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The mzther??atirs c? unmmf nflaih!e iimages 
The comfort with which visual images can be viewed depends in part on simple physical 
properties of the image, quite independently OF what the images represent. This is the 
implication of recent studies by Juricevic et al. (2010) and by Fernandez and TnJilkins 
(2008). Fourier analysis can be used to represent any image as a series of sine waves 
(Fourier components) with various frequencies, amplitudes, phases, and orientations. 
Most images, particularly those from nature, have a relatively high contrast of the lower 
spatial frequency Fourier components and the amplitude faIls off as the spatial frequency 
increases. It falls off according to  a power law, so that a graph oflog amplitude (luminance 
contrast) against log spatial frequency is a straight line with a slope of approximately -1. 
If images do not have this simple reEationship between spatial scale and contrast (larger 
spatial scales having larger cantrast) they become uncomfortabie to look at. Juricevic et al. 
(2010) generated meaningless artificial images from random noise and from randomly 
disposed rectangles of various sizes. The Fourier spectra of these two types of image were 
similar with respect to  contrast amplitude, although ltlzey differed with respect to phase. 
The images were rated for comfort, and the comfort was found to be maximal when the 
slope of the amplitude spectrum was about -1, as it is in images from the natural world. 
When the curve was steeper (dopes in the range -E to -2) the discomfort increased. 
When the curve was shallower (slopes in the range - 1 to 0) the discomfort again increased. 
All of the images were novel and artificial and therefore equally unfamiliar, so the effect 
cannot be attributed to familiarityas such, The same result was obtained for both types of 
image, those from random noise and random rectangles. Evidently, images with unnatu- 
ral spatial structure are uncarnfortable to view, regardless of their content or meaning. 

There are many ways in which the spatial structure of an image can differ from t l~at  
found in images from nature, and some departures from the natural spatial structure are 
more uncomfortabEe than others. Images with unnatural Fourier spectra tend to be more 
uncomfortable if they have a relative excess of contrast energy at mid-range spatial Fre- 
quencies, where the visual system is generally most sensitive. This has been sllown by 
Fernandez and Wilkins (2008) who used a variery of images from works ofcontemporaty 
non-representational art, photographs of everyday scenes, and artificial images generated 
from random noise. The images rated as comfortable had Fourier amplitude spectra 
similar to those for natural scenes; the uncomfortable images had the same average slope, 
but were not linear when plotted as log amplitudeversus log frequency. They were curved, 
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with an excess of contrast amplitude for mid-range spatial frequencies of about three 
cycles per degree. In a further study, Fcrnandcz ant1 Wilkins showed that decreasing the 1 

relative contrast amplitude at about three cycles per degree (whibt maintaining the over- 
all contrast amplitude) increased the image comfort, even though the spectrum remained I 

non-linear and unnatural. Evidently images were more uncomfortable if they had an 
unnatural excess of contrast amplitude at mid-range spatial frequencies relative t o  that 
elsewhere in the spectrum. Fernandez and Wilkins (2008) exchanged the Fourier phase 

! l 

and amplitude spectra of comfortable images with those of uncomfortable images. The 
ratings of comfort depended upon the amplitude spectra, even though the image appear- 

I 
ance was more affected by the phase spectra. i 

Very uncomfortable stimuli-visual and non-visual effects 
If all the contrast in an image is concentrated only at mid-range spatial frequencies, the 
image becomes intensely uncomfortable. even dangerous (Willtins, 1995). Fig. 4.1 shows a 
pattern of stripes in which all the energy is concentrated at mid-rang spatial frequencies. 
It is a photograph of the stair tread of an escalator. Images of this kind can induce head- 
aches and seizures, so you are advised to cover this figure if you have migraine or epilepsy. 

Images such as the stripes in Fig. 4.1 are not only uncomfortable to look at, they induce 
illusions of colour, shape, and motion. The number of illusions you see is related to the 
number of headaches you have: ( 1 )  people who see many distortions tend to  have fre- 
quent headaches; (2) they see more distortions on days when they have a headache; (3) if 
thc hcadachc i s  on one side of the head the distortions are asymmetric; (4) people with 
migraine have a greater aversion to the pattern than others; (5)  those with aura see more 
distortions on the side of the aura, between headaches. The parameters of  att terns that 
induce illusions and discomfort are similar to those that provoke photosensitive seizures 
(Wilkins et al., 1984; Nulty et al., 1987; hilarc~ls & Soso, 1989). 

WARNING: COVER THIS 
PATERN IF YOU HAVE 
MIGRAINE OR EPILEPSY 

Fig. 4.1 The stair :read of 
arl escalator. At mica1 
viewing distances the spatial 
frequency is close to 3 cycles 
per degree. 
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The listed relationships between headaches and illusions occur only with respect to pat- 
terns that can cause seizures. Other patterns show no such relationships (Wilkins et al., 
1984). It is possible that the illusions reflect a hyperexcitability of the visual cortex, because 
there is diverse but convergent evidence that in migraine the visual cortex is hyperexcia- 
able, even between headaches (Palmer et al., 2000; Antal et al., 2005; Bowyer et al., 2005). 
This possibility will be explored later. 

The photoparoxysmal electroencephalogram response 
The susceptibfiity t a  seizures can be estimated without actually provoking them using the 
e!~c t rc~~~enha l f io ram r -----bL--- (EEG). The brak's electrka! activity S!ICV~S a dis:inai:rc :hang 
involving spiked waveforms (a photoparoxysmal response) when the patient is exposed to 
stressful visual stimulation. In Fig. 4.2 the solid lines show the probability of this EEG 
response in patients with photosensitive epilepsy when they look at a pattern of stripes. 
Similar functions (broken lines) describe the number of illusions of colour, shape, and 
motion seen by normal observers when they look at the patterns. The similarity between the 
parameters that induce illusions and those that induce seizures is obvious. (Note that all 
graphs have the same scales and that the curves have not been adjusted in vertical position.) 
Patterns that give rise to the illrrsionsof motion, shape, and colour and to seizures in patients 
with photosensitive epilepsy are usually uncomfortable (Wilkins et al., 1984). 

The relationships between illusions, discomfort, and seizures apply not only to spatial 
properties of visual stimulation but also to temporal properties. Diffuse flicker can also 
give illusions, seizures, and discomfort, and the frequency at which it does so is similar, 
and close to the frequency at which flicker at threshold contrast is most readily perceived 
in large fields. 

Therefore the visual stimuli that at high contrasts provoke illusions in most people, and 
in people with photosensitive epilepsy provoke seizures, have spatial and temporal char- 
acteristics very similar to those stimuli that are most readily seen at IOW contrasts. They 
are also stimuIi that at higher contrasts interfere with the perception of other stimuli. 
Chronicle and Wirkins (1996) presented letters at Eow contrast at the centre of gratings 
and measured the contrast required to identi6j the letters as the gratings varied in spatial 
frequency, in size (angular subtense) and in shape (ratio of bar width to bar separation). 
The masking of the letter was maximal for spatiaI parameters in the range that was most 
strongly associated with the indudion of illusions and seizures: in partic~rlar the masking 
increased with the area of the visual cortex to which the pattern projected, just as does the 
probability of seizures in patients with photosensitive epilepsy. The stimuli that have 
these properties can be said to be 'strong' stimuli. 

Colour contrast 
The coIour contrasts that occur in nature tend not to be extreme and they tend to involve 
contrasts of particular hues. Juricevic et al. (2010) showed that meaningless patterns are 
rated as comfortable to the extent that the cl~rornaric contrast resembles that found in 
natural images. 
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Fig. 4,2 Probability of 
ep~leptifom EEG actrvity in 
pat~ents with pattern-sensitive 
epdepsy, shown as a function 
of several spatial 
characterist~cs orf the pattern 
(solid curves). The broken 
lines show the number of 
illusions of colour, shape, or 
motion reporred by normal 
observers. The horizontal 
points and bats show the 
mean * 1 standard dev~ation 
of characterrst~cz. of text, 
when considered as a striped 

Mean 1 Mean number 
probability of of illusions of 
epileptiform colour, shape. 
EEG activity or motion 
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If the spatial characteristics of a coloured pattern are reduced in complexity to the sim- 
plest spatial configuration-a pattern of stripes-a surprisingly ~irnpfe relationship 
emerges between the characteristics of the pattern and how unpleasant it is. The unpleas- 
antness depends mainly on how different the colours are-that is, haw far apart their 
chrornaticities are in the Commission Internationale de I'Elairage (CIE) Uniform 
Chromaticity Scale (UCS) diagram, People were asked to judge discomfort from patterns 
ofstripes with two alternate colours, and in four experiments a consistent correlation was 
found between ratings of unpleasantness and the separation of the colours (chromatici- 
ties) in the CIE UCS diagram. This relationship was obtained for gratings in which the 
bars had the same Iuminance, and also in gratings in which the bars differed in luminance 
(Wikins et al., 2008). 

The haernodynamic response of the visual cortex to these coloured gratings was meas- 
ured in four studies (in preparation) using near infrared spectroscopy (NIRS). NIRS is a 
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technique in which low-power laser light is shone on the scalp, penetrates the skull, 
reflects from the surface of the brain, and re-emerges from the scaIp, to be picked up by 
sensitive photodiodes. Changes in the concentration of oxyhaemoglobia and deoxyhae- 
maglobin can be calculated by comparing the signal reflected at two different wave- 
lengths. b t h  the discomfort from patterns of stripes and the haemodynamic response in 
the brain increased with the difference in colour between the stripes. This finding is con- 
sistent with the idea that coding in the brain is efficient for naturaIly occurring stimuli, 
which rarely show strong chromatic contrasts (JuricevEc et al., 2010). 

In short, we can now describe mathematically what makes images uncomfortable to 
look at. We can do so for both meaningless and meaningful images. Images that are 
uncomfortable tend to be those that are strong visual stimuli, and that induce a large 
haemodynamic response in the visual cortex. When we apply the mathematics to images 
from the contemporary urban environment, it transpires that the environment has many 
'uncomfortable' images with unnatural image statistics. One of these is text. 

Text as an uncomfortable image 
Text has an unnatural spatial structure with an excess of contrast energy at mid-range 
spatial frequencies. This is particuIarly true of Western text: Arabic and Chinese text have 
less such energy. The high-contrast energy is due to the stripes from the lines of text. They 
are in the critical ranges of the parameters shown in Fig. 4.2. The spatial parameters of the 
stripes of text are shown by the horizontal bars. 

Text is dearer if it has a relatively large spacing betwee~i the words, breaking up the 
'grating>trructure, and if the spacing between the lines is relatively large, decreasing Ithe 
spatial frequency of the grating. In an experiment by Wilkins and Nimmo-Smith (1987) 
books were selected by students as having 'clear' or 'less clear' text. The 'dearer' text had 
more space, particularly space between the lines. 

Reducing the luminance and contrast of the lines of text you are not reading, using a 
mask, can make the text you are reading clearer to see. Masks of this kind are known as 
typoscopes and they cover the lines beIow and above the Iines that are being read. The 
mask carr reduce eye strain (Wilkins 8r Nirnrno-Smith, 1984) and also reduce seizures in 
photosensitive patients (Wilkins & Lindsay, 1985). People who report improvements in 
clarity with a typoscope tend to be those who report more illusions in patterns of stripes 
(Wilkins & Nimmo-Smith, 1984). 

Stripes in letter strokes 
In text it is not only the lines of words that are spatially repetitious, the stiokes of letters 
can also form stripes. These stripes can interfere with reading as well, so much so that 
words such as mum take longer to read than words such as dnd (Wilkins et al., 2007a). 
The stripes can be measured in terms of the first peak in the horizontal autocorrelation 
function. The first peak measures the extent to which the neighbouring strokes of letters 
resemble each other. The peak is far greater for the striped word mum than for the more 
rounded word dad. There are several possible reasons why spatially periodic words cake 
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longer to read. One is due to the adjustments in the alignment of the two eyes that occur 
when reading. When you read, your eyes make a series of jerks from left to right caIled 
saccades. After each saccade the alignment of the eyes has to be re-adjusted to bring t-he 
retina1 images of the word into correspondence. The readjustment has to be more accu- 
rate when the eyes land on a word with a high autocorrelation perhaps because of the 
potential for false alignment of similar letter strokes, and this requirement for greater 
accuracy takes extra time. The above effects are not seen when reading is monocular. In 
any event, the time taken to fixate a striped word is greater, and reading takes longer 
(lainta et al., 2016). The effect on acrtlar motor control may not be the only reason: the 
effect on reading speed is large relative to the increase in fixation duration. Be that as it 
may, the interference with ocular motor control as a result of spatial periodicity would be 
likely to increase the neural computation involved in reading, consistent with rhe pro- 
posal that strong excitation results in discomfort. 

Font design 
The average of the first peak In the horizontal autocorrelation of 1000 words was rneas- 
ured in various fonts. Times New Roman was among those with the highest spatial perio- 
dicity and Verdana among those with the least. Sassoon, a font widely used in primary 
education was similar to Times New Roman with respect to its high spatial periodicity. 
Studies comparing the reading speed for various fonts generally show that the fonts with 
higher spatial periodicity are read more slowly. One such study compared children's 
speed of reading passages printed in Sassoon with those printed in Verdana and found 
that children read more quicldy with Verdana even though they were more familiar with 
Sassoon (Wilkins et a!., 20IO). 
One way ofreducing the effects of stripes, and decreasing the destructive effects of small 

errors of alignment of the eyes, is to increase the size of the letters. Increasing the size of 
the weface has dramatic effects on children's reading speed, comprehension, and gen- 
eral reading ability. This is generally recognized to be the case, and text for young children 
is therefore printed in a large typeface. The height of the central body of the letters, 
known as X-height, begins at about 4 mm at age 5 and decreases to the adult size of about 
2 mm over the course of the subsequent 5 years or so. Hughes and Wilkins (2000) created 
meaningless passages of randomly ordered common words that they asked children to 
read aloud as quickly as they codd. The speed of reading the passages was measured for 
text with a variety of X-heights. Surprisingly, the speed of reading was not greatest with 
text of a size that the children were normalIy required to read and with which they were 
familiar. Instead the children (aged 5-9 years) read more quickIy with text of a size nor- 
mally used by younger children. In other words, text for children decreases in size at too 
early an age. 

These findings have been replicated with more meaninghl material. Wiikins et al. 
(2010) measured the speed with which 7-8-year-olds could silently read short sentences 
and classify them as true ('Fish live under the water') or false ('People have two noses'). 
The speed of comprehension (sentence verification) increased by 9% when the X-height 
was increased by 10%. 
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WiIkins et al. (2010) then made a version of the Sdford Sentence Reading Test in which 
the text remained at the size of the initial sentences instead of decreasing in size as the test 
progressed, as is usual. The reading age increased by an average of4 months when assessed 
by the version of the test in which the text remained large throughout. Eviiientfy reading 
speed, comprehension speed, and reading age are all increased by increasing the size of 
text young children are required to read. 

Environmental concerns 
The task of classroom reading is made more difficult than it needs to be not only by 
the small size of text but by the way in which classrooms are lit. In a recent survey, 80% 
of UK classrooms were found to be lit with conventional fluorescent lighting that flickers 
l00 times per second (Winterbottom & Wilkins, 2007), The flicker is imperceptible but is 
resolved by the human retina (Berman et al., 1991), interferes with the control of eye 
movements (Wilkjns, 198h), impairs visual performance (Veitch & McColl, 1995), and 
causes headaches (WIkins et al., 1989). It is regrettable that low-frequency fluorescent 
ballasts, which are unhealthy and more expensive to operate than electronic ballasts, con- 
tinue to be fitted into new school buildings because of their lower initial cost. 

Typical dassroom lighting not only flickers, but it is excessively and wastefully bright: 
in 84% of classrooms lighting levels exceed those at which visual discomfort starts to 

f increase (Winterbottom & Wilkins, 2007). 
In summary, we have seen that images with an unnatural spatial, temporal, and cl~ro- 

matic structure are more uncomfortable to look at, and that text is intrinsically an uncom- 
fortable image. We have reviewed some of the consequences of the design of (Western) 
text. We now turn to the physiological reasons for the discomfort. 

Neurological response to uncomfortable visual stimuli 
It has long been held that visual systems are suited to the tasks they are required to carry 
out (e.g. Rarlow, 1989) and that their resources are efficiently used. It has been &own 
that principal component filters (which sensory processes have b e n  shown to emulate, 
e.g. Buchsbaum & Gottschalk (1984)) result in a sparse coding of natural scenes in which 
few neurons are active at any one time, conserving energy (Willmore & To!hucst, 2001), 
It i s  quite possible that naturat images are coded sparsely, and that unnatural images 
result in inefficient processing and excessive neuronal activity, as reflected in the haemo- 
dynamic response in tlie visual cortex (Juricevic et al., 2010). The excessive neuronas 
activity may have little consequence for most people, but may have adwrseconsequenccs 
for the 10% or so of the normal population whose cerebral cortex is already hypcrcxcit- 
able (Aurora et al., 19991, a proportion that includes individuals who suffer migraine. 

Individuals with migraine differ from matched controls in that their physiological 
response to sensory stimulation is abnormally Iarge, IndividuaIs with migraine: (1) see 
morc illusions of colour, shape, and motion when they look at gratings, particulady grat- 
inss that would induce seizures in patients with photosensitive epilepsy (Wilkins et al., 
1984); (2) they show a larger amplitude haemodynaniic response to these gratings, as 
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measured using functional magnetic resonance imaging (fMRI) blood oxygen level- 
dependent (BOLD) (Wuang ct al., 2003); (3) when measured using NIRS, the haernody- 
namic response can be shown to have a shorter latency (Courts et al., in preparation); 
(4) the amplitude of the evoked potential fails to show the usual reduction in amplitude 
with repeated stimujation (Schoenen, 1996) and (5) when the occipital cortex is stirnu- 
lated with a magnetic pulse the threshoId current a t  which spots of light (phosphenes) 
first appear is iower (Aurora & IVelch, 19981, 

The over-responsiveness to sensory stimulation may reflect a cortical hyperexcitability 
because ( l )  the sensory stimulation to which patients with migraine are particularIy 
susceptibIe is similar to the stimulation that induces seizures in patients with photosen- 
sitive epilepsy; (2) migraine and epilepsy are cornorbid conditions (Brinciotti et al., 
2000); (3) four antiepileptic drugs have been shown to prevent migraine in double- 
masked trials (Tfelt, 1996); and (4) DC-magnetoencephalography d u r i n ~  visual stimula- 
tion reveals large-amplitude signals, reduced by the anticonwlsant, sodium vallproate 
(Bowyer er al., 2005). 

Coloured filters and reading 
There is now considerable evidcnce that coloured filters can improve reading speed, 
altl=iough the reasons have prnved to be elusive. There is no single colour that is gencraIly 
beneficial, hut each person seems to need their own individually selecred colour (Wilkins 
& Neary, 1991; Wjlkins et al., 1991, 1992a; 1992b, 1994, 1996, 2005a, 2005b, 2007%; 
Wilkins, 1992,2003; Maclachlan et al., 1993; E n n s  et al., 1995, 1996a, 1996b, 1999,2002; 
Tyrrell et al., 1995; Jeanes et al., 1997; Wflkins & Lewis7 1999; Bouldoukian et al., 2002: 
Scott et al., 2002; Huang et al., 2004; Waldie &Wilkins, 2004; Ludlow et al., 20061 Newman 
Wsight et al., 2007; Smith & Wilkins. 2007; Nlen et al., 2010). 

Holfis and Allen (2006) separated individuals into two groups: thosc who rcportcd 
many illusions when they looked at a striped pattern (a grating with spatial frequency 
close to three cyclesldegree) and those who reported few. The former group reported an 
improvement in clarity of text with a coloured overlay, and read more quickly with the 
overlay. The lamer group showed no such effect. The illusions repofled in response to a 
striped pattern predicted the increment in reading speed better than the reports of visual 
discomfort in a symptom questionnaire. 

Many individuals who use overlays for reading find that  it is more convenient to usc 

coloured lenses. The lenses have the advantage that they can be used for writing and for 
reading at distance. The colour optimal for use in overlays differs from that optimal for 
use in lenses, perhaps because the eyes are adapted to coloured light when coIoured 
lenses are worn (Lightstone et al., 1999). 

The Intrritive Colarimeter is an instrument that allows the colour that suits an indi- 
vidual to be selected. It shines coloured light on text and permits the separate rnanipuia- I 
tiori of hue, saturation, and brightness. The chosen chromaticity i s  matched using 
combinations of tinted trial lenses. The combinations OF trial lenses enable the tint to 
he tried out in natural viewing conditions and they guide the dyeing of spectaclelenses. 
The prescription is made up by dipping spectacle lenses into t r u ~  dyes w i d ~  hue similar to 
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that of the desired tint. One advantage of the calorimeter is that the entire visual field is 
coloured so the eyes are adapted to coloured light. This is the simplest method of studying 
coiour and its effect is similar to a coloured lens, not an overlay. 

To check on the specificity and reliability of the optimal colour, Wilkins et al. (2005b) 
asked five observers who had used coloured lenses to read without their lenses. They read 
randomly ordered words repeatedly under light of different colours (Wilkins et al., 
2005b). A computer algorithm was used to plot iso-reading speed contours in the CIE 
UCS diagram. The contours were similar from one test session to the next a few weeks 
later, and they showed no evidence of colour opponency. Although reading was usually 

1 slowest with white light and there was a large change in reading speed with colour, each 

1 individual had a different optimum. Despite the differences in optimal colour, the func- 
! tions for all participants were similar when the data were plotted in terms of the difference 

in colour between the colour of Iight the individual was using for reading and the colour 
at which the text was perceived to be clearest. The reading speed decreased progressively 
with the difference in colour until the separation in CIE UCS chromaticity was about 0.06 
when reading speed became similar to that under white light (Wilkins et al., 2005b). 

These findings help predict how many different tints are necessary in an ophthalmic 
tinting system. To achieve an increment in reading speed within 95% of that obtainable 
with an optimum tint, about 6000 tints are necessary (Wilkins et al., 2005a). It is not nec- 
essary to offer 6000 trial lenses. Trial lenses can be placed one upon another to create differ- 

1 ent colours, and so it is not necessary to have more than about 35 trial lenses to achieve the 

I 
requisite number of tints, provided the spectral transmissions are appropriately chosen. 

Clinical indications 
Tinted spectacles have shown clinical benefits in a variety of disorders. These disorders 
include not only reading difficulty, but photosensitive epilepsy (Wilkins et al., 1999, 
20031, migraine (Wilkins et a t ,  20021, autism (Ludlow et al., 2006), and multiple sclerosis 
(Newman Wright et al., 2007). In all these disorders there is evidence (direct or indirect) 
for a hyperexcitability of the brain, particularly the visual cortex. There is direct evidence 
for a hyperexcitability in migraine, described earlier. In both autism and mrrltiple sclero- 
sis, the evidence is indirect: these disorders are comorbid with epilepsy (Sullivan, 1975; 
Kinnunen & Wikstrom, 1486; Levinson, 2007) and migraine (Gee et al., 2005; Casanova, 
2009), and there is electrophysiological evidence for a hyperexcitability of the (motor) 

l 
cortex in multiple sderosis (Reddy et al., 2002; Caramia et al., 2004). 

Strong stimulation 
High-contrast stripes may be assumed to stimulate neurons strongly. Most visuaf neu- 

rons are responsive to the moderate contrasts found in naturat scenes (Clatworthy et al., 
20031 and their firing rate i s  likely to be close to maximal at contrasts above about 10%. 

i With high-contrast stripes, the responsive ileurons are likely to be firing strongly. 

j Stripes will stimulate columns of neurons with the appropriate orientation specificity, 
and the resulting excitation will presumably be concentrated within limited regions of 
the visual cortex, that is, the columns in which cells with the appropriate orientation 
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specificity are to be found. There are at least two reasons for supposing that such a dense 
firing of neurons within the cortical network is detrimental: (1) when neurons fire, the 
concentration of ions in the extracellular space increases and excitatory effects can 
cause activation of adjacent neurons (Jefferys, 1991); (2) the orientationally selective 
pyramidal neurons are interconnected by inhibitory interneurons which are responsible 
far orientation tuning, and may help to prevent any strong excitation spreading through 
the cortical n e k r k .  Recause the interneurons are shared between pyramidal neurons, 
strong firing of neighbouring neurons might deplete the local availability of an inhibitory 
neurotransmitter such as gamma-aminohutyric acid, decreasing the inhibition and allow- 
ing a discharge to spread within the network (Meldrum & Wilkins, 1984). 

Any spread of excitation might cause neurons to fire inappropriately, giving illusions of 

motion, shape, and colour. (The visual patterns that produce sueh illusions are curiously 
similar to the patterns seen as hallucinations when viewing bright (epileptogenic) flicker- 
ing lights. The patterns can be inferred to arise as a result of lateral connectivity when the 
resting state of the visual cortex becomes unstable, see Bressloff et al. (2002).) 

In rhesus monkeys the neurons in V2 show a topographic representation of colour. 
Neurons that respond to a red-black grating are found in areas that are next to areas in 
which the neurons respo~ld to yellorv-black gratings, and these in turn are next to areas 
in which the neurons respond to green-black gratings and so on. The  colour selectivity is 
distributed across the cortex in much the same way as colours are distributed within the 
CIE UCS diagram (Xiao et al., 2003). For this reason, coloured filters are likely to redis- 
tribultc the cortical excitation that results from a visual stimulus, at least in V2, one of the 
visual areas in which migraineurs show an abnormally large fMRI BOLD response (Huang 
et al., 201 1). Colours that make visual stimuli more comfortable may be those that result 
in a redistribution of activity that avoids areas that are hypcrexcitable. 

We have already seen that the BOLD response is abnormally large in patients with 
migraine and this abnormality is most pronounced in visual areas V2 and V3 (Huang 
et al., 201 1). With the appropriately coloured filter, the abnorrnall response in V2 and V3 
is reduced in size and is normalized in terms of its spatial frequency tuning. There is no 
effect of the coloured filters in controls (Huang et al., 201 l). 

The latency of the haernodynamic response to  visual stimuli can also be measured 
using a different technique, near infrarcd spectroscopy. With this technique it is evident 
that the response has an abnormally rapid decline in individuals with migraine. The 
decline is lessened (normalized) with filters sehccted to improvts visual comfort. There is 
no such increase wit11 control colours (Coutts et al., in press). 

The i~naging studies referred ta previously indicate that (1) the over-responsiveness of 
the visual cortex seen in migraine is reduced with coloured filters, and (2) the reduction 
is dependent on the colour of the filters in a different way for each individual. 

Peripheral consequences of central effects? 
The effects of coloured filters are not exclusively central. Indeed, the individuals who 
respond to coloured mters show an landerfocusing of the eyes ( A  jag of accommodation) 
that is greater than that seen in controls. The underfocusing is reduced by a coloured 
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filter, one with a colour that individuals report as improving comfort, but is unaffected 
by other colours. There is no association between the focusing error and the particular 
coIour that has this effect, as might be expected if the reduction in accommodative lag 
were due to the chromatic aberration of the eye. Instead it is possible that the underfocus- 
ing acts to slightly blur the retina1 image so as to reduce the extent of cortical activation, 
thereby improving visual comfort (Allen et al., 2010). 

Individual differences 
The large individual differences in she therapeutic colour are difficult to explain. It is 
possible that they reflect differences in the distribution of hyperexcitability across the 
cortex in anterior cortical areas. It is also possible that the differences reflect peripheral 
effects. They may be a consequence of differences between individuals in the proportion 
of long-, middle-, and short-wavelength cones (L, M, and S cones) in rhe retina. The 
differences are large (the ratio of L:M cones can be as great as 16:l (Hofer et al., 2005; 
Roorda 8c Williams, 1999)), but they do not appear to give rise to large perceptual differ- 
ences between peopIe. Perhaps the perceptual normalization that occurs is the result of 
a larger 'gain' being applied to the less numerous cones, and if so, the greater gain may 
have greater 'noise' associated with it. It  is possible that the chosen filter colour acts to 
reduce the effects of the noise by increasing the relative activation of the less numerous 
cone type. However, the S cones are the least numerous (about 1 for every 20 L or 
M cones) and the large individual differences that have been observed pertain mainly to 
the ratio of L to M cones. We would therefore expect the individual differences to occur 
mainly along the L M  conFusion line, and the differences do not appear to favour any 
particular axis of confusion (Wilkins et al., 2005b). 

A synthesis 
It is now possible to bring the very disparate components of this discourse together. It is 
possible to conceive of visual stress as arising from strong sensory stimulation. When the 
cortex is normally excitable, this strong stimulation is without adverse consequence. 
!Then, however, the cortex is hyperexcitable, visual iPlwsions are experienced, together 
with discomfort. The discomfort can be seen as providing for homeostasis: individuals 
wiIl avoid sensory stimulation that is bad for them. fn extremis, the neuraI discharge that 
usually results in no more than visual illusions has more adverse consequences, resulting 
in a Iarge discharge that may trigger migraine, or end in a seizure. 

Reading can be a stressful activity-it is one for which the visual system was not 
designed. Text can be improved in design to reduce visual stress, but where individual 
susceptibility is extreme it may be heEpfuI to use appropriately coloured filters that appear 
to act to reduce an overexcitation of the visual: cortex. The reasons for the individual dif- 
ferences in the colour optimal for achieving this reduction remain an enigma, 
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