileptic process, as will be shown in the next section.

2.3 Inferences regarding the seizure mechanism

The characteristics of patterns that elicit epileptiform EEG activity enable
inferences to be drawn concerning the seizure mechanism. These inferences
will now be reviewed. The evidence for each will be considered in turn,
together with the way in which the inference is drawn. For the benefit of
those readers who do not wish to consider the evidence in detail, a very
straightforward summary is possible:

In patients with photosensitive epilepsy, the seizures start in the wvisual cortex of

one cerebral hemisphere, or in both hemispheres independently. The hemispheres
can have very different convulsive thresholds, even in patients with epilepsy of the
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idiopathic generalized type. The seizures occur when normal physiological excitation
involves more than a critical cortical avea, but is likely only when the excitation
is rhythmic. The antiepileptic drug, sodium wvalproate, prevents the spread of the
discharge, but does not affect the mechanisms that trigger it.

We now consider each of the statements in the above summary and the
evidence upon which it is based.

2.3.1 Pattern-induced epilepsy starts in the visual cortex

There are several lines of evidence for a cortical trigger mechanism. The first
three relate to the stimulus characteristics of patterns responsible for the
discharge, and the last two the characteristics of the response they evoke.

Stimulus characteristics

As we saw in Section 2.2, the longer the length of line contour within the
pattern the more likely a discharge is to occur (the pattern in Fig. 2.16(a) is
less epileptogenic than that in Fig. 2.16(b), and the pattern in Fig. 2.16(b)
less epileptogenic than that in Figure 2.16(c); see Wilkins et a/. 1979a, 1980).
The effect of the length of line contour suggests a role is played by neurones
in the visual cortex. As was demonstrated first by Hubel and Wiesel, these
neurones respond to linear contours: lines and edges (Hubel 1988).

If the two eyes see different patterns (e.g. the left eye sees the pattern
shown in Fig. 2.16(d) and the right eye the pattern in Fig. 2.16(e) the
discharge is less likely than when both eyes see the same pattern and
binocular fusion occurs (Wilkins et «l. 19794). Many neurones in the
visual cortex respond to stimulation of either eye, and some respond
more vigorously to binocular than to monocular stimulation. The fact
that epileptiform EEG activity occurs mainly under binocular stimula-
tion is therefore consistent with the idea that seizures are triggered in
the visual cortex. If only one eye sees the pattern, the response is less
than when both eyes do, presumably because the cortical excitation is
reduced.

As mentioned in Section 2.2, a few patients are sensitive only when a
pattern of stripes is oriented at particular angles, for example they may
be sensitive to the pattern in Fig. 2.16(e) but not to the patterns in Figs
2.16(d) or (f) (Chatrian et al. 1970; Wilkins et al. 19794). This orientation
selectivity is not due simply to poor focusing at one orientation: the eyes
may show no evidence of astigmatism and yet the patient may be sensitive
only to a limited range of pattern orientations. Neurones in the visual cortex
respond selectively to line contours with a limited range of orientations, and
so the fact that patients can show a selective response to certain pattern
orientations is consistent with a trigger mechanism involving neurones in
the visual cortex.
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Response characteristics

The EEG response to intermittent light is often generalized, but when
this generalized response is suppressed with sodium valproate then focal
activity remains at the back of the head, over the visual cortex (Darby et
al. 1986).

\S
|

(k)

Fig. 2.16 Patterns used in an investigation of pattern-sensitive epilepsy. The diagrams
are not to scale. For patterns (k) and (l) the sector angles o and B were adjusted to
suit the sensitivity of the patient.
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The EEG response to pattern can be even more localized. The distribu-
tion of the electrical activity on the surface of the scalp depends on the
localization of the pattern with respect to the centre of gaze. The neuronal
wiring between the eye and the brain is such that the visual world to the
right of the centre of gaze is analysed by the left cerebral hemisphere, and
the right hemisphere analyses the left visual field. The response to patterns
that occupy the left visual field (e.g. Fig. 2.16(g) is maximal over the right
posterior part of the head, and the opposite is true for patterns in the right
visual field (e.g. Fig. 2.16(h); Soso et al. 1980c; Wilkins et al. 1981). In
some patients the response to patterns that occupy the upper and lower
visual fields (e.g. Figs 2.16(i) and (j)) shows a dissociation along the vertical
midline (Wilkins et al. 1981). That is, patterns in the upper field show a
lower response than those in the lower field, and vice versa. In short, the
positioning of epileptiform EEG activity over the surface of the scalp follows
the underlying visual cortex.

The electrical activity measured at the scalp depends on the position of
the electrodes with respect to the electrical field from the neuronal activity.
Although, as we have seen, neurones buried in the calcarine fissure may
produce electrical activity on the opposite (contralateral) side of the head,
more anterior visual areas lie near the surface of the brain and are unlikely
to produce such anomalous lateralization. The appearance of epileptiform
EEG activity over the cerebral hemisphere that is presumably active suggests
that the neuronal discharge responsible is not confined within the calcarine
fissure: anterior visual areas are presumably involved.

2.3.2 The epilepsy involves one cerebral hemisphere or both
hemispheres independently

In some patients, pattern-evoked epileptiform activity may be more pro-
nounced when the pattern is presented in the left visual field, in other
patients the opposite is the case (Wilkins et 4l. 1981). For example, the
pattern in Fig. 2.16(g) may be more epileptogenic than that in Fig. 2.16(h),
or vice versa. The different sensitivity to left-sided and right-sided patterns
seems to arise from different excitability of the visual cortex of the two
halves of the brain. For example, when the left visual stimulus is more likely
to evoke a response, it is because the right cerebral hemisphere is more
hyperexcitable. Such an explanation is supported by another observation:
when the pattern sensitivity is greater to patterns on one side of the centre
of gaze, the patient’s EEG response to bilateral stimulation (e.g. from diffuse
intermittent light) shows a slight asymmetry. For example, if the sensitivity
is greatest for patterns in the right visual field, then the EEG response has a
slightly higher amplitude over the left side of the head and may involve more
electrodes on this side (Binnie et l. 1981). This evidence for an unbalanced
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hyperexcitability of the two cerebral hemispheres is common not only in
patients with partial or symptomatic generalized epilepsy, but also those
with epilepsy of the idiopathic generalized type.

Many patients do not show any cerebral asymmetry. Nevertheless, even in
these patients it is possible to infer that the hemispheres act independently
in triggering the epileptiform activity. This inference is based on three lines
of evidence.

First, as has already been shown, the response to a pattern presented in one
visual half-field occurs on the opposite side, over the area of the brain that the
pattern stimulates, perhaps confined within the contralateral hemisphere.

Second, when the pattern is presented in one lateral visual half-field the
response is far more likely than when the same size pattern is presented in
the upper or lower visual half-field (see Figs 2.16(i) and (j)), and is therefore
presented to both hemispheres. Perhaps a critical amount of excitation
within one hemisphere is necessary to induce the discharge.

Third, if a pattern is presented in both visual fields (e.g. Fig. 2. 16(f))
the probabxhty of a discharge is not much greater than when the pattern is
presented in only one half-field (e.g. Figs 2.16(g) and (h)). In other words, a
much larger bilateral pattern stimulating both hemispheres is not much more
epileptogenic than a unilateral pattern, half the area, that stimulates only
one. Under other circumstances, doubling the area of a pattern increases
the probability of epileptiform EEG activity appreciably, see Fig. 2.11. The
cerebral hemispheres appear to act independently in the induction of the
epileptiform activity. Such a finding would be expected if a critical amount
of excitation within a hemisphere were necessary for the discharge.

The above evidence is quite consistent with the view that the seizures
arise in the visual cortex. There are very few interactions between the
hemispheres in the posterior visual areas of the brain: those that there
are simply serve to ‘sew together’ the two halves of the visual field. It is
mainly in more anterior visual areas in the temporal lobe that appreciable
interhemispheric interactions occur, and cells can be excited by stimulation
in either lateral visual half-field (Zeki 1970, 1978, 1980). The evidence for an
independent activation of epileptic activity within each hemisphere suggests
that the activity is triggered only or mainly by neural mechanisms in more
posterior visual areas, but not, as we have seen, those confined within the
calcarine fissure.

2.3.3 The seizures are started by normal physiological excitation

The inference that seizures are triggered by normal excitation is based on
the fact that photosensitive patients have normal vision (normal acuity,
normal stereopsis, heterophoria, etc.). It is rare to find ophthalmological
abnormalities except in patients with symptomatic generalized epilepsy. What
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is more surprising is that contrast sensitivity is normal. Contrast sensitivity
refers to the ability to see very faint patterns of stripes. Soso et al. (19805)
reported normal contrast sensitivity in two pattern-sensitive patients using
a ‘yellow — green’ oscilloscope display. We have also examined contrast
sensitivity (under white light) and found it to be normal. We used the
Cambridge Low Contrast Gratings, a test developed for this purpose. (The
test can detect subtle visual deficits in circumstances where conventional
ophthalmological tests fail to do so. It has revealed impairments in a
variety of diseases, including optic neuritis, multiple sclerosis, diabetes,
and glaucoma (Wilkins et al. 1988). The test consists of a booklet viewed
from 6 m. The patient is required to choose which of two pages in the
booklet contains the grating, and the gratings get fainter and fainter.)
Photosensitive patients tend to score well within the norms for their age.
In general, therefore, patients have perfectly normal vision for patterns that
would elicit epileptiform activity were they of higher contrast.

2.3.4 The seizures start when physiological excitation involves more
than a critical cortical area

Any region of visual cortex will induce epileptiform abnormalities provided
a sufficient area is stimulated. We can infer this for two related reasons.

1. Very different patterns of sectored concentric rings have a similar capacity
to elicit epileptiform EEG abnormalities, provided the total areas of the
patterns are similar. For example, patterns with two large sectors, such
as Fig. 2.16(k), have the same effect as patterns with four sectors of half
the angular size, such as Fig. 2.16(1). When the probability of an EEG
response is plotted as a function of pattern area, curves for the various
types of pattern simply overlap, see Fig. 2.17.

2. The sectored rings shown in Figs 2.16(k) and (1) are laterally symmetric
and stimulate both hemispheres equivalently. They also distribute the
excitation equivalently on the central and peripheral visual field. If,
however, the pattern is such as to stimulate only the periphery, the
probability of epileptiform activity is reduced: a large patterned annulus
(Fig. 2.16(m)) has the same effect as a small disc that stimulates central
vision (Fig. 2.16(n)). This would appear to be because more of the visual
cortex is devoted to analysis of central vision than the periphery. A simple
formula due to Drasdo (1977) expresses the percentage of cortex devoted
to analysis of a circular region of the visual field. When gaze is directed at
the centre of the region and the radius is increased, the percentage of the
cortex to which the region projects increases as Q, shown in Fig. 2.11.
Figure 2.11 also shows the radius of the pattern, r, for comparison.
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Fig. 2.17 Probability of epileptiform activity in response to stripes formed from
concentric annuli cut in sectors and opposed diametrically (as in Fig 2.16(k) and (I)).
Each graph shows data from an individual patient. The circles are for patterns with
two sectors and the crosses for patterns with four. (After Wilkins et al. 1980.)

Probability of epileptiform EEG activity

A group of patients was examined using various patterned annuli and
patterned discs and the area of the patterns was increased until epileptiform
EEG activity just appeared (Wilkins ez al. 1980). Each point in Fig. 2.18(a)
represents a patient and the position is determined by the area of the disc
and the area of the annulus at which the EEG activity occurred. The
points are widely dispersed. In general, patients were less susceptible to
the annuli, but to an extent that varied with the particular dimensions.
When the points were replotted according to the percentage area of visual
cortex to which the patterns projected, Q, the points lay scattered either
side of the diagonal, see Fig. 2.18(b). This indicates that the annuli and
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the discs had similar effects provided they stimulated a similar area of the
visual cortex.

The ability to see fine detail is poorer in the periphery, and, as might be
expected, the effects of spatial frequency differ for annuli and discs. As can
be seen from Fig. 2.18(c), the spatial frequency at which annuli are most
likely to induce epileptiform EEG activity is lower than that for discs. No
allowance for this difference was made in Fig. 2.18(b), and if it had been, the
scatter might have been further reduced. The x-axis in Fig. 2.11 gives the area
of discs of stripes together with values of Q. The probability of epileptiform
activity for the group of patients as a whole increases linearly with Q.

The increase in epileptiform activity with the area of visual cortex stimu-
lated suggests that the activity is a response to the number of neurones
excited by the pattern. Such a viewpoint would be consistent with the
effects of pattern contrast shown in Fig. 2.13. because at contrasts above
0.3 most cortical neurones have saturated or begun to do so (Movshon et
al. 1978). Note that there is little increase in epileptiform activity for pattern
contrasts above 0.3.

2.3.5 The seizures are most likely when cortical excitation is
rhythmic

The movement of a pattern has very pronounced effects on its epileptic
properties. These effects lead to important inferences regarding the role of
the temporal characteristics of excitation in the generation of the epileptic
response (Binnie et al. 1985).

Drifting patterns

Patterns that drift continuously in one direction are extremely unlikely to
evoke epileptiform activity. Usually, when the eyes look at drifting patterns
they have a tendency to follow the motion of the pattern, and then jerk back,
producing optokinetic nystagmus. Any such nystagmus would interfere with
comparisons of different types of pattern motion. Fortunately the nystagmus
can be avoided if gaze is directed at a central point and a bilateral pattern of
stripes drifts continuously towards that point from either side (leftwards in
the right visual field and rightwards in the left, see Fig. 2.19(a)). Stable gaze
can then be achieved. Under these circumstances, epileptiform EEG activity
is very unlikely to occur at any drift velocity.

Vibrating and phase-reversing patterns

Although epileptiform EEG activity is so unlikely in response to a drifting
pattern, a small change in the characteristics of the motion can make the
pattern very likely to provoke such activity. The change involves the
direction of pattern movement: not its velocity. If the pattern repeatedly
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Fig. 2.18 (a) Epileptiform EEG activity in response to patterns of stripes that
are complete discs or that have a central circular section removed to form an
annulus. The outer radius of the pattern was increased until epileptiform activity
just appeared; the inner radius was large or small, as indicated by the size of the
point. Each point represents a patient and its position is determined by the area of
the disc and annulus for which epileptiform activity first appeared. (b) The same
data as in (a) replotted using instead of pattern area, the percentage area of cortex
to which the pattern projected, Q.
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Fig. 2.18 (cont.) (c) Curves showing the probability of epileptiform EEG activity as
a function of spatial frequency for discs (radius 3 degrees or 6.3 degrees, as shown)
and for annuli (inner radius 6.3 degrees, outer radius 24 degrees). (After Wilkins et
al. 1980.)
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drifts at a constant velocity through a distance of one or two stripe widths
before abruptly reversing its direction of movement, epileptiform EEG
activity is readily provoked. The pattern is most epileptogenic when 10-20
reversals are made every second, see Fig. 2.15.

The pattern is also highly epileptogenic if it remains stationary but reverses
in contrast (white stripes changing to black: black to white) 10-20 times
per second.

Static patterns

Static patterns are more epileptogenic than drifting patterns. The only retinal
movement from a static pattern is that which results from the small drifts and
flicks that the eyes make during fixation.

These effects of pattern movement can easily be explained and they
provide important insights into epilepsy.

Pattern contours pass through the overlapping receptive fields of cortical
neurones causing them to fire. Whilst the pattern is moving in one direction,
contours flow into and out of overlapping receptive fields causing those
neurones that are sensitive to that particular direction of motion to fire, see
Fig. 2.19(c). Therefore the population of neurones as a whole presumably
shows a sustained excitation. Some neurones are directionally sensitive,
and fire mainly in response to only one direction of motion. Every time
the pattern changes direction some of the neurones should increase firing,
others should decrease. If the pattern changes direction rhythmically, as
it does when it is oscillated, then the population of neurones as a whole
will show rhythmic excitation, see Fig. 2.19(d). Similar rhythmic excitation
should occur in response to a phase-reversing pattern. No rhythmic response
of the neuronal population should result from a drifting pattern — just a
continuous excitation. Stationary patterns are more potent than drifting
patterns presumably because the small movements that the eyes make when
they are gazing at a point are sufficient to synchronize the action of some
neurones.

Synchronization of neural activity has long been known to be character-
istic of the epileptic discharge. It is responsible for the EEG waveforms of
the photoconvulsive response. The effects of pattern movement suggest that
synchronization is necessary at the very outset of the epileptic discharge, and
is not simply a reflection of the later activity.

2.3.6 Sodium valproate prevents the spread of the discharge

The characteristics of pattern sensitivity also give some insights into the
action of the drugs that are used to control epilepsy. One of the most
effective drugs for controlling visually induced seizures is sodium valproate,
and as we shall see in Chapter 3, this drug has now been shown to be



—_— 4—

(a)

1
C

BN

AL |

c ALl
<
-
(d)
Fig. 2.19 Schematic diagram of various categories of pattern motion, and the neural
consequences of that motion. (a) A bipartite pattern, each half drifting towards a
central fixation point. (b) The overlapping rectangles represent the receptive fields of
visual neurones labelled A-D, and the arrowheads the direction of motion to which
they preferentially respond. Beneath are two schematic diagrams of moving patterns,
the arrows giving the direction of motion. Beside each diagram are illustrations of
the way in which the neurones A-D might respond to that motion. The continuous
motion of a pattern in one direction (c) might be expected to give rise to continuous
activity in those neurones that respond to the direction of movement, and perhaps
to a reduction in the spontaneous activity of other neurones. Vibratory motion
across the contours of the pattern (d) should give rise to a rhythmic and partially
synchronized pattern of activity in the nerve network taken as a whole.
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successful in the prevention of migraine. It is thought to affect the availability
of the inhibitory neurotransmitter y-aminobutyric acid (GABA), although
the mechanisms of its action remain obscure (Meldrum and Wilkins 1984).
(A neurotransmitter is a chemical that carries a message across the junctions
between neurones.)

It is desirable to adjust the dose of a drug to the minimum necessary
for seizure control. This is often done over the course of several months,
gradually increasing the dose from time to time if seizures continue, and
gradually reducing the dose if the patient has been free of seizures for a
‘long time. A group of pattern-sensitive patients was examined over a period
of two years whilst the dose of valproate was adjusted in this way. Pattern
sensitivity was assessed during an EEG recorded immediately before each
change of dose (Darby et al. 1986).

As the dose of sodium valproate increased there was a decrease in the
duration of the EEG discharge, its voltage, the number of electrodes it
involved, and the number of component waveforms (spikes, sharp waves,
slow waves).

During the EEG examination patients were shown patterns of stripes
that gradually increased in size until the discharge occurred. Although the
discharge decreased in the manner described above, the critical pattern size
just sufficient to induce the discharge showed relatively little change. The
probability of a discharge was reduced, but when the discharge occurred it
did so in response to the same pattern size. This would suggest that, although
sodium valproate affected the spread of the discharge, the physiological
mechanisms responsible for triggering the discharge were not so markedly
affected.

In the chapters that follow, it will be shown that epileptogenic patterns
are uncomfortable to look at, not necessarily for patients with epilepsy, but
for those who suffer eye-strain and headaches. it may therefore be significant
that valproate has been shown to prevent migraine in a double-blind study
(Hering and Kuritzky 1992).

2.3.7 Underlying pathophysiology

This chapter has reviewed some of the physiological mechanisms responsible
for the visual induction of seizures. The seizures are triggered when normal
physiological excitation in the visual cortex of one hemisphere is rhythmic
(synchronized) and exceeds some ‘critical mass’.

Recordings from single units and staining techniques have revealed that the
visual cortex is organized into columns of cells responsive to bars and edges
with particular orientation. The orientation selectively is due to inhibition
from a network of interneurones that use an inhibitory neurotransmitter
GABA (Sillito 1979). A visual stimulus such as a grating is likely to result
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in patches of localized excitation of (pyramidal) neurones, those that respond
to the particular grating orientation. A strong localized excitation may
deplete the local availability of inhibitory neurotransmitter, particularly if
the excitation is synchronized. This may have no consequences normally,
but if there is a minimal and diffuse failure of inhibition in patients with
photosensitive epilepsy (as hypothesized by Meldrum and Wilkins 1984),
the depletion of inhibitory neurotransmitter may lead to hyperexcitability,
and the spread of a neural discharge in response to strong stimulation. The
visual stimulation can therefore be seen as further stressing an already
compromised system of cortical inhibition.

In this chapter we have concentrated on the visual precipitation of
seizures. We have seen that seizures result when cortical stimulation is
‘massive’, localized, and synchronized. In the chapters that follow we will
see that such physiological excitation can have adverse consequences not just
for those with epilepsy, but for many others as well.
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Certain geometric patterns can be uncomfortable to look at and may some-
times provoke anomalous visual effects: illusions of colour, shape, and motion.
The stimuli responsible are very similar to those that provoke seizures
in patients with photosensitive epilepsy. Susceptibility to discomfort and
anomalous visual effects varies considerably from one observer to another
and is greatest in those who suffer frequent severe headaches, especially prior
to headache onset, or after exposure to a virus. Susceptibility to patterns is
particularly pronounced in people suffering from migraine. In migraine with
anra, the illusions predominate in the affected visual field.

The previous chapter concerned the way in which visual stimulation elicits
seizures, the nature of the stimulation, and some of the physiological
mechanisms whereby the seizures are induced. In the present chapter it is
shown that similar visual stimulation can induce a variety of other effects
in people without epilepsy. These effects can be both visuo-perceptual
(anomalous perceptual effects of various kinds), or they can be somatic:
eye-ache, headache, nausea. The visuo-perceptual effects are related to the
somatic effects in a variety of ways.

3.1 Anomalous visuo-perceptual effects

The pattern of stripes shown in the frontispiece can provoke a variety of
anomalous visuo-perceptual effects: illusions of colour, shape, and motion.
Do not look at the pattern if you have photosensitive epilepsy or migraine.
After observing the dot in the centre of the pattern for a few seconds most
people report that the lines appear to shimmer. Some people also see colours,
and a shadowy rhomboid lattice. Others may observe the pattern for a long
time without seeing anything anomalous. In short, some people are far more
susceptible to anomalous perceptual effects than others. There are also large
differences in susceptibility to the non-visual effects. Most people find the
pattern rather unpleasant to look at, but a few find it quite unbearable and
see many distortions. As we will see, the people who find the pattern aversive
usually report distortions and they are usually those who suffer migraine.
Provided you do not yourself have epilepsy or migraine, you can judge
your own susceptibility by looking at the pattern in the frontispiece. Look
at the dot at the centre of the pattern for 5 s (counting to yourself). Then
look away and tick off the illusions you saw on the check list opposite. If
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you find the pattern highly aversive, do not force yourself to look at it. If
you have photosensitive epilepsy or migraine, do not look at the pattern.

Check list:
red
green
blue
yellow
blurring
bending of the lines
shadowy shapes amongst the lines
shimmering of the lines
flickering of the whole pattern

nausea
dizziness
pain

Try and describe the various effects you see simply in terms of the above
list. Do not look at the pattern for more than a few seconds. If you have
to tick more than two illusions in the above list you are more sensitive than
average and you should avoid looking at the pattern for a long time.

3.2 Origin of the anomalous perceptual effects

The origin of the perceptual effects seen in patterns of stripes such as
the pattern in the frontispiece is still unclear despite a long history of
investigation. Most of the perceptual effects were first described in the
last century. ‘During intense viewing of the parallel lines of an engraving
one observes an oscillation of the lines which on closer inspection involves
some being closer together and others farther apart, so that the lines appear
in the form of waves’ Purkinje (1823, p. 122). “If the eye looks at (parallel
black lines drawn upon white paper) steadily and continuously, the black
lines soon lose their straightness and parallelism, and inclose luminous spaces
somewhat like the links of 2 number of parallel chains. When this change
takes place, the eye which sees it experiences a good deal of uneasiness,
an effect which is communicated to the eye which is shut. When this
dazzling effect takes place the luminous spaces between the lines become
coloured, some with yellow and others with green and blue light” (Brewster
1832, p. 170). Wade (1977) has reviewed the descriptions of the anomalous
perceptual effects seen in patterns of stripes and some of the possible ocular
mechanisms. A wide variety of mechanisms has been proposed involving:

(1) the small movements that eyes make during fixation;
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(2) changes in the focusing power of the lens of the eye;

(3) the fact that light at the ‘red end’ of the visible spectrum is bent by
the lens less than light at the ‘blue end’ and is therefore focused in a
different plane.

Although these peripheral mechanisms may explain some of the illusions,
there remain certain effects that defy explanation in these terms. Take, for
example, the shadowy lattice of rhomboid shapes that is sometimes seen
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in pastel shades of colour forming a background to a striped pattern, or
the tiny dots seen streaming in a direction orthogonal to the lines. These
illusions have a structure that can be attributed more readily to inhibitory
connections in the visual cortex, as suggested by Georgeson (1976, 1980).

The illusions of one type tend to occur with those of another. Observers
who see colour usually report illusions of shape and motion as well. As
already mentioned, the colours tend to have a spatial structure of their own,
often resembling a rhomboid lattice. The patterns that induce one type of
illusion are also those that induce the other types. For example, the patterns
that induce illusions of motion are also those that induce illusions of colour
and shape. As will shortly become clear, it is parsimonious to take account
of these co-occurrences and attribute the various perceptual anomalies to a
common cortical mechanism.

3.3 Links between illusions and seizures

3.3.1 Patterns

In a series of experiments, groups of normal observers were asked to look
at a pattern for a period of a few seconds (usually 10 s) and to report
the illusions they saw (Wilkins et al. 1984). The observers described the

Fig. 3.1(left) The mean number of illusions seen in a pattern of stripes, and the
probability with which the pattern will induce epileptiform EEG abnormalities in
patients with photosensitive epilepsy, expressed as functions of the spatial parameters
of the patern. (a) Effects of line length/width ratio. (b) Effects of pattern size
(angular subtense of the radius of the pattern at the eye). (c) Effects of spatial
frequency (number of spatial cycles of the pattern in one degree subtended at the
eye). (d) Effects of duty cycle (proportion of spatial cycle occupied by bright bars).
(e) Effects of Michelson contrast (difference in the luminance of the bright and dark
sections of the pattern expressed as a proportion of their sum). The icons beneath
the x-axis show how variations in the parameter affect the appearance of the pattern.
Some of the data were collected with patterns that had a different orientation. Pattern
orientation had no general effect, although some patients exhibited greater sensitivity
to certain orientations. The curves were obtained by manipulating each parameter
independently. The values of the other parameters were chosen arbitrarily, but as
the data were acquired it transpired that the values chosen were close to those for
which illusions and epileptiform EEG activity were maximally likely. The pair of
horizontal lines with central point in each figure show respectively the range of
values and the mean for printed text, where the text is considered as a pattern
of striped lines, see Chapter 5. The upper of the two lines refers to text rated as
‘clear’, and the lower to ‘less clear’ text. (After Wilkins et al. 1984; Wilkins and
Nimmo-Smith 1987)
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illusions by checking items on a list similar to the one in the previous
section. Figure 3.1 shows the mean number of illusions reported as a
function of various pattern parameters. The x-axis of each graph shows
the pattern parameter that was varied and beneath the axis are icons
demonstrating the effects of the variation. Only one pattern parameter
was varied at a time; the other pattern characteristics remained constant.
The values of these constant parameters were chosen arbitrarily, but as data
were collected it transpired that in every case the choice was close to that
for which illusions were maximally likely.

The solid lines in Fig. 3.1 show the probability of epileptiform EEG
activity in patients with pattern-sensitive epilepsy. The probability was
estimated by showing patterns in random order for several trials and noting
the occurrence of any epileptiform EEG activity, as described in Section 2.2.
It can be seen from Fig. 3.1 that the illusions are induced by patterns very
similar to those that evoke epileptiform EEG activity. Both illusions and
epileptiform activity are most likely:

(1) when the pattern is striped (that is, when it is unidimensional and has
a square-wave luminance profile): the longer the stripes the greater the
illusions, and the greater the chances of epileptiform EEG activity;

(2) when the entire pattern is large (when it subtends an angle of at least 3
degrees at the eye);

(3) when each stripe subtends about 15 min of arc at the eye (i.e. when the
spatial frequency is about 3 cycle deg~1);

(4) when the stripes have even width and spacing (a duty cycle of 50
per cent);

(5) when the stripes are alternately bright and dark (when the pattern has
a high contrast);

(6) when the pattern is viewed with both eyes rather than monocularly.

In all the above respects, the pattern characteristics likely to produce
anomalous visual effects are also those likely to produce epileptiform EEG
activity in patients with photosensitive epilepsy.

The parallels between illusions and epilepsy do not end here. Figures
2.16(k) — (n) show a variety of other striped patterns in which size has
been varied in a number of ways. In Figs 2.16(k) and (1) the stripes are
formed from concentric rings cut as per the slices of a cake with the sectors
diametrically opposed. The pattern size can be increased by increasing the
number of sectors or their angular size. In the patterned annulus shown
in Fig. 2.16(m), size can be increased by decreasing the internal diameter
or increasing the external. It will be recalled from Section 2.3.4 that the
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probability of epileptiform EEG activity is proportional to the area of visual
cortex to which the pattern projects. Figure 3.2 shows the mean number of
illusions as a function of this area separately for each pattern type. It will be
seen that the number of reported illusions increases with cortical projection,
although patterns of linear stripes produce slightly more illusions than those
with curvilinear contours, presumably because cortical ‘line detectors’ are
involved.

In summary, changing the size of a pattern by varying the number or
angular size of diametrically opposed sectors, or by varying the size of
central or peripheral sections has an effect on illusions that mirrors the
effect on epileptiform EEG activity. For such patterns the likelihood of
both illusions and epileptiform activity is determined simply by the area
of the cortex to which the pattern projects (see Section 2.3.4).

Although the illusions and epileptiform activity are determined by the
cortical projection, this is true for symmetrical patterns only. Note that the
patterns shown in Fig. 3.2 are symmetrical either side of the centre. Some
people see more illusions to the left or right of the centre of gaze, i.e. the
illusions predominate in the left or right visual field. Similarly, some patients
with pattern-sensitive epilepsy are more likely to show epileptiform EEG
activity in one lateral visual field than in the other (see Section 2.3.2). These
findings suggest that the cerebral hemispheres differ in susceptibility. The
hemispheric differences are not reflected in the measurements made using
the symmetrical patterns in Fig. 3.2.

3.3.2 Flicker

Hlusions of colour have long been known to occur in response to diffuse
flicker (Bidwell 1896) and to moving patterns of stripes, particularly those
on the Benham top, a disc bearing a sectored pattern and exhibiting colours
when rotated (Benham 1894). The colours are usually attributed to different
time-constants of the photoreceptors (Cohen and Gordon 1949), but it
is unclear how this explanation accounts for the considerable individual
differences in what is seen under given conditions. The illusions of colour
occur at frequencies that are the most epileptogenic, compare Fig. 2.3 with
Fig. 3.3.

There are also illusions of form that appear when a diffuse field is flickered.
In two observers, Young et al. (1975) described grids and honeycomb
illusions, the former most readily induced at about 10 Hz and the latter
at about 20 Hz, the strength depending to some extent on the observer.

The links between illusions and epilepsy are not confined to pattern
characteristics, but extend to the physiological state of the observer. Both
illusions and the likelihood of seizures increase after sleep deprivation
(Wilkins et al. 1984).
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Although the similarities between the patterns that provoke illusions
and those that provoke epileptiform EEG activity are impressive, there
are two instructive differences. It will be recalled from Section 2.3.2 that
patterns confined to the upper or lower fields (Figs 2.16(i) and (j)) are less
epileptogenic than when the pattern is confined to the lateral visual field
(Figs 2.16(g) and(h)) suggesting some process of integration within a cerebral
hemisphere. Illusions show no difference between patterns presented in the
upper, lower, and lateral visual fields. This might be because the processes
involved in the induction of illusions are more focal and do not spread
widely within a cerebral hemisphere. The spread of excitation may be just
sufficient to provoke an anomalous excitation of neighbouring neurones
within the network, neurones whose activity is responsible for anomalous
perceptual effects.

The second difference between the patterns that induce illusions and those
that induce epileptiform activity concerns the effects of pattern motion.
In Chapter 2 it was shown that patterns that drifted continually towards
the centre of gaze were not epileptogenic, whereas those that had similar
velocity but repeatedly reversed direction could be highly epileptogenic. This
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Fig. 3.2 The effects of concentric rings and annuli of stripes on perceptual
distortions. The size of the pattern of sectored concentric rings can be increased
by doubling the sector angles, or the number of sectors. The size of annuli of stripes
can be varied by changing the internal or external radius. When size is manipulated
in these various ways, the number of illusions seen depends on the area of visual
cortex to which the pattern projects. The figures beside each point in the graph
represent the pattern schematically. (After Wilkins ez al. 1980, 1984.)



Links between illusions and seizures 45

(a) 1.0
Iusions of colour

0.6

0.4

Probability of illusion

0.2 —O— binocular

—@— monocular

0.0 T T T T L hd
0 10 20 30 40 50 60 70
(b) 1.0
o Illusions of shape
9 0.8
(2]
3
p—
=1
4 0.6
s)
£
B 04
8 o
Ra)
e
o 0.2 —O— binocular
—@— monocular
0.0+ T T

0 10 20 30 40 50 60 70

Frequency (Hz)

Fig. 3.3 Hlusions of colour and shape in response to a diffuse flickering field. The
data are from a sample of 15 normal volunteers who reported such illusions when
the entire visual field was free of contours and varied in luminance sinusoidally
between a minimum of less than 0.01 cd m~2 and a maximum of 25 ¢d m-2. (C.
Neary, unpublished data.)

difference does not occur for illusions, at least those of colour. Figure 3.4
shows the effects of pattern velocity both on illusions of colour and on
epileptiform EEG activity, for two types of pattern movement and for
phase reversal. (Illusions of colour were studied on their own because the
illusions of form and motion are difficult to discriminate when the pattern
is itself moving.) The illusions were most likely when the contour velocity
was about 7 deg s~! regardless of its direction, and this was the case when
the patterns drifted or vibrated. Seven deg s~ is the contour velocity at which
epileptiform activity is most likely in patients with photosensitive epilepsy,
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but only if the pattern is vibrating. If the pattern is drifting, no epileptiform
activity occurs.

As has been argued above, many of the illusions, including at least some
of colour, may have a common cortical basis. If such an explanation is
advanced for the colours seen in drifting or vibrating stripes, the dif-
ferential effects of pattern motion on illusions and epileptiform activity
are easily explained in terms of the role of synchronization. In Chapter
2 it was argued that synchronization of neural activity was necessary at
the inception of an epileptiform discharge, and that drifting patterns failed
to provide the necessary rhythmic activity. It was argued above that the
physiological excitation necessary for illusions is more focal and does not
spread widely within a cerebral hemisphere. One might anticipate that it
does not spread widely because the cortex is not sufficiently hyperexcitable.
The synchronization of large populations of neurones in different cortical
areas is not therefore relevant, and so the illusions do not show differential
effects of pattern motion.

3.4 Illusions and discomfort

The illusions tend to be associated with discomfort. In various experiments
reported by Wilkins et al. (1984) observers were asked to give a preference
for one of several patterns. The patterns that induced illusions tended
not to be preferred, even under conditions in which the effects of bias
(range effects: Poulton 1979) were carefully controlled. After prolonged
observation some observers reported nausea or a headache. Clearly the
patterns can have unfortunate effects not only for patients with epilepsy
but for many other people.

3.5 Illusions and headaches

The illusions induced by striped patterns are related to headaches in various
ways, as will now be described.

3.5.1 Headache frequency

People who are susceptible to illusions when they observe the pattern in
the frontispiece tend to suffer headaches more frequently than those who
are not. This relationship has been uncovered in several studies. Subjects
were asked to estimate the frequency of their headaches in response to the
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following question: “Think of the headaches you have had in the last month,
and whether they have been getting more frequent or less frequent. Use this
information to help you give your best guess as to how many headaches you
have had in the last 12 months.’ (Preliminary studies showed that responses
to this question correlated well with the number of headaches reported in
diaries kept for a one-month period.) The correlation between the number
of headaches reported and the number of illusions reported is shown in
Fig. 3.5. The correlation might, of course, have occurred for a number of
reasons. Some people are more prepared than others to admit to borderline
phenomena, be they illusions or headaches, and the correlation could have
occurred for this reason. It is therefore interesting that the correlation was
negligible when people were asked to report the frequency of events other
than headache such as back pain or absent-minded errors. Furthermore, the
correlation appeared only when the spatial frequency of the pattern was in
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Fig. 3.5 The association between the number of illusions seen in patterns of stripes
and the number of headaches suffered by the observer. Each panel illustrates
data from a different experiment with different subjects and slight variations in
procedure. (After Wilkins et al. 1984.)
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the epileptic range, a finding which is difficult to explain in terms of response
bias alone (Wilkins et al. 1984).

3.5.2 Time of occurrence

People are more susceptible to illusions on days when they have a headache,
and even on the day before. In two studies (Nulty et al. 1987; Neary et
al. in preparation), volunteers were asked to observe a pattern similar to
the frontispiece for five seconds, noting the illusions on a check list. They
did so every day for at least a month, once in the morning and once in
the evening. In the first study the volunteers were people who admitted
to chronic worry and in the second, people with severe headaches. In both
studies more illusions were reported on days when a headache occurred and
in the 24 hours prior to the onset of a headache.

3.5.3 Types of headache

The above studies have uncovered a relationship between the illusions seen
in patterns of stripes on the one hand, and visual discomfort, headaches,
and headache-proneness on the other. Marcus and Soso (1989) investigated
visual discomfort more directly and objectively. They selected 85 hospital
staff, many of whom had migraine, and 17 headache patients (who were
neurologically normal). They asked each person to look at a set of patterns.
Only two patterns in the set had characteristics similar to the frontispiece,
the remainder were used as a control. Any objective sign of aversion
was noted, such as head withdrawal, deviation of gaze, or grimace with
eye-narrowing. None of the control patterns induced such a response.
Thirty-five of the 102 subjects clearly found the grating patterns aversive,
and 31 (88 per cent) of these had a diagnosis of migraine. Of the 67 who
did not show aversion, only 7 (10 per cent) had migraine. Expressing
the data a different way, 82 per cent of the 38 subjects with migraine
demonstrated an aversion, whereas only 18 per cent of the subjects who
suffered non-migrainous headaches did so. The data are summarized in
Fig. 3.6. They suggest a strong association between migraine and visual
discomfort, but much depends on the definition of migraine.

Marcus and Soso defined migraine by a mixture of four necessary char-
acteristics (history of recurrent headaches, duration 2-72 h, onset before 40
years of age, sufficiently severe as to interrupt routine) together with a set
of other contributory characteristics (such as nausea, etc.) from which they
compiled a score that had to be exceeded. Their criteria therefore differ
slightly from those set out by the International Headache Society (Olesen
1988). The Society has introduced a system of classification of headaches
in which migraine without aura is a term used to refer to headaches lasting
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Fig. 3.6 Association between headache diagnosis and visual discomfort (as exem-
plified by an aversion of gaze): (a) for a sample of headache sufferers and others;
(b) for headache sufferers. (After Marcus and Soso 1989.)

4-72 h (untreated or unsuccessfully treated) with pain that has at least two
of the following characteristics:

(1) it is confined to one side of the head;

(2) it has a pulsating quality;

(3) it is sufficiently severe as to limit daily activities;
(4) it is aggravated by physical activity.

In addition, at least one of the following associated symptoms must be
present during the headache:
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(1) nausea with or without vomiting;
(2) an aversion to light (photophobia) or to sound (phonophobia).

Finally, in order to receive a diagnosis of migraine without aura, patients
should be free of pain between attacks and should have suffered at least five
attacks with the above characteristics. It will be evident that the classification
is arbitrary, and that many headaches will be borderline, having some of
the characteristics on some occasions and not on others. About 10 per
cent of patients with migraine experience an a#ra in addition to the above
symptoms of headpain and nausea etc. (Selby and Lance 1960).! The aura
consists of reversible neurological symptoms such as flashing lights, zigzag
lines, partial loss of vision, unilateral numbness, weakness or tingling in the
body, difficulty with speech or in finding words. One or more of these
symptoms may occut, developing gradually over several minutes, but (by
definition) lasting less than an hour.

The visual aura can take a variety of forms and consist of perceptual
distortions of space as well as fragmentary loss of vision. The zigzag
lines referred to above may begin at the centre of the visual field and
then spread outwards on one side. As they spread outwards they usually
increase in size and velocity. The changes are what would be expected if the
visual phenomena were the result of a disturbance that progressed steadily
through the visual cortex at about 3 mm per minute (Richards 1971).

Migraine is distinguished from tension-type headache in which the pain is
usually of a pressing or tightening quality, of mild or moderate intensity,
bilateral, and unaffected by routine physical activity. Nausea is absent,
although photophobia or phonophobia may be present.

In practice many people suffer headaches of more than one type and the
classificatory criteria can be difficult to apply, particularly where they rely
on the patients’ memory for details that have been forgotten. Inevitably the
distinctions become blurred. Note that photophobia may be present in both
migraine and tension-type headaches.

3.5.4 Unilateral illusions

When they keep their eyes on the dot in the centre of the frontispiece most
people report that the illusions they see are roughly equally prominent on
both sides of the centre. A few, however, report that the illusions are more
pronounced on one side. These individuals are more likely than others to
experience head pain that is consistently lateralized (Wilkins et al. 1984).

! 'The proportion will vary with the definition of migraine used, and there is, as yet, no large
scale epidemiology based on the definitions of the International Headache Society.
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They are therefore also more likely to receive a diagnosis of migraine, given
the criteria for migraine outlined in the previous section. Khalil (1991) has
shown that in patients who suffer migraine with unilateral visual aura,
the side of the aura is almost invariably the side on which the illusions
predominate between attacks. It is almost as if the illusions are a ‘mini
aura’, but one that is insufficient to spread. One optometrist known to
the author reported that the pattern shown in the frontispiece reliably
precipitated his migraine aura, and in two patients reported by Marcus
and Soso ‘migraine symptoms were induced within several hours of stripe
viewing’. Nevertheless, Marcus and Soso (1989) failed to find any difference
in susceptibility to stripes among those who suffered migraine with aura,
and those whose attacks were without aura. The susceptibility to discomfort
from stressful visual stimuli would therefore appear to be just as prominent
in people who suffer migraine with aura as in those who experience no aura.
Perhaps susceptibility to visual stimuli reflects changes at a very early stage
in a chain of pathophysiological events that can culminate in a variety of
different manifestations of migraine.

3.6 Underlying pathophysiology

We have seen that illusion susceptibility is increased in migraine. In some
people, visual stimulation may provide a triggering factor. There are many
such triggering factors, including those that are specific, such as particular
foods, and those that are more general, such as stress. In seeking an expla-
nation why, it is helpful to review the two major, and apparently opposing,
theories of the aetiology of migraine: the vascular and the neurogenic.
The vascular theory supposes that the disorder is primarily the result of a
failure of the mechanisms that regulate the supply of blood to the brain. These
may involve the neurotransmitter serotonin (also called 5-hydroxytrypamine,
or 5-HT for short). Some migraine patients have increased urinary levels
of the 5-HT metabolite 5-HIAA (5-hydroxyindoleascetic acid) during an
attack. Blood platelet levels of 5-HT fall, and plasma and urinary 5-HT
levels rise (Anthony and Lance 1975). Heyck (1969) measured the arterial
and venous oxygen content of neck vessels in migraine patients during an
attack and found a reduction in the normal differences. He proposed that
arterial blood was by-passing the capillaries via shunt vessels (arteriovenouns
anastomoses) and entering directly into the venous system. The existence of
arteriovenous shunts in human dura mater has subsequently been confirmed,
but their relevance to migraine is uncertain. Both the change in 5-HT levels
and the shunting may be a consequence of a migraine attack rather than
a cause, although a recent drug, sumatriptan, that reduces pain during an
attack has been shown to reduce the carotid shunt (den Boer et al. 1991).



Underlying pathophysiology 53

Injection of radioactive xenon (radioisotope 133Xe) into the carotid artery
enables measurements of blood flow in the brain to be made during a
migraine attack, although with some considerable error ascribed to Compton
Scatter (Skyhoj-Olsen and Lassen 1989). In attacks of migraine without aura
these measurements seem to suggest little in the way of abnormal activity
of the blood vessels within the brain. Migraine with aura does seem to be
associated with alterations in regional cerebral blood flow, but even here
there is no correlation between the sites of increased and decreased blood
flow and the headpain and nausea. The results from one group conflict with
those from another (Blau and Drummond 1991). It is not clear whether the
site of pain is blood vessels inside the brain or those on the scalp: both may
contribute. Only one thing is certain, the notion originally advanced by
Wolff (1963) that the aura is due to the constriction of blood vessels, and
the pain due to their subsequent dilatation is too simple.

Whether or not the disease process is primarily vascular, it is generally
(but not universally) agreed that an attack of migraine is precipitated by
neural rather than vascular activity. Many patients have visual aura preceding
the onset of migraine, suggesting that the process that triggers the attack
originates in the posterior part of the brain. The nature of the zigzag lines of
certain aura leave little doubt that, in these circumstances at least, the visual
cortex is involved.

Spreading depression is a slow change in brain electrical activity discovered
by Leio (1944). It is due to massive depolarization of the neuronal membrane
and can be brought about in animals by a variety of cerebral insults. A
self-sustaining wave of increased metabolic activity is followed by decreased
metabolic activity. Ledo himself later suggested that spreading depression
might play a part in migraine, as did Milner (1958). In animals, spreading
depression initiates a reduction of regional cerebral blood flow of the order
of 20-30 per cent which lasts for at least one hour (Lauritzen et al. 1982).
Slow magnetic field shifts originate in the occipital cortex of migraine
patients during the early (prodromal) stages of an attack. These resemble
the slow changes seen in spreading depression, but there is still controversy
whether spreading depression is a phenomenon that occurs in man (Gloor
1986). If migraine is indeed a form of spreading depression, the pain may
be triggered in the pain-sensitive fibres in the ventral brain surface by the
change of the extracellular microenvironment that results. Attacks could be
triggered due to an exaggerated physiological stimulation and this would be
consistent with the findings described in the earlier part of this chapter. The
similarity between the visual stimuli that provoke seizures and those that
give discomfort is of interest in view of the early finding by Van Harreveld
and Stamm (1955) that animals will produce spreading depression when they
receive visual stimulation, if they have been pretreated with metrazol (a drug
that increases the likelihood of seizures).
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There are abnormalities in patients with migraine not only during the
headache, but also between attacks. These are both neural and vascular. There
are differences in the EEG responses to visual stimulation (see Winter 1987, for
review), and abnormalities in blood flow in the scalp (e.g. Morley and Hunter
1983). Itis difficult to know whether these differences are a feature of the disease
itself or are caused by minor cerebral damage from repeated attacks perhaps
due to an impoverished blood supply (oligaemia) (see Olesen 1987). Khalil
(1991) has made a contribution to this debate by showing that the ability of
a patient to see faint patterns (contrast sensitivity; see Section 2.2.3) is impaired
to an extent that depends on the duration of the disease rather than simply on
age. In migraine with unilateral aura, the decrease is confined to the affected
side. Khalil found no. relation between disease duration and susceptibility to
illusions. This suggests that not all aspects of visual function are equivalently
related to disease duration, and further emphasizes the links between illusions
and the triggering of headaches.

As we will see in the next chapter, the visual stimuli that induce seizures are
those that are neurologically stressful in a large number of different respects.
Perhaps the neurological activity in response to these stimuli is exceptionally
great and places demands on a vascular system that is compromised.

3.7 Illusions and other bodily differences

There are other bodily differences characterizing individuals susceptible to
illusions, as shown by the vulnerability to a virus. Smith et al. (1992)
included a test of illusion susceptibility in a battery of psychological tests
administered to volunteers before and after exposure to various common
cold viruses. They presented a pattern similar to the frontispiece and used
the checklist described in Section 3.1. Some of the subjects received the
virus and some a placebo. Some of those who received the virus developed
symptoms of a cold, including headaches, and some did not. Of those who
remained symptom-free, some developed an immune reaction and some did
not. Before challenge with respiratory syncytial virus, the illusions were
more pronounced in the group who subsequently developed symptoms
of a cold. This result was obtained in two independent studies. No such
effect emerged with corona virus or rhinovirus. Respiratory syncytial virus
is common in childhood, commonly resulting in wheeziness (Rooney and
Williams 1971), and predisposing to asthma (Sly and Hibbert 1989). We
have seen earlier in this chapter how the illusions are related to migraine.
It may therefore be significant that children born to women with migraine
are more likely to suffer asthma, and the risks of asthma among children born
to women who suffer both migraine and asthma/allergies are greater than the
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risk associated with each individual disease (Chen and Leviton 1990). As we
will see in later chapters, many children who have difficulty learning to read
report illusions, and many of these children suffer asthma and have migraine
in the family. The illusions may reflect a brain state that itself reflects aspects
of immune system function.



4  Strong stimulation

Visual discomfort results from the processing of a strong sensory signal. The
mechanisms for the pain may resemble those in migraine, but are otherwise
quite unclear.

In the two previous chapters we saw that certain visual stimuli may provoke
epileptic seizures, headaches, and visual discomfort. It was argued that these
adverse effects result from excessive neural activity in those areas of the
brain concerned with vision, particularly the visual cortex. In this chapter,
the argument is developed. It is shown that the visual stimuli that trigger
seizures and anomalous visual effects are physiologically ‘strong’ stimuli.
The stimuli are (1) the easiest to detect at threshold and (2) hardest to ignore
when perceiving something else; they also (3) give rise to a large electrical
and vascular response in the brain.

4.1 Sensory thresholds

It 1s common to measure the sensitivity of the human visual system by
changing just one particular aspect of a visual stimulus. For example, the
contrast of a grating may be reduced until the component bars can only just
be seen. It turns out that the contrast at which a grating can just be seen, the
threshold contrast, depends on the various spatial properties of the grating.
One such property is its spatial frequency (i.e. the number of cycles of the
grating in one degree subtended at the eye). The spatial frequency at which
the threshold is minimal varies with the field size, that is, the area of visual
field occupied by the grating (see Fig. 4.1). When the grating is large and
has low contrast, we are best at detecting it at spatial frequencies close to
2-3 cycle deg™1, provided the luminance is within the photopic range, and
provided the observer fixates (gazes at) the centre (Campbell and Robson
1968). This is true for gratings with sine-wave and square-wave luminance
profiles (Section 2.2). As we saw in Chapters 2 and 3, 3 cycle deg~1! is the
spatial frequency at which the aversive effects of gratings are most likely, at
least when the grating has a large diameter (see Fig. 3.1(c)). In Chapter 2
we saw that the worst spatial frequency depended on viewing position and
was lower for gratings presented in the periphery of the visual field, see
Fig. 2.18(c). A similar dependence on viewing position obtains with respect
to contrast threshold (Robson and Graham 1981).
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Fig. 4.1 The peak of the contrast sensitivity function as a function of field size. The
data are from 10 independent studies, each represented by a single point. Reading
from left to right the studies are Blakemore and Campbell (1969); Sj6rstrand and
Frisen (1977); Hess and Howell (1977), lower; Bodis-Wollner and Diamond (1973),
upper; Regan et al. (1977); Plant and Zimmern (unpublished); Derefeldt et 4l. (1979);
Beazley et al. (1980); Campbell and Robson (1968); Arundale (1978). After Plant et
al. (1983).

Of course, the contrast threshold at which gratings can be seen depends
on many characteristics other than spatial frequency and viewing position.
The width of the bars relative to each other is also important. As we saw
earlier, the ratio of the width of the bright bar relative to one pattern cycle
is referred to as the duty cycle. The contrast threshold is lowest when the
duty cycle is about 50 per cent, that is when the light and dark bars have
the same width. Once again, this is the value at which aversive effects are
most likely, see Fig. 3.1(d).

Checkerboard patterns differ from gratings in that contrast varies in two
dimensions rather than one. They can have higher contrast thresholds (Kelly
1972) and are generally slightly less aversive, see Fig. 3.1(a).

Campbell and Robson (1968) argued that the visibility of patterns of low
contrast reflects the activity of spatial frequency channels. The properties of
aversive patterns shown in Fig. 3.1 would be such as to maximize the energy
in mid-range spatial frequency channels, where the human visual system is
most sensitive. The greater susceptibility to patterns with 50 per cent duty
cycle (see Section 2.2 and Fig. 3.1) can be interpreted as due to greater energy
in the spatial frequency channels to which the visual system is most sensitive.
The greater epileptogenic properties of gratings with square-wave luminance
profile than those with sinusoidal (Section 2.2) can also be interpreted in
these terms. Presumably square-wave gratings result in greater excitation
than sine-wave gratings of equivalent contrast because of the harmonics of
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the square-wave. It is evident that, with respect to the spatial properties of
a pattern, the patterns that can most readily be seen at threshold contrast are
those which result in discomfort at higher contrasts. As will now be shown,
a similar relationship emerges for stimuli that flicker.

A flickering light varies in luminance over time. The proportionate
amount by which the light varies, the luminance modulation, can be reduced
until the flicker is only just perceptible, the modulation threshold. Modula-
tion thresholds depend upon the brightness of a stimulus (its time-averaged
luminance) and its size (the angle it subtends at the eye) as well as on its
frequency (De Lange 1952). With a large edgeless field the modulation
thresholds are lowest for flicker frequencies in the range 12-22 Hz (Kelly
1972). These are the frequencies at which seizures are most likely in those
suffering photosensitive epilepsy. In general, most illusions are seen at these
frequencies, see Fig. 3.3.

It might be argued that the relationship between threshold sensitivity and
aversive effects seen for spatial and for temporal modulation is unsurprising
because something cannot have unpleasant effects if it cannot be seen.
But note that the aversive effects are obtained well above the threshold
at which the stimuli become visible. The thresholds are obtained when
some parameter such as contrast is reduced to a minimum whilst a different
parameter such as spatial frequency or viewing position is varied. At the
threshold contrasts at which the visual stimuli can just be seen (less than
0.5 per cent) they are not aversive at all, see Fig. 3.1. Evidently the visual
system is most sensitive to these stimuli in a non-pathological as well as a
pathological sense.

4.2 Suprathreshold stimuli

Measurement of sensory thresholds gives little indication of the normal
physiological response to stronger stimuli that are well above threshold. One
way of assessing the response to such suprathreshold stimuli is to measure
their effects on other test stimuli that have been optically superimposed.
Ruddock and co-workers (Barbur and Ruddock 1980; Grounds et al.
1983; Holliday and Ruddock 1983) measured thresholds in a few normal
observers for the detection of a small dim circular target moving across a
background. The backgrounds were patterned, and could flicker. At high
contrasts, patterned backgrounds that had the aversive spatial characteristics
shown in Chapter 3 were generally the backgrounds that interfered most
with perception, masking the lower contrast target stimulus. The target again
became more difficult to see when the background was made to flicker, and
when the brightness and frequency were such as would provoke seizures in
patients with photosensitive epilepsy. This description does not do justice
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to the complexity of the threshold functions obtained by Ruddock’s group,
although in general, aversive stimuli were more effective at masking the
probe stimulus.

Chronicle, Wilkins, and Coleston (in preparation) have extended these
findings. They measured the luminance at which a stationary letter became
visible when superimposed on a square-wave grating. The letter size was a
constant ratio of the spatial period of the grating. Two different ratios were
used, and the findings were similar for each. When the grating had a spatial
frequency of approximately 3 cycle deg—! the letter was most difficult to see,
just as in the above experiments, see Fig. 4.2. Chronicle et al. also studied
the effect of pattern radius when the spatial frequency was 3 cycle deg-1.
The larger patterns masked the target letter more effectively than the small
patterns, even though the small patterns were themselves quite large enough
to cover the letter. When the contrast necessary to see the target was plotted
as a function of the proportion of the visual cortex to which the pattern
projected (Q), a straight line was obtained, see Fig. 4.3. The linear functions
are reminiscent of those in Fig. 3.2 showing the increase in illusions with Q.
Using a different probe stimulus, Chronicle et 4l. also studied the effect of
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Fig. 4.2 Contrast threshold for a target letter superimposed on a square-wave
grating, expressed as a function of the spatial frequency of the grating. Contrast
is here defined as (/,—1,)/}, where [, and [, are the luminance of the target and
background respectively. Bars show standard errors. (After Chronicle et al., in
preparation.)
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Fig. 4.3 Contrast threshold for a letter superimposed on a square-wave grating,
expressed as a function of Q, the percentage of cortex to which the pattern projects.
Bars show standard errors. (After Chronicle ez 4l., in preparation.)

the duty cycle of a grating on its capacity to mask superimposed stimuli. The
space-averaged luminance of the grating was held constant. The symmetrical
function shown in Fig. 4.4 was obtained. Again, the data are consistent with
the notion that the greater the physiological excitation induced by a visual
stimulus, the greater its interference with the perception of other stimuli,
and the more aversive it becomes.

As part of an investigation of the effects of coloured lighting, to be
described in Chapter 9, Chronicle et al. also showed that the masking of
a probe letter was greater in subjects with migraine. This finding is therefore
consistent with the greater susceptibility of these subjects to perceptual
distortion and visual discomfort, described in Chapter 3.

In the experiments reviewed so far in this chapter, the physiological
response to a visual stimulus has been inferred from psychophysical thresh-
olds. We turn now to more direct measurements.

4.3 Aggregate neuronal response

The measurement of evoked potentials provides an indication of the way
in which a group of neurones act in concert in response to a sensory
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