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Summary:

This thesis describes the details of the research and 
development of a new computer based technique for deter
mining colour vision defects by measuring colour contrast 
thresholds in the peripheral region of the retina. The 
study shows that application of this new method to 
screening and management of populations at risk of de
veloping glaucoma has great potential.

The system consisted of a 80286 microprocessor based 
computer with a 80287 mathematics co-processor, a stand
ard PC keyboard, a EGA monochromatic monitor; a computer 
graphic interface card containing an advanced CRT con
troller; and a high definition colour monitor. The visual 
stimulus was displayed on the high definition colour 
monitor and system information was shown on the EGA 
monitor. The system was controlled by a software written 
in Microsoft "C". A slit-lamp chin rest was utilised to 
position the patient’s head. A closed circuit infra-red 
sensitive camera with a video monitor was used to monitor 
the eye movements of patients. The visual stimulus was an 
annulus displayed on a background which was equiluminant 
but of a contrasting colour.
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Equiluminance was achieved for each subject by obtaining 
a luminance match between the red and green guns and 
blue and green guns of the TV monitor, using heterochro- 
matic flicker photometry. The annulus subtended 25 de
grees at the eye, and 45 degrees of the annulus was 
removed randomly in one of the four quadrants. The colour 
contrast between the annulus and the background could be 
varied along protan, deuteran or tritan colour confusion 
lines, and the test consisted of establishing the minimum 
colour-contrast between annulus and background which 
allowed patients to identify the position of the gap 
while regarding a central fixation spot. Thus, the test 
was a "4-way forced choice" psychophysical method. A 
modified binary search method was used to ensure that the 
stimuli converged rapidly toward colour contrast thresh
old. Tests were done monocularly. The eye not being 
tested was occluded.

A series of control experiments were carried out to test 
the reliability and limitations of the system which 
included investigation of the effect of age, refractive 
error, eccentricity, pupil size, and illumination level. 
The linear regression of the test-retest results is 
0.984. All patients tested so far preferred this new test 
to automated perimetry. 325 eyes had been tested which 
included 84 controls, 84 glaucoma, 77 high risk, 50 
medium risk and 30 low risk ocular hypertensives.
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None of the glaucoma results overlapped those of the 
controls: all glaucoma thresholds were higher than 3.4
SDs above the normal mean. Over 50 % of the high risk 
thresholds were higher than 3 SDs above normal mean; some 
medium risk and a few low risk thresholds had high 
threshold values as well. The spread of thresholds be
tween normal and glaucomatous patients is considerable, 
so many intermediate graduations could be recognised. 
Thus, for screening purposes, criteria can be set such 
that a desired proportion of each class of patients may 
be separated from the general population. The high reli
ability and sensitivity of discriminating between glauco
ma patients and normals suggests that this test can be 
proved of great value in screening glaucoma and early 
detection of persons in the population at risk of de
veloping glaucoma.

Key Words: colour C.R.T. display, computer graphics,
computer based method, psychophysics, colour vision, 
colour contrast thresholds, glaucoma, ocular hyperten
sives, screening, patient management, statistics, epide
miology.
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Chapter 1: The Eye

1.0 Introduction:

The aim of this thesis is to discuss the details of the 
development of a new computer based method for measuring 
peripheral colour contrast thresholds; the results of 
applying this new method to patients with glaucoma or 
suspected glaucoma; and the implication of the findings 
for management and screening of the very large number of 
patients who either suffer from glaucoma or in whom the 
disease process is beginning. The work done depends upon 
detailed understanding of concepts underlying visual 
physiology and anatomy of the eye, and in this section 
these are reviewed.

Study of the eye has been carried out over centuries, but 
to understand the details of function, it is necessary 
to record the electrical activities of single cells of 
the retina, and this usually implies experiments in 
vitro. For example, the spectral sensitivity of the eye 
can be measured in a variety of ways, but to appreciate 
the mechanisms of colour vision it is necessary to meas
ure the responsiveness of each type of cone, and deter
mine how excitation in the different classes of cone 
affects the postsynaptic mechanisms and any feedback
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pathway. For these reasons, most of the information has 
come from the studies of lower animals. It has been found 
that the characteristics of eyes are closely linked with 
the daily activities and survival techniques of the 
species, and certain features of the eye are common to 
all vertebrates. Several primates, notably rhesus monkey, 
have eye structures virtually identical to man. There
fore, we are reasonably certain that findings in animals 
are also applicable to man.

The eye in general can be simplified into two sub-systems: 
the optical system and the retina. Light enters the eye 
forming an optical image on the retina. This optical 
image is then transduced into electrical signals by 
specialised cells, the photoreceptors, the signals from 
which are then processed by other retinal cells. The 
signals are then transmitted to the lateral geniculate 
nucleus (LGN), and also mid-brain visual reflex centre, 
superior colliculus, through the optic nerves. The mid
brain visual functions are related to the control of the 
motor neurons of extraocular muscles, the details are 
beyond the scope of the thesis (for more details, see 
Kelly, 1981). From the LGN, cells of different functions 
start to segregate physically, and their signals are then 
transmitted to the functional blocks of the visual cor
tex. The transmission of information from photoreceptors 
to the ganglion cells involves retinal neurotransmitters. 
They can be described as either excitatory or inhibitory
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depends on whether they depolarise or hyperpolarise the 
membrane potential of the postsynaptic retinal cells. The 
details of retinal neurotransmission are beyond the scope 
of this thesis (for details, see Dowling, 1987). Retinal 
cells process optical information in a parallel fashion. 
For example, information like form, depth, motion, and 
colour can be processed simultaneously. Therefore, the 
visual system is what is known in computing as a parallel 
processor.

1.1 Optical Components of The Eye:

The eye has three anatomical coats: the outer layer which 
includes the sclera and cornea; the uvea which includes 
the choroid, ciliary body plus iris; and the neuro
epithelial layer which consists of the retina, ciliary 
epithelium, iris pigment epithelium and retinal pigment 
epithelium. Inside these three layers there is the aque
ous humour, the crystalline lens, and the vitreous hu
mour. The optical system basically includes all elements 
of the eye on the pathway of the light before it reaches
the retina, cornea, aqueous humour, iris and pupil,
crystalline lens, and vitreous humour (for details, see 
Walls, 1942). Figure 1.0 shows the schematic diagram of 
the eyeball.
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Fig. 1.0 Cross Sectional Diagram of The Eyeball. (Adapted 
from Davson, 1980)
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1.1.0 Cornea:

The cornea is the transparent window of the outer coat of 
eyeball. Its refractive index is 1.376. The radius of 
curvature of the outer surface of human cornea in its 
central region is about 7.86 mm. The optical power of the 
front surface of cornea is about +48.83 dioptres and the 
back surface gives -5.88 dioptres. Thus the approximate 
total power of the cornea is about +43 dioptres which is 
about 2/3 of the total power of a .normal eye. It approxi
mates to a spherical surface only in the small central 
region and is flattened towards the corneal margin. The 
flattened peripheral region has less refractive power 
which helps to reduce spherical aberration which occurs 
in simple spherical lenses.

1.1.1 Aqueous Humour:

The aqueous humour is approximately an ultrafiltrate of 
blood, with minor variations which are not of concern to 
this thesis. However, aqueous is formed by a process of 
secretion, which involves the activity of the specialised 
cells of the ciliary epithelium: this is worth noting 
since it is by 'reducing this changing of the rate of 
secretion that the pressure of the aqueous can be regu
lated.
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Complete understanding of the mechanism of secretion has 
not been achieved so far, but it is clear that the forma
tion of an ultrafiltration is not by itself adequate to
explain the formation of aqueous humour. It seems to be 

+
that Na ions are actively transported by a sodium pump.
The chemical energy necessary for this process is usually

+
provided by oxidative metabolism. The transfer of Na 
leads to the establishment of osmotic gradients that 
cause flow of water. Other ions and solutes may follow 
passively with osmotic gradients or they may be actively 
transported. It is estimated that about 70-80% of the 
aqueous humour formation is due to active transport (for 
more details, see Cole, 1984).

The aqueous fills the space between the cornea and the 
lens. The average depth of this space along the optical 
axis is 3 mm. Its refractive index is 1.336. It provides 
a media for the movement of the iris, the biochemical 
maintenance for this region of the eye and, it also 
regulates the intraocular pressure of the eye.

1.1.2 Iris:

The iris is a coloured musculo-fibrous structure. Its 
central polygonal aperture forms the pupil of the eye. 
This aperture controls the amount of light entering the 
eye i.e. the retinal illuminance. There are two sets of
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involuntary muscles that act together to achieve the 
control function: the sphincter and the dilator. They
control the contraction and dilation of the pupil respec
tively. In normal situations, pupil size can vary from 2 
mm to 8 mm in diameter which corresponds to a sixteen
fold change in pupil area. Psychological and aging fac
tors also change the pupil size: mental excitation in
creases pupil size and older people usually have rela
tively smaller pupil size. Pupil size can also be altered 
by applying certain autonomic drugs: miotic drugs such as 
pilocarpine reduce the pupil size by inhibiting the 
dilator and exciting the sphincter; and drugs such as 
atropine, cyclopentolate and tropicamide act in just the 
opposite way, dilating the pupil.

1.1.3 Lens:

The crystalline lens has a biconvex concentric multilay
ered structure. It is optically denser towards its cen
tre: its average refractive index is 1.420. When the eye 
is focused on infinity, the ciliary muscles are relaxed 
and the thickness and optical power of the lens is at its 
minimum, about +20 dioptres. When an object is focused 
at a nearer distance, the eye starts to accommodate: the
ciliary muscles contract, which increases the thickness 
of the lens and, as a consequence, the power of the lens 
is increased. For a normal young person the accommodative 
power of the lens can be as high as +10 dioptres. The
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near point for a young person is about 15 cm in front of 
the cornea. This accommodative power reduces as the 
person gets older, thus the near point of an older person 
is much further away from the cornea. The ability of 
accommodation allows the lens to act as a fine tuning 
focusing device of the eye.

1.1.4 Vitreous Humour:

The vitreous humour is transparent, and fills the space 
between the lens and the retina. This vitreous space 
increases in volume to almost double between birth and 
adulthood. The average refractive index of vitreous 
humour is about 1.336. Since its refractive index is 
higher than that of air, the vitreous humour is part of 
the refractive power of the optical system. If the axial 
length of the eye is larger than normal the image will be 
focused in front of the retina instead of on the retina. 
This is the principal cause of myopia.

Vitreous humour can be gelatinous or liquid, or a mixture 
of both. In human, vitreous humour is totally gelatinous 
at birth. However, the adult vitreous space fills with 
gel together with liquid vitreous. The liquid vitreous is 
always separated from the adjacent tissues by a layer of 
cortical gel. The percentage of liquid vitreous increases 
as age increases: a 20 year old person has about 17% 
volume of the liquid vitreous out of the total vitreous
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space. This percentage increases to 40% for a 60 year old 
person.

The gel tissues are insoluble in water and they form a 
totally random network. The size of the network can be 
easily decreased or increased without changing the total 
amount of the gel tissues. The flexibility of the gel 
vitreous in volume creates its viscoelastic properties 
that form a mechanical buffer from the bordering tissues: 
it helps to maintain the anatomical integrity of the lens 
and the retina, and strengthens the eye against any 
mechanical impact.

1.2 Absorptive Properties of Cornea, Lens, Vitreous and 
Macular Pigments:

These optical components of the eye form the ocular media 
which determine the spectrum of light that can reach the 
retina. The visible spectrum for the normal observers is 
in the range extending from 380 to 780 nm. Wavelengths 
outside this range are blocked by the ocular media. The 
corneal and lens proteins strongly absorb short wave
length stimuli (up to 390 nm). Further absorption of the 
short wavelength stimuli by the lens is due to the fact 
that it is normally yellow, except in the age range 0-25, 
and thus absorbs short wavelength stimuli up to about 480 
nm. The absorption of short wavelength stimuli increases 
for older people, since their lenses are yellower than
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those of the younger persons. The spectral density curves 
of the human crystalline lens for ages 21 and 63 years are 
shown in Figure 1.1.

0.5

>s| 0.3
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a 0.2u
CXo

500 600 700
X( nm)

Fig. 1.1 The spectral density curves of the human crys
talline lens for ages 21 and 63 years. (Adapted from Said 
and Weale, 1959)

The central region of the retina, containing the fovea, 
contains the yellow macular pigment. The macular pigment 
extends over the central 5 to 10 degrees of the visual 
field and absorbs light in the blue region of the spec
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trum with an absorption peak at about 450 nm. The optical 
density of macular pigment may vary with individuals, and 
across the macular zone, the thickness of the pigment may 
also vary (Ruddock, 1963). However, there is no systematic 
relationship between human macular pigment density and 
age (Werner et al, 1987). Figure 1.2 shows the human 
macular pigment densities at different parts of the 
visible spectrum.

0.5

0.3

-2 0.2

500 550
X(nm )

Fig. 1.2 Human macular pigment densities at different 
parts of the visible spectrum. (Adapted from Vos, 1972)
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Long wavelength stimuli are absorbed by the water con
tents of the ocular media: most of the electromagnetic 
energy above 1400 nm is absorbed and converted into heat. 
The total transmission curve of the ocular media is shown 
in Figure 1.3.

* -  20

400 440 560 600
X( nm)

Fig. 1.3 Total transmission of the ocular media. (Adapt
ed from Ludvigh and McCarthy, 1938)
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1.3 Intraocular Pressure:

In healthy eyes, the intraocular pressure (IOP) is in the 
range 10.5 to 20.5 mmHg. This pressure does not change
significantly between the age of 10 to 70 in healthy
eyes, and there is little difference between the sexes.
Because the eye is a spherical shell with little plastic
ity, the pressure within it is related to the difference 
between the rate of fluid flowing in and the rate of 
fluid flowing out. Thus the pressure is maintained by an 
equilibrium between retinal blood circulation, the rates 
of secretion of the choroid and the ciliary body, and the 
out-flow rate of the intraocular fluid. Any change in the 
factors described above will upset such equilibrium and 
could cause the change of IOP.

1.4 Retinal Cells:

The retina is derived embryologically from the neuroecto
derm, ultimately from that part of the relatively undif
ferentiated embryo known as the neural ridge cells. It 
can be divided, in man and in other higher animals, into 
central and peripheral regions. The central retina may be 
subdivided into foveola (a disc of about 0.30 mm in 
diameter or 1 degree at the very centre of the retina), 
fovea (about 1.8 mm in diameter or 5 degrees), parafovea 
(about 2.8 mm in diameter or 8.4 degrees) and macula
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(about 5.8 mm in diameter or 18.5 degrees), and the 
peripheral retina can be subdivided into near periphery, 
far periphery and ora serrata (Polyak, 1957; Duke-Elder 
and Wybar, 1961). The thickness of the human retina 
varies with eccentricity, being greatest near the optic 
disc, and gradually thinning towards the periphery 
(Polyak, 1941; van Buren 1963), with the exception that 
it is the thinnest at the foveal pit. There is a lower 
concentration of retinal neurons in the peripheral re
gion. Neurons in the periphery have bigger size and they 
normally possess bigger receptive fields than those 
neurons nearer to the fovea.

Figure 1.4 shows the schematic diagram of the transverse 
section of structural layers of the retina which can be 
described according to their order from the most inner 
layer as: retinal pigment epithelium (RPE); photoreceptor 
outer limbs; external limiting membrane (ELM); outer 
nuclear layer (ONL); outer plexiform layer (OPL); inner 
nuclear layer (INL); inner plexiform layer (IPL); gan
glion cell layer; optic nerve fibres and internal limit
ing membrane (ILM).
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Fig.1.4 Cross Sectional Diagram of The Retina. (adapted 

from Dowling, 1987)
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Like other vertebrates, the human has an inverted retina 
(for a discussion, see Wirth et al 1984). Light travels 
through the most proximal layers of the retina before it 
reaches the neural phototransducers, called photorecep
tors. The most proximal layers are transparent to the 
light, which has little effect on the light propagation. 
However, the central region of retinal containing the 
fovea is covered by a layer of macular pigment. These 
macular pigments further protect the retina neurons from 
harmful short wavelength stimuli. In addition to macular 
pigment, retinal blood vessels, which are absent in the 
fovea, also absorb light before light enters the photore
ceptor layer. However, perception of the presence of 
macular pigment and retinal blood vessels can be achieved 
only under special conditions. Under normal circumstances 
their presence is not noticed. This is an example of the 
fact that only changes in illumination of the photorecep
tors cause signals to be sent from the retina to the 
brain. The blood vessels rest on the retinal surface, and 
even if the underlying photoreceptors have reduced illu
mination, their sensitivity is adjusted to compensate 
and, more importantly, the relative illumination does not 
change with respect to neighbouring photoreceptors ( and 
the same argument applies to the retinal neurons and 
ganglion cells). In just the same way if, part of the 
retina is slowly damaged, the sufferer becomes habituated 
to the loss and the scotomata cannot be detected.
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1.4.0 Retinal Pigment Epithelium:

When light has passed through all retinal neurons and 
cells, it reaches the retinal pigment epithelium (RPE). 
This is the innermost layer of the retina. The pigmented 
cells of the RPE contain nonphotosensitive melanin which 
absorbs light with wavelengths between 400-800 nm, and
reduces reflection and scattering of light inside the eye 
(for a detailed discussion, see Spalton et al, 1986). The 
RPE is separated from the choroidal capillaries by a 
membrane called Bruch’s membrane. The choroid is the
major source of nutrients for the outer retina. There are 
numerous basal infoldings of the RPE cells’ plasma mem
branes which facilitate nutrient and waste product ex
change (for more details, see Hageman & Johnson, 1991). 
Thus the main functions of RPE can be regarded as trans
portation of metabolites and regeneration of photorecep
tor pigments.

1.4.1 Photoreceptors:

Next to the RPE lies the photoreceptor layer. The shape 
of photoreceptors differs. They are called rods and cones 
(for more details, see Walls, 1942). Although each has
different functional properties, each can be divided into
outer segment, inner segment, nuclear region, fibre and
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synaptic zone. Figure 1.5 shows the basic structure of a 
rod and a cone.

/

— Outer segment

Inner
segment

0 0

Mitochondria

Rod Cone

Fig. 1.5 Structures of A Rod and A Cone 
Bailey, 1981)

(adapted from
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Light sensitive pigments are located in the outer seg
ments of the stacked membraneous discs that interdigitate 
with the retinal pigment epithelium (for more details, 
see Attwell, 1986). Because rhodopsin is insoluble, to 
maximise the absorption it has to be in a folded mem
brane. A quantum passing radially through a photoreceptor 
outer limb, has very low probability of being absorbed in 
a single membrane: but the cumulative probability is 
relatively high, about 30%. The probability is maximised 
by the elongated structures of rods and cones. The outer 
segment is connected to the inner segment by a thin 
cytoplasmic bridge containing a modified cilium (Smelser, 
1961). The inner segment consists of the nucleus, numer
ous mitochondria and the synaptic terminal (for details, 
see Attwell, 1986). There are gap junctions between 
photoreceptors which mediate electrical coupling between 
them (Custer, 1973; Gold & Dowling, 1979).

The light sensitivity of the visual pigment is determined 
by a chromoprotein which has a chromophore, a Vitamin A 
aldehyde called retinal. The retinal is bound to the 
visual pigment protein opsin. Retinal exists in 11-cis 
and all-trans isomers. It is the spontaneous combination 
of 11-cis retinal and opsin that forms the visual pig
ment. Studies have shown that there are different genes 
which specify four types of opsins in human eyes which 
correspond to the four classes of visual pigment found in
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human photoreceptors (Nathans et al., 1986a, b). These
four classes of human visual pigment have different peaks 
in their spectra (Bowmaker & Dartnall, 1980). The first 
class of visual pigment has its absorption peak at 419 
nm: cones containing this type of visual pigment are
therefore named as short wavelength sensitive (S) cones. 
The second class of the visual pigment has its absorption 
peak at 531 nm: the host cones are called medium wave
length sensitive (M) cones. The third class of cone 
pigment has its absorption peak at 559 nm. These cones 
are called the long wavelength sensitive (L) cones; the 
fourth class is the rod pigment which has absorption peak 
at about 496 nm. Figure 1.6 shows the absorption spectrum 
of the three classes of cone.
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Fig.1.6 Absorption Spectra of Human Visual Pigments, 
(adapted from Mollon, 1982)

The phototransduction events of rods have been observed
in single cells, mostly in the large rods of toads and
the mechanisms are in general understood. In the dark the

+
membrane of the outer segment is highly permeable to Na 

2 +
and Ca ions. The membrane potential is relatively 
depolarised around -30 to -AO mV (Hodgkin et al., 1985).
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+
The depolarisation also causes the leakage of K from the
inner segment and synaptic ending. The circulation of

+
ions forms the "dark current” . Low internal Na and high 

+ + + 
internal K concentration is maintained by the Na /K
exchange pump, which pumps the ions against their elec
trochemical gradients. The opening of ion channels in the 
dark is maintained directly by an internal messenger, 
cyclic guanosine monophosphate (cGMP) (Fesenko et al., 
1985; Haynes and Yau, 1985). When the concentration of
cGMP falls, which happens in the light, the membrane ion

+
channels close. When the ion channels are closed Na and 

2 +
Ca ions are stopped from entering the cell. Thus the

+ 2 +
intracellular Na and Ca ion concentrations decrease 
and the inside of the cell becomes much more negative 
with respect to the outside of the cell, i.e. the cell is 
hyperpolarised (Tomita, 1970). The membrane potential of 
the hyperpolarised photoreceptor is at approximately -60 
mV , which is close to the resting potential of most 
neurons (-70 mV). Figure 1.7 shows the voltage changes 
of the rod membrane at different level of illuminance.
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Fig.1.7 Voltage Changes in turtle Rod Associated With 
Brief Flashes of Varying Intensity, (adapted from Falk, 
1991) .

The cGMP level is controlled by a series of biochemical 
changes when light is absorbed by the rhodopsin. When a 
quantum is absorbed, within picoseconds rhodopsin over
comes an energy barrier and is converted to metarhodopsin 
I with maximum absorption at 480 nm. This metarhodopsin I 
rapidly decays to metarhodopsin II (peak absorption at 
380 nm) within a fraction of a millisecond. The metarho-
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dopsin II interacts rapidly with a protein called trans- 
ducin or G-protein. Transducin is a trimer, and when it 
interacts with the metarhodopsin II, it exchanges a 
molecule of guanosine diphosphate (GDP) for a molecule of 
guanosine triphosphate (GTP). About 20,000 transducin 
molecules sequentially undergo the GTP-GDP exchange. This 
interaction leads to the release of the gamma portion of 
the trimer and the transducin becomes a dimer.

The transducin dimer molecule is an enzyme which acti
vates a tetramer called phosphodiesterase (PDE). After 
activating the PDE, the dimer molecule of the transducin 
hydrolyses its GTP molecule to GDP. It then recombines 
its gamma portion back to its original trimer form. 
Activation of PDE involves splitting of the tetramer. The 
trimer is an extremely rapidly acting enzyme which splits 
cGMP into 5 TGMP. One quantum can thus cause the hydroly
sis of about 100,000 cGMP molecules. This is the process 
which reduces the level of the cGMP. Figure 1.8 shows 
the biochemical cycle of phototransduction.
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Fig.1.8 Biochemical Cycle of Phototransduction. (adapted 
from Falk, 1991).

After activating the hydrolysis of cGMP, the gamma mole
cule of the PDE recombines with its host molecule to form 
the original PDE molecule. Several seconds or more after 
the formation of the metarhodopsin II, the metarhodopsin 
molecules may break down into all-trans retinal (absorp
tion peak at 380 nm) and opsin directly, or they may 
break down into all-trans retinal and opsin via a differ
ent path: they may be converted to another intermediate 
pararhodopsin at a higher energy level (absorption peak 
at 465 nm). Then separation of molecule to all-trans 
retinal and opsin occurs. All-trans retinal can then be 
isomerized back to 11-cis form, which combines with opsin
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to reform the visual pigments spontaneously, or it can be 
reduced to vitamin A and stored in the retinal pigment 
epithelium until the regeneration process of visual 
pigments takes place during dark adaptation. This cGMP 
cascade also operates in cones but kinetically at a 
higher speed and operates at lower gain than in rods (for 
more details, see Falk, 1991).

A negative feedback mechanism in both rods and cones
2 +

leads to light adaptation. Thus Ca is an inhibitory
regulator of the synthesising enzyme, guanylate cyclase
(GC),that catalyses the synthesis of cGMP. In the light,

2 +
the free Ca concentration inside the cell is low as
compared with the level in darkness. As a result the GC
becomes more active and this increases the synthesis of

2 +
cGMP. The decrease of intracellular Ca ion level also
inhibits PDE, hence increasing cGMP level. The increase

2 +
of cGMP level due to the reduction of intracellular Ca 
level offsets the fall in cGMP level due to light induced 
hydrolysis by phosphodiesterase. Hence, fewer channels 
will be closed for a given light intensity in the light 
adapted state, so the membrane potential of a light 
adapted photoreceptor is less negative comparing with 
that of a dark adapted photoreceptor (for more explana
tions of this negative feedback mechanism in rods and 
cones, see Falk, 1991).
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Rods are scotopic sensors which are used at night or in 
dim light. Electrical responses can be recorded from 
isolated rods, even when the stimulus is only a single 
quantum of light. The response of rods reaches saturation 
very quickly: the response is almost half saturated when 
each rod has absorbed only about 30 photons. In bright 
light or natural daylight rods are insensitive to light 
before the visual pigments of the rods are totally 
bleached. Cones are photopic sensors which are active in 
daylight or bright light. The response of cones has a 
much faster time course and is less sensitive to light 
than rods. For example (see Fig. 1.9), after a dim flash, 
primate cone response rises to its peak in about 50 msec, 
but the primate rod requires about 200 msec to reach its 
peak; about 30 photoisomerizations give a rod response of 
half-saturating amplitude, while the corresponding re
sponse in a cone requires about 3000 photoisomerizations 
(Baylor, 1987). Figure 1.9 shows the response differences 
of rod and cone.
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Fig.1.9 Comparison of Electrical Responses of Rod and 
Cone, (adapted from Baylor, 1987).
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The spatial distributions of rods and the three types of 
cones are different. In the foveal area, cones are close
ly spaced with many fewer rods between them: there are
none at all in the foveola. In the peripheral retina the 
number of rods is much larger than the number of cones. 
The foveola contains only M and L cones: there are no S 
cones nor rods in this region. It has been found that the 
distribution frequency of L cones is quite even, about 
33% of cones throughout the retina (Marc & Sperling, 
1977). The M cones are most frequent in the fovea, about 
64%, and about 52% to 59% elsewhere on the retina. The 
occurrence of S cones in the near foveal region is low, 
about 2-3%, and rises to a peak of approximately 16% in 
the zone about 1 degree eccentricity, and then falls to 
8-10% in the parafovea and the rest of the retina. Rods 
are absent in the central 400 /im in diameter. Their 
frequency rises quickly and reaches the peak at about 18 
degrees eccentricity. There are no photoreceptors at the 
optic disc where the blind spot is located.
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Fig.1.10 Distribution of Photoreceptors as A Function of 
Retinal Eccentricity, (adapted from 0>sterberg, 1935).

It has been found that cone-cone crosstalk and cone-rod 
interaction exist in the form of electrical synaptic 
transmission at the gap junctions between cones and 
cones, and cones and rods (Gold and Dowling, 1979). S 
cones do not have as many gap junctions with either 
neighbouring rods or cones (for more details, see Ahnelt 
et al., 1990), they remain relatively isolated in the 
cone mosaic. The interconnection between photoreceptors 
is only between cones of the same class.
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1.4.2 Horizontal Cells:

Horizontal cells are located at the outer part of the 
inner nuclear layer with their axons and dendrites lying 
in the inner part of the outer plexiform layer. In human 
retina, three types of horizontal cells have been distin
guished (Linberg et al., 1987). The first type of hori
zontal cell (HI) is very similar to the primate horizon
tal cell described by Polyak (Polyak, 1941). It is a 
small field cell: it has 15 jum diameter dendritic tree in 
the fovea and about 80 to 100 jum in the periphery. The HI 
cell has thick and straight axons about 1 mm long. The 
second type of horizontal cell (HII) has a very short and 
curled axon, about 200 to 400 jum long. The third type 
(HIII) is very similar to HI but has a much larger den
dritic field, about two third larger, and more irregular 
in shape.

The connections of horizontal cells in human retina have 
been found to be related to retinal chromatic function 
(Kolb et al., 1989) : HI cells primarily contact M and L 
cones but also a relatively smaller number of S cones; 
HII cells specifically contact S cones and contact a much 
smaller number of M and L cones; HIII cells have large 
dendritic terminals synapse with M and L cones and com
pletely avoid S cones in their dendritic tree. In addi
tion to the cone connections, HI and HIII have also been 
found making contact with rods.
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In the dark, the release of transmitter by photoreceptors
keeps horizontal cells depolarised, partly by opening the

+ +
ion channels permeable to Na and K , and partly by 

+
closing K channels (Tachibana, 1985). When the retina 
is illuminated, the release of the transmitter from the 
photoreceptors decreases, horizontal cells hyperpolarise 
which in turn generates sustained graded potentials.

The electrical coupling between adjacent horizontal cells 
increases their receptive field size (Naka & Rushton, 
1966; Lamb, 1976; Lasansky, 1980). There is evidence 
indicating that retinal horizontal cells serve as a 
feedback system for the photoreceptors in lower animal 
(Baylor, Fuortes & O ’Bryan, 1971), such horizontal cell 
feedback systems have not yet been seen in the human 
retina.

1.4.3 Bipolar Cells:

In human retina, different types of bipolar cells have 
been found (for a review, see Kolb, 1991): one type
exclusively connects to rods; one type connects only to S 
cones; two types of midget cone bipolar cells; three 
types of wide field cone bipolar cells; five types of 
bipolar cells dealing with convergence of information for 
cones.
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The synaptic inputs of bipolar cells come from photorecep
tors and horizontal cells. Flat midget bipolar and dif
fuse flat bipolar cells have their axons terminals in the 
inner layer (sublamina a) of the IPL. The bipolar cells 
of S cones, rods and invaginating midget bipolar cells 
have their axon terminals in the outer layer (sublamina 
b) of the IPL. The postsynaptic cells of bipolar cells 
are the amacrine cells and ganglion cells.

The receptive field of bipolar cells consists of central 
and surround zones. The response generated by light in 
the surround zone antagonises that of the centre. Hori
zontal cells are believed to be responsible for the 
antagonistic surround component of bipolar cell receptive 
field (Werblin & Dowling, 1969). This field characteris
tic could have been achieved by two ways: one way is
there are direct synapses from horizontal cells to bipo
lar cells, producing voltage change in bipolar cells 
opposite in sign in respect to that produced by central 
illumination; the other way is via the sign-inverting 
feedback synapses from horizontal cells to cones. In the 
light, the reduction of photoreceptor transmitter makes 
the bipolar cells undergo voltage changes of the opposite 
sign. The OFF-centre bipolar cells becomes hyperpolarised 
and the ON-centre bipolar cells becomes depolarised. The 
cone related bipolar cells generate either ON or OFF 
sustained responses to light in retina.
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In the human retina, rod bipolar cells do not send their 
output directly to ganglion cells, instead, they synapse 
upon various amacrine cells. This allows for both diver
gence of the rod signal onto many ganglion cells and 
convergence of signals from many rod bipolar cells onto 
single ganglion cell. Some of the cone bipolar cells send 
axons to sublamina a and others to sublamina b of the 
IPL. The cone bipolar cells with axons in sublamina a are 
assumed to connect the OFF-centre ganglion cells and 
those with axons in sublamina b are assumed to connect 
the ON-centre ganglion cells. Cone bipolar cells make 
direct synapses with the ganglion cells, thus intermedi
ate amacrine cells are not required. Fewer cones converge 
onto cone bipolar cells than do rods to rod bipolar 
cells, consequently, only a relatively small number of 
cone bipolar cells converge onto their ganglion cells.

The two classes of midget bipolar cell can be divided 
into two groups (Kolb, 1970): one is called the invagi- 
nating midget bipolar cells which connect with cone 
pedicles at narrow-cleft ribbon synapses and have axon 
terminals connecting with ganglion cells in sublamina b 
of IPL; and the other type is the flat midget bipolar 
cells which connect to cone pedicles at wide-cleft, semi 
invaginating basal junctions and have axon terminals 
connecting with ganglion cells in sublamina a of the IPL. 
The size and branching level of midget bipolar cell axon
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terminals have been found to be are very similar to those 
of midget ganglion cells: they overlap and synapse with 
no more than one bipolar axon per ganglion cell (Kolb & 
DeKorver, 1988).

At the fovea, midget bipolar receptive field centres are 
connected to a single colour cone type, either L cone or 
M cone. Beyond the fovea, the midget pathway connects 
with two or three cones, which may be of more than one 
chromatic type. Unlike the fovea M and L cones, S cones 
do not use the midget pathway. Instead, a special S cone 
bipolar cell connects to two or three S cones and carries 
this information to the sublamina b in the IPL (Mariani,
1984) . The S cone bipolar has an extremely widespread
axon terminal that contrasts with the midget bipolars of 
M and L cones.

1.4.4 Amacrine Cells:

Amacrine cells can be classified into different types on 
the basis of their morphological characteristics of the 
dendritic tree size, and of the branching characteristic 
and stratification of their dendrites in the IPL. In 
human retinae over 25 different types of amacrine cell 
have been found. They can also be grouped into wide 
field, medium field and small field amacrine cells.
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Responses of the fish amacrine cells can be classified 
into two basic types: transient and sustained (Kaneko, 
1971). Transient cells usually give ON and OFF responses 
to illumination in their receptive fields, with depola
rising potentials. Sustained amacrine cell responses can 
be depolarising as well as hyperpolarising (Hosokawa and 
Naka, 1985). Sustained amacrine cells may be colour coded 
(Kaneko, 1971; Toyoda et al., 1973), and some cells have 
centre-surround antagonism (Toyoda et al., 1973).

The wide field amacrine cells receive synaptic input from 
about 1000 rod bipolar cells: they do not have any direct 
synaptic output upon any other amacrine cells nor gan
glion cells, they simply interconnect the rod bipolar 
cells. The medium field amacrine cells are OFF-centre 
cells. They receive synaptic inputs from rod bipolar 
cells and cone bipolar cells in sublamina b of IPL. They 
then synapse upon ON-centre ganglion cells of sublamina b 
of IPL. Small field amacrine cells are linked to both rod 
and cone bipolar cells. Some ON-centre cells make sign 
inverting synapses with OFF-centre ganglion cells to 
contribute rod signals to the centre of their receptive 
field. Some ON-centre amacrine cells also make excitatory 
synapses with ON-centre ganglion cells whose cone signals 
are received via bipolar cells. Some OFF-centre amacrine 
cells receive both rod bipolar input and OFF-centre cone 
bipolar input in sublamina b of the IPL and then have 
synaptic output only in sublamina a to OFF-centre gan

47



glion cells. It is very likely that amacrine cells are 
responsible for feedback mechanisms for bipolar cells 
(for more details, see Kolb, 1991).

1.4.5. Interplexiform Cells:

Interplexiform cells are located at the innermost border 
of the inner nuclear layer, but their processes extend 
into both inner and outer plexiform layers (for details, 
see Dowling, 1987). The input to interplexiform cells is 
exclusively from amacrine cells and the output occurs in 
both plexiform layers particular in the outer plexiform 
layer with synapses onto horizontal cells and some bipo
lar cell dendrites (Ryan and Hendrickson, 1987). Berson 
suggested that the interplexiform cells regulate centre- 
surround antagonism in the outer plexiform layer (Berson,
1987).

1.4.6 Ganglion Cells

Ganglion cells form the last layer of retinal neurons. 
They receive input signals from both bipolar and amacrine 
cells at sublamina a and sublamina b of the IPL. The 
outputs of ganglion cells are transmitted to the LGN
through their axons which are also the optic nerve
fibres. Instead of generating graded potentials, as do
the other types of retinal neurons (except some amacrine 
cells), ganglion cells generate action potentials.
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Ganglion cells discharge continuously, even in the dark. 
The firing rate increases in the presence of light. At 
the ganglion cell axons (also known as optic fibres), 
information is already frequency modulated for transmis
sion. The firing rate is determined not only by the level 
of illumination, but also by the type of stimuli, chro
matic attributes and the centre surround characteristics 
of the ganglion cells.

Ganglion cells have restricted centre- surround receptive 
fields (Hartline, 1938; Kuffler, 1953). They can be ON- 
centre, OFF-centre or ON-OFF cells (for more details, see 
Dowling, 1987). In the primates, colour opponent retinal 
ganglion cells were found and characterised (Zrenner, 
1983): their receptive fields have a concentric centre
and surround regions which are antagonistic to each 
other. These colour opponent ganglion cells can also be 
either ON-centre or OFF-centre cells. The centre inputs 
receive signals from different types of cones compared to 
those of the surround (de Monasterio, 1978). Colour 
opponent ganglion cells tend to be more sustained in 
their responses than nonopponent cells (Schiller & Malpe- 
li, 1977).
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Studies in macaque monkey have shown that there are two 
major types of ganglion cells. They have been called 
tonic and phasic cells according to their temporal char
acteristics (Gouras, 1968), but now they are more widely 
known as P-cells and M-cells because of their different 
projections to the parvocellular (P) and magnocellular 
(M) laminae of the LGN. These two types of ganglion cell 
have also been found in human retina (Rodieck, Binmoeller 
& Dineen, 1985 ) .

P-cells have small cell bodies and small dendritic
fields. More than 80% of the ganglion cells are P-cells. 
M-cells have large cell bodies and large dendritic
fields. They are much less numerous than the P-cells. 
Only about 10% of the ganglion cells are M-cells. Compar
ing with the P-cells, the M-cells have larger and faster 
conducting axons. The average densities of P-cells and M- 
cells outside the fovea have been measured (Perry et al., 
1984; Perry & Cowey, 1985, 1988): close to the fovea 
ganglion cells are layered, the relative density of P- 
cells is higher, with at least two P-cells receiving
signals from each cone; further away from the fovea the
relative density of P-cells is lower; outside the fovea, 
the relative density of M-cells is more uniform, about 
10%.
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By assuming triangular lattices, the limits of spatial 
resolution of P-cells and M-cells have been estimated 
(Lennie et al., 1990): the mosaic of P-cells in the fovea 
has a spatial resolution limit of 50-60 cycles/degree; 
and the spatial resolution limit for the M-cells is 
approximately 20 cycles/degree. Therefore the mosaic of 
P-cells is assumed to provide a higher spatial visual 
acuity. The temporal characteristics of P-cells and M- 
cells have also been studied (Derrington & Lennie, 1984): 
M-cells respond better than P-cells at higher temporal 
frequencies, but they have relatively greater loss of 
responses as temporal frequencies fall below 10 Hz.

The centre and surround characteristic of P-cell recep
tive fields is very similar to the X-cell receptive 
field in cat retina, and both have linear spatial summa
tion property (Kaplan & Shapley, 1982). However, the 
receptive field of P-cells has colour opponent organisa
tion: the centre and surround have different spectral
sensitivities. It had been found that P-cells exhibit 
red/green chromatic opponency and blue/yellow chromatic 
opponency at the LGN (DeValois et al., 1966; Wiesel & 
Hubei, 1966). Near the fovea the receptive field of the 
P-cell is very small and the centre may be driven by 
single cone (Wiesel & Hubei, 1966).
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M-cells also have centre-surround arrangement of the 
receptive field. The receptive field of M-cell is 2 to 3 
times larger in diameter than that of P-cell and it has 
much weaker chromatic opponency. Instead of behaving like 
the Y-cell of cat, as many may expect in term of nonlin
earities of spatial summation, M-cell behaves like the X- 
cells (Derrington & Lennie, 1984), it exhibits linear 
spatial summation property. M-cell is more sensitive to 
achromatic contrast, especially at higher temporal fre
quencies .

There is psychophysical evidence supporting the idea that 
there are three postreceptoral mechanisms which transform 
signals from the L, M and S cones (Lennie & D ’Zmura,
1988): the first mechanism is the red/green opponent
channel which carries the difference between signals from 
L cone and M cone; the second mechanism is the 
blue/yellow channel which carries the difference of 
signals from S cone and the combined signal from the L 
and M cones; the third is the achromatic channel which 
carries the combined signals from L, M and S cones. This 
matches the physiological result which suggests that P- 
cells might be responsible for the two colour opponent 
mechanisms and M-cells might be responsible for the 
achromatic mechanism.
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1.5 Optic Nerves:

Axons of all types of ganglion cells form the optic 
fibres which gather together at the optic nerve head on 
the retina (Davson, 1980). The optic nerve head consists 
of over 1.2 million optic nerve fibres grouped into about 
1000 optic nerve bundles. Axons near the centre of the 
optic nerve head are thinner and they are thought to be 
connected to the central region of the retina. Those 
bigger optic nerve fibre from the peripheral region of 
the retina gather around the peripheral part of the optic 
nerve head.

On the surface of the optic nerve head, axons bend acute
ly to leave the eyeball through the scleral canal, to
gether with retinal blood vessels. This distal portion of 
the optic nerve is the locus that is directly susceptible 
to elevated intraocular pressure. For a healthy eye, the 
condition of the optic nerve head is measured in terms of 
a ratio of the optic cup diameter against the optic disk 
diameter. The clinical upper limit of normal is 0.6, as 
usually used by ophthalmologists at Moorfields Eye Hospi
tal .
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Most of the retinal nerve fibres extend from the ganglion 
cells to the optic nerve head by direct routes, except 
those temporal to the macular which arch above or below 
the fovea and thereby creating a median raphe (Vrabec, 
1966). Axons extending from the optic disc are myelinat
ed. Optic nerves with larger diameter, faster transmis
sion speed and higher temporal responses are associated 
with M-cells; optic fibres with smaller diameter, slower 
transmission speed and lower temporal responses are 
mainly related to P-cells.

Optic nerves from each eye meet together at the optic 
chiasm (for more details, see Padgham and Saunders, 
1975). At the optic chiasm, these optic nerves are also 
sorted according to the projection of the visual fields 
upon the retina. Optic fibres from the temporal hemireti- 
na of left eye and the nasal hemiretina of right eye 
follow the left optic tract; and those optic nerves from 
the temporal hemiretina of right eye and the nasal hemi
retina of the left eye follow the right optic tract. 
Figure 1.11 shows the visual field mapping of the visual 
system.
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Fig. 1.11 Visual Field Mapping, (adapted from Bailey, 1981)

The optic tracts run from the chiasm and terminate at the 
LGN, which are located in the posterior aspect of the 
thalamus (for details, see Hubei and Wiesel, 1972). 
Retinal ganglion cells project onto the nucleus of LGN 
according to their positions in the retina. A larger 
proportion of LGN nucleus is used to map the central 
retina.

The details of LGN and visual cortex are beyond the scope 
of the thesis. However, the parallel pathways can be 
summarised as follows (but this is not meant to be com
plete in any way).
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In the LGN, parvocellular and magnocellular pathways 
start to be segregated physically (for details, see 
Livingstone & Hubei, 1984, 1987a).

Parvocellular neurons associate with colour. About 80% of 
parvocellular neurons show colour-opponency: they receive 
input from a single cone type at the centre and antago
nistic input from another type at the surround of their 
visual field.

Magnocellular neurons are not usually considered to be 
colour coded (Schiller and Logothetis, 1990). In terms 
of luminance contrast sensitivity, magnocellular neurons 
are more sensitive than parvocellular neurons (Kaplan and 
Shapley, 1986).

In the visual cortex, there are three known pathways: the 
magno pathway; the parvo-interblob pathway; and the blob 
pathway.

For the magno pathway, inputs from the magnocellular 
neurons of LGN are received at the 4Ca layer of the 
visual area one (also known as area 17). The signals are 
then passed on to the 4B layer of visual area one. From 
the 4B layer, signals are passed on to the thick stripes 
of the visual area two and then to the MT visual centre. 
This pathway displays orientation selectivity (Dubner and 
Zeki, 1971; Zeki, 1980a; Livingstone and Hubei, 1984);
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direction selectivity (Livingston and Hubei, 1984); 
stereoscopic selectivity and tuned for binocular dispari
ty (Zeki, 1973; Livingston and Hubei, 1987a); and motion 
detection ability (MT is often described as movement 
area).

For the parvo-interblob pathway, cells in the 4Cb layer 
of visual area 1 receive inputs from the parvocellular 
cells of the LGN. Signals of the 4Cb layer are passed to
the interblobs of layers 2 and 3 of visual area 1. From
the interblobs, signals are then passed to the pale
stripes of visual area 2. This pathway is tuned for
stimulus orientation, moving stimuli and end-stops, but 
unselective for stimulus colour (Livingstone and Hubei, 
1987a).

Understanding of the blob pathway starts from the blob 
cells of layers 2 and 3 of visual area 1. Their inputs 
are uncertain: they may receive inputs from both magno
cellular and parvocellular cells of LGN. Signals of the 
blobs are passed to the thin stripes of visual area 2, 
from which signals are then passed to the visual area 4 
(V4). Most blob cells have centre-surround receptive 
fields (a few are centre only without an antagonistic 
surround). In the macaque, about half of the blob cells 
are colour coded, with colour opponent centres and antag
onistic colour opponent surrounds. The remainder are 
broadband centre-surround cells, (as discussed in Living
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stone and Hubei, 1987a). The thin stripes of visual area 
2 are similar to the blob cells, in that they show high 
incidence of colour opponency (Hubei and Livingstone,
1985). The V4 area has been known to be a colour centre 
of the visual cortex for a considerable time (Zeki, 
1980b, 1983).
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Chapter 2: Colour Vision

2.0 Introduction:

This chapter reviews the characteristics of the visual 
system which subserve the perception of colour, the 
development of theories of colour vision, the normal 
variations of colour vision, congenital and acquired
disturbances of colour vision and the methods used to
detect colour deficiencies.

2.1 Trichromacy:

Thomas Young (1773-1829) was the first person to discover 
that for normal persons, all spectral lights can be
matched by using a mixture of 3 spectral hues, providing
they had been chosen appropriately. The only constraint 
was that the 3 hues should be independent, i.e. any one 
of them could not be matched by any mixture of the other 
two. He first suggested that the three principle colours 
should be: red, yellow and blue. Later on he modified the 
three principle colours to red, green and violet. The 
combination of primaries that can match the maximum 
number of spectral lights is a set of which appears to us 
as red (R), green (G) and blue (B).
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Thus any light X, can be matched by a combination of R, G 
and B:

X = rR + gG + bB

Where r, g, and b are the amounts of R, G, and B required 
to match X.

Young realised that his findings suggested there were 3 
resonators in the eye which responded to light in a 
selective manner.

Hermann von Helmholtz (1821-1894) later confirmed and 
extended Young’s ideas: there were 3 fundamental colour 
mechanisms in the eye which had broad and overlapping 
spectral sensitivities.

Maxwell (1831-1879) also proved trichromacy by his colour 
mixing experiments (Maxwell, 1860). Maxwell postulated 
three primary sensations which corresponded to the activ
ity of independent classes of receptor, and attempted to 
derive the spectral sensitivity of the three mechanisms 
using the data of colour anomalous observers, being aware 
himself that colour anomaly could be explained in terms 
of a missing sensation.
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Further colour matching experiments successfully estab
lished the colour matching functions, i.e. the amount of 
red, green and blue required to match any given spectral 
wavelength, using normal observers (Wright, 1928-1929 ;
Guild, 1931), and these results were used to define the 
colour matching functions of the CIE 1931 standard ob
server (details of CIE 1931 will be discussed later). 
Thomson and Wright published the R, G, B curves repre
senting the fundamental spectral responses of the three 
colour mechanisms (Thomson & Wright, 1953).

The ideas and the techniques established in these last 
experiments enabled the quantitative examination of the 3 
colour mechanisms: long wavelength sensitive (L), medium 
wavelength sensitive (M) and short wavelength sensitive 
(S), now known to be formed from the 3 cone systems.

Rushton also provided other evidences by his method of 
reflection densitometry of the retinal pigments in situ 
(Rushton, 1970): he found that there was a real loss of a 
pigment in a dichromat such as a protanope or a deutera- 
nope. The first direct confirmation of the three cone 
systems was produced in 1964 by two groups of scientists: 
Marks, Dobelle and MacNichol who worked on goldfish, 
monkey and human retinae; and Brown and Wald on human 
retinae. They carried out the microspectrophotometry of 
single cone receptors. Using the technique of microspec
trophotometry, they measured the difference spectra of



bleached and unbleached cones, and found three types of 
cones which absorb light in different regions of the 
spectrum (Marks, Dobelle & MacNicol, 1964; Brown & Wald, 
1964). Since then, many techniques have been developed or 
improved by many groups of scientists to investigate the 
three types of cone.

The interpretation of the results had become much simpler 
and more certain after Rushton had proved the loss of a 
pigment for protanopes and deuteranopes (Rushton, 1964, 
1970). Protanopes are people who have total loss of long 
wavelength sensitivity, and deuteranopes are people who 
have total loss of medium wavelength sensitivity (the 
details of colour deficiencies will be discussed later in 
this chapter).

The study used colour defective observers: protanopes and 
deuteranopes could be used as observers for study of the 
L and M cone systems. They have only two active cone 
systems. By eliminating the responses of their S cone 
system, by using high spatial or temporal frequencies, 
the M cone system could be isolated from protanopes and 
the L cone system could be isolated from deutanopes. The 
spectral luminosity function of L or M cone system can 
then be measured (Smith & Pokorny, 1975; Tansley & Glush
ko, 1978).
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The method of silent substitution has also been used 
(Rushton, 1975). This is based on the principle of uni
variance of the cones. This principle is a theoretical 
assumption which states that the electrical polarisation 
of a cone depends only on the rate of absorption of 
photons by individual cone, i.e. the cone is colour blind 
(for more discussions, see Mollon, 1982). Two light 
sources with different wavelengths were adjusted to give 
the same rate of quantum catch to one type of cone, the 
detection of the transition between the two lights was 
due to the other class of cone. Then the spectral sensi
tivities of one type of cone can be measured over a range 
of wavelengths.

Stiles had also carried out a series of independent 
researches which characterised colour vision mechanisms, 
known as i t  mechanisms (Stiles, 1949). In his experiments, 
a foveal flashing test field of a given wavelength is 
superimposed on a large background of another wavelength. 
The increment thresholds of the test field were recorded 
over a range of intensity of the background, and the 
threshold versus intensity curve plotted for each combi
nation of background and test field. Typically as the 
background intensity was raised, the slope of the curve 
first increased and then decreased, forming a complex 
inflection point. At this point, Stiles demonstrated that
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a different spectral mechanism began to mediate the
threshold. The intensity of the test at this point varied 
with the wavelength of the background, and from this data 
Stiles was able to measure the spectral responsiveness of 
the mechanism (for more details, see Stiles, 1980).

There are five tt spectral mechanisms, all measured in
terms of light flux at the cornea. The tt5 mechanism
corresponds to the long wavelength cones, it is long
wavelength sensitive and has peak sensitivity at 570 nm.
The green sensitive mechanism is called tt4, and its
spectral response resembles that of the medium wavelength 
cones, but its peak sensitivity is shifted to 540 nm.
There are three blue sensitive mechanisms, named *vrl, tt2
and tt3 . They all have their peak sensitivities at about 
440 nm, but have different long wavelength field sensi
tivities. If the differences in long wavelength sensitiv
ities can be ignored for the blue sensitive mechanisms, 
then the ul mechanism is close to the short wavelength 
cone system. The tt mechanisms are highly correlated to 
the three cone systems of trichromatic theory (for more 
discussion, see Stiles, 1978; Pugh & Mollon, 1979; Siegel 
& Pugh, 1980; and Mollon, 1982). However, Stiles was an 
extremely careful and conservative scientist, and he 
realised he was dealing with sensations and refused to go 
beyond his data, and speculate about the relationship 
between his mechanisms and visual pigments.
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Microspectrophotometry (for review of this technique, see 
Liebman & Entine, 1964; Liebman, 1972; Knowles & Dart- 
nall, 1977; Bowmaker, 1984) has been used to determine 
the absorbance of photopigments of individual photorecep
tors. A small beam about 2 pm wide is passed through the 
outer segment of a cone, and the photon absorption at 
different wavelengths is then recorded. Measurements on 
cones of human beings and primates have confirmed that 
there are three types of cones, with their peak sensitiv
ities at 419, 531 and 559 nm wavelengths (Bowmaker & 
Dartnall, 1980; Bowmaker & Mollon, 1980).

By using techniques of molecular genetics, Nathans and 
his colleagues have proved that trichromacy is determined 
in the human genome (Nathans et al, 1986a,b). These 
results strongly support Young's trichromatic theory.

The wavelengths of peak spectral sensitivity found by 
psychophysical techniques are slightly different from 
those obtained from microspectrophotometry. The differ
ences can be partly explained if the conditions of meas
urements are taken into account.

Microspectrophotometry offers direct measurement at the 
outer segment of a cone, but because in vivo the light 
passes axially along the outer segment, the photopigment
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in the anterior part will screen the photopigment in the 
posterior part (Knowles & Dartnall, 1977).

The spectral sensitivity functions measured by psycho
physics refer to measurements made at the cornea: retinal 
illumination which determines the excitation of recep
tors is different, because light passes through the 
ocular media,and correction must be made for absorptions 
and reflections, in particular absorption by the macular 
pigment and the lens pigment of the eye. Individual 
variations in density and distribution of macular pigment 
may also contribute to the differences of results ob
tained from different techniques.

Other differences between the results of microspectropho
tometry and psychophysics could be due to the properties 
of receptor optics, which are not completely understood.
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2.2 Colour Opponent Theory:

The opponent theory of colour vision was first formulated 
by Ewald Hering (1834 - 1918). It was noticed that the 
sensation of red was suppressed at the presence of green, 
and vice versa. This kind of cancellation of sensation 
was also found for blue and yellow colour pairs. There
fore, there is no perception of reddish green, nor bluish 
yellow. He proposed that red and green, and blue and 
yellow colours operate in two antagonistic pairs: red-
green and blue-yellow. Later on, he added one more antag
onistic pair, black-white. He therefore suggested that 
there were corresponding physiological correlates which 
mediated these opponent processes. This theory can be 
generalised in such a way that any colour C we sense is 
the combinational results, i.e. a function, of the three 
individual channels:

C = f((B-Y) + (R-G) + (BK-W))

This theory was carefully studied by using psychophysical 
methods (Jameson & Hurvich, 1955): the energy of a green 
light required to cancel a superimposed red sensation was 
measured at different wavelengths; and the same experi
ment was also carried out for the cancellation of blue 
and yellow sensation.
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As a result, opponent hue cancellation functions of red- 
green and blue-yellow were obtained which were consistent 
with the idea of the existence of opponent channels. 
King-Smith and his colleagues successfully isolated the 
chromatic opponent channels by using incremental targets 
of low spatial and temporal frequency image on an achro
matic adapting field (King-Smith & Carden, 1976; King- 
Smith & Kranda, 1981).

There is also electrophysiological evidence which sup
ports the ideas of colour opponent channels. In primates, 
colour opponent retinal ganglion cells were found and 
their properties documented (for more details, see Zren- 
ner, 1983). The structure of the receptive fields of the 
colour opponent ganglion cells is a concentric centre and 
antagonistic surround. There are both ON-centre or OFF- 
centre cells. In addition, the centres may be specifical
ly sensitive to either medium or long wavelength light, 
which reflects the predominant types of cones connected 
to the centre or surround. The centre receives signals 
predominantly from a different type of cone than does the 
surround (de Monasterio, 1978), and the dominant wave
lengths of centres and surrounds ccorrespond to the 
opponent colour theories. In general, colour opponent 
ganglion cells tend to be more sustained in their re
sponses than nonopponent cells (Schiller & Malpeli, 
1977). Colour opponent characteristics were also found in 
parvocellular cells at the LGN (Wiesel and Hubei, 1966).
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A linear model was proposed, which suggested that oppo
nent channels receive inputs combined linearly from the 
combination of the three types of cones (Jameson & Hur- 
vich, 1968). This model was tested by different groups of 
researchers. They confirmed that the red-green opponent 
process did obey the assumption of linearity with respect 
to their cone inputs, but the blue-yellow opponent proc
ess appeared to receive nonlinear inputs (Larimer et al., 
1975; Werner & Wooten, 1979; Elzinga & de Weert, 1984; 
Ejima & Takahashi, 1985; Ayama & Ikeda, 1986; Akita et 
al.,1987). The nonlinear property of the blue-yellow 
mechanism on hue cancellation had been explained in such 
a way that the S cones receives sensitizing signals from 
the L cones but desensitizing signals from the M cones 
(Ejima & Takahashi, 1985).

Among many possible types of opponent cells, two identi
fiable opponent ganglion cells have been found which have 
properties consistent with those of the channels proposed 
by Hering: they are the L-M and S-(L+M) opponent cells. 
They are equivalent to the red-green opponent cells and 
blue-yellow opponent cells respectively. L-M and S-(L+M) 
antagonistic cells have differences in the time course of 
their responses: the S-(L+M) opponent cells have a longer 
latency at the onset and lack of inhibition at the offset 
of light (Zrenner & Gouras, 1981).
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2.3 Normal Colour Vision:

As described above, persons with normal colour vision 
have two types of photoreceptors: rods and cones. The 
visible spectrum lies between 380 to 780 nm. The absorp
tion peak of the rod pigments is about 496 nm, and for 
the L, M, S cone pigments the absorption spectrum peak at 
559, 531 and 419 nm respectively (Bowmaker & Dartnall,
1980). In the normal person, these 3 pigments are provide 
the physical basis for three independent primaries (the 
image on the retina must be larger than the central fovea 
where blue cones are absent).

The colour vision performance of normal subjects is very 
stable. However, degradation of colour performance has 
been found in old subjects (Lakowski, 1958, 1962; Verri- 
est et al, 1962; Verriest 1963; Ohta & Kato, 1976). The 
reason for such degradation of colour vision performance 
with age is due to the progressive yellowing of the 
nucleus of the crystalline lens and the decrease of the 
transmittance of the lens (Said and Weale, 1959; Wright, 
1946; Lakowski, 1962; Ruddock, 1965a, 1965b; Verriest & 
Uvijls, 1977).

Under special viewing conditions, the colour vision of 
normal subjects can change. Thus when the stimulus is
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very small and limited to the central fovea, because 
there is lack of S cones in this region (Willmer & 
Wright, 1945), vision becomes tritanopic (Williams et 
al., 1981). When the eye is dark adapted, if the stimulus 
is very dim and at long wavelength, one type of cone 
together with the rods can provide a colour sensation 
(Smith & Pokorny, 1977; Stabell & Stabell, 1982). When a 
stimulus is viewed peripherally and at a light level such 
that both cones and rods are active, vision can be tetra- 
chromatic, because all three types of cones and the rods 
are excited, four primaries may be required for a colour 
match (Trezona, 1976). When a stimulus is at wavelength 
longer than 540 nm, vision can be dichromatic (for more 
details, see Boynton, 1979).
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2.4 Basic Colorimetric Equations:

There is always a need for colour measurement. The 
principle of all colour measurement is based on the 
trichromatic theory of normal colour vision, since if 
three suitable primaries are defined, most colours can be 
matched by the addition the primaries (but see below). If 
the quantity of each primary colour used to produce the 
match is measured, these values can then be used to 
represent a measure of this particular colour stimulus.

The fundamental law of colour matching is the trichro
matic generalization, which states that over a wide range 
of conditions of observation, most colours can be matched 
by addition of three fixed primaries. In a bipartite 
field, with one side containing an unknown X, and the 
other a mixture of the 3 primaries, R, G, B, the match is 
always of the following form:

X = rR + gG + bB

Some colours cannot be matched purely by addition of 
three fixed primaries. One of the primaries must be mixed 
with the colour to be matched, when the resultant can be 
matched by the two remaining primaries. For these co
lours, one of the coefficients ( r, g, or b) may have a
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negative value. The colour match can be expressed in the 
following form, if r is negative:

X + rR = gG + bB

Equations such as those above are commonly used by colour 
theorists. Within quite wide limits, these equations are 
found to have good predictive power. The main limitations 
are that the stimulus must not change rapidly with time, 
and be of a fixed size so inhomogeneities in the retina 
do not affect the matches. The use of such simple equa
tions implies Grassmans laws of colour matching, which 
are: symmetry, transitivity, proportionality and addi
tivity .

In the above equations, the colour stimulus has been 
represented by vectors in a three dimensional space, 
called the R.G.B tristimulus space, and r,g and b are the 
tristimulus values of X.
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The equation for a colour match of monochromatic light E 
at a spectral frequency using R, G, B lights can be 
expressed similarly as follows:

E = rR + gG + bB

here r,g,b are the spectral tristimulus values of E 
Thus for monochromatic stimuli E of unit radiant power, 
the spectral tristimulus values represents the colour 
matching properties of the observing eye in the particu
lar R, G, B primary stimuli. The tristimulus values 
required to match monochromatic light at different wave
lengths constitute the colour matching functions. Figure 
2.0 shows a set of typical tristimulus values of unit 
radiant power.
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Fig.2.0 Typical Spectral Tristimulus Values (adapted from 
Wyszecki & Stiles, 1982).

The colour matching equations can be simplified when a 
two dimensional representation in normalised Cartesian 
coordinates is used, so that:

r + g + b = 1
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It is therefore possible to express all colour matching 
information on the (r,g)-chromaticity diagram. The locus 
of chromaticity points on the (r,g)-chromaticity diagram 
for colour matching of spectral monochromatic lights is 
called the spectral locus. Figure 2.1 shows the example 
of a typical (r ,g)-chromaticity diagram with spectral 
locus of colour matching of monochromatic stimuli of 
wavelength from 380 to 700 nm, and the equal energy point 
(E) is at the point where r = g = 0.333.

2.0 --
910

920

15-930
900'

>940

990

490

0 .5 - -
979

479 600

700 nm
- 1.0 -0 .5 380 0.5

- 0 5 -

Fig. 2.1 Example of A (r,g)-Chromaticity Diagram (adapted 
from Wyszecki & Stiles, 1982).
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For a complex colour stimulus, Q, the colour is defined 
by its absolute spectral radiant power distribution over 
the range of the visible spectrum which is not restricted 
to narrow bands of wavelengths. The corresponding tristi
mulus values r,g,b of the colour Q are also defined as 
the integration of the radiant power distribution over 
the same range of the spectrum. Thus for a colour match
of two coloursCQ and Q ), the integrations of spectral

1 2
radiant power distribution of r ,g ,b must equal to

1 1 1
those of r ,g ,b , but at a particular spectral frequen-

2 2 2
cy, the spectral radiant power distribution of r ,g ,b

1 1 1
can be different from that of r ,g ,b . Such colours Q

2 2 2 1
and Q are called metameric stimuli.

2
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2.5 Colorimetric Transformations:

As mentioned above, there are many sets of primaries 
which can be used for colour matching. The only limita
tion in choosing primaries is that the three primaries 
must be linearly independent, that is any one primary 
must not be capable of being matched by the other two. 
Experiments can be carried out by using different sets of 
primaries at different laboratories. Therefore, transfor
mation between sets of primaries is necessary if the 
results from different laboratories and situations are 
going to be studied and compared.

Suppose at one situation it is more convenient to use R, 
G, B as the primary stimuli, and at another situation use 
R ’, G', B ’. They are linearly related. Thus each primary 
stimulus of one set can be matched by the three primaries 
of the other set. A set of homogeneous linear equations 
can be expressed as follows:

R ’ = a R + a G + a B
11 21 31

G ’ = a R + a G + a B
12 22 32

B ’ = a R + a G + a B
13 23 33
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These equations can also be expressed in matrix form:

A*
R
G
B

where A* is the matrix which can be expressed as

A* =
a a

11 21 31
a a

12 22 32
a a

13 23 33 J
The tristimulus values r, g, b of a colour stimulus 
measured by R, G, B primaries and the tristimulus values 
r ’, g ’, b' measured by R ’, G f, B* primaries are related 
by the homogeneous linear transform:

where A matrix which is the transpose of the A* matrix:

a a a A11 12 13
a a a
21 22 23

a a a31 32 33/
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The inverse transform is expressed as:

£ ) :  » ( ib y  = \ b

where the B matrix is the inverse of the A matrix:

B =
b b

11 12 13
b b

21 22 23
b b

31 32 33

Thus

r * =

g' =

b ’ =

b r + b g 
11 12

+ b b 
13

(b +b +b ) r + (b +b +b ) g + (b +b +b )
11 21 31 12 22 32 13 23 33

b r + b g + b b
21 22 23

(b +b +b ) r + (b +b +b ) g + (b +b +b )
11 21 31 12 22 32 13 23 33

b r + b g + b b
31 32 33

(b +b +b ) r + (b +b +b ) g + (b +b +b )
11 21 31 12 22 32 13 23 33

80



let
and

r + g + b = 1 
r ’ + g * + b ’ = 1

thus, the above equations can be reduced to the form 
which can be represented on the (r g ')-chromaticity 
diagram:

B r + fi B + 0  
1 11 12 13
/3 r + /S g + /S
31 32 33

g ’ =
/? r + /3 .8 + /3
21 22 23

/3 r + /S g +/331 32 33

where
0 11

= (b - b 
11 13

*12
— (b - b 

12 13
*13

— (b ) 
13

4 l
— (b - b 

21 23
0 22

= (b - b 
22 23

0 23
(b ) 

23
/S = (b - b + (b31 11 13 21
0 = (b - b + (b
32 12 13 22

& = (b + b + b )
33 13 23 33

b ) + (b 
23 31

b ) + (b 
23 32

- b )
33

- b )
33
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and r and g can be calculated by the inverse of the 
equations for r ’ and g ’:

r '
*i2 *13

g ’ & 22 ^23
1 & 32 A 33

A 11 A 12
r 1

A 21 A 22 g ’
A31 A 32

1

* n
r ’ A 13

*21 g ’ A' 23
*31

1 A 33

*11 A 12
r 1

/S21 A 22 g*
A 31 A 32

1
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2.6 Wright Colorimeter:

The colorimeter used in the Imperial College, London for 
many years was designed by Wright (Wright, 1927-1928) and 
bears his name. The schematic diagram of the Wright 
colorimeter is shown in Figure 2.2 (information from 
Wyszecki & Stiles, 1982).

Source

Top View Obs

' /rrrtJ
*

i V
1-3 .....

Fig.2.2 Schematic diagram of Wright Colorimeter, (adapted 
from Wright, 1927-1928)

The first major use was in Wright’s (1928-1929) colour- 
matching experiment which, together with Guild’s data, 
formed the basis for the CIE 1931 standard observer data 
for small visual fields.
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2.7 CIE Colorimetry:

There is a very large choice of primary colours and the 
use of different primaries results in different specifi
cations of colour. Therefore, an internationally agreed 
system with standardised primaries is necessary, so that 
measurements by different sets of primaries can be con
verted and compared with the measurements of the standard 
primaries. The work of this project is based on the CIE 
standard of 1931, reviewed briefly below (for further 
details and explanations, see Wyszecki & Stiles, 1982).

In 1931 an international standardising body known as the
/Commission Internationale de l’Eclairage (the Interna

tional Lighting Commission, abbreviated as the CIE) 
recommended a system of colorimetry based on the work of 
Wright (1928-1929) and Guild (1931). The colour-matching 
functions x(\), y(\) and zf(A) were defined in the wave
length range from 380 to 780 nm at 5 nm intervals. These 
functions were obtained from ’’ideal observers” who are 
normal trichromats, conform with the trichromatic gener
alization, and those colour matches agree closely (and 
only change to a small extent when repeated after pro
longed intervals). The colour matching was carried out 
using bipartite matching fields of 2 degrees angular

84



subtense directly viewed so that any participation of rod 
vision in the measurements was minimised.

The CIE (R,G,B)-system used three monochromatic lights at 
700.0, 546.1 and 435.8 nm as primaries, with the units
adjusted so that the chromaticity coordinates are all 
equal. The luminous efficiencies L(R), L(G), L(B) of unit 
quantities of the primaries are in the ratios of 1 :
4.5907 : 0.0601. The colour matching functions of the
(R,G,B)-system and the spectral locus in the (r,g)- 
chromaticity diagram are shown in Figure 2.3. The chroma
ticity of the equal energy stimulus lies at the centroid 
of the chromaticity diagram where the chromaticity values 
of r = g = 1/3. There are negative values in this (R,G,B) 
system. These negative values are inconvenient when 
tristimulus values of a given stimulus are to be evaluat
ed. They introduce sign complexities for computation and 
cause difficulties for the development of direct-reading 
photoelectric colorimeters. Consequently, an imaginary 
set of primaries (X,Y,Z) is used.
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Fig.2.3 1931 CIE (R ,G ,B )-System. (adapted from Wyszecki' & 
Stiles, 1982)
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The X, Y, Z primary stimuli are nonreal. They cannot be 
realized by actual colour stimuli. They are represented 
by vectors outside the domain of the real stimuli in the 
tristimulus space. The triangle formed by the normalised 
maximum values, i.e. (x,y,z) = (1,1,1), and the origin, 
i.e. (x,y,z) = (0,0,0), completely encloses the spectrum 
locus. Thus the chromaticity coordinates X, Y, Z, and the 
corresponding tristimulus values of any real colour are 
always positive. The relationship between the x,y,z and 
r,g,b of the 1931 CIE (R,G,B)-system of any given stimu
lus are expressed by the following projective transforma
tion:

0.49000 r + 0.31000 g + 0.20000 b
x = -----------------------------------

0.66697 r + 1.13240 g + 1.20063 b

0.17697 r + 0.81240 g + 0.01063 b
y = -----------------------------------

0.66697 r + 1.13240 g + 1.20063 b

0.00000 r + 0.01000 g + 0.99000 b
z = -----------------------------------

0.66697 r + 1.13240 g + 1.20063 b

Figure 2.4 shows the (x,y,z) tristimulus values of the 
(x ,y)-chromaticity diagram transformed from the 1931 CIE 
(R,G,B)-system.
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Fig.2.4 1931 CIE (X,Y,Z)-System. (adapted from Wyszecki & 
Stiles, 1982).
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2.8 MacAdam Ellipses:

For normal trichromats, the sensitivity to small colour 
differencesvaries. The first systematic studies of colour 
matching precision in different parts of :the- tristimulus 
space were carried out by MacAdam (MacAdam, 1942). In 
his study, MacAdam used an ingeniously designed colorime
ter. His observer turned a single control knob to vary 
the colour of one half of the 2 degree visual field along 
a straight line in the CIE 1931 (x,y)-chromaticity dia
gram while the luminance of the test and comparison
stimuli were automatically kept constant at about 48 

-2
cd.m . The 2 degree matching field was surrounded by a
42 degree diameter surround field having chromaticity
similar to CIE standard source C and a luminance of 24 

-2
cd.m . The test and comparison fields were mixed by the
same set of R, G, B stimuli, thus at the matching point
the two fields had the same spectral radiant power dis
tribution .

For the variable stimulus, colour coordinates along 
straight lines intersecting at a common fixed chromatici
ty were used in turn. MacAdam plotted the resulting 
standard deviations of colour matching along these lines 
from the intersecting point on the (x,y)-chromaticity
diagram. He found that the end points fell closely on an
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ellipse whose size, shape, and orientation changed when 
the whole procedure was repeated with a new fixed chroma
ticity point. The distribution of repeated colour matches 
around a colour centre in tristimulus space has been 
studied by Silberstein and MacAdam (Silberstein & MacAd
am, 1945). They found that, in the main, the data were 
consistent with a Gaussian distribution of the colour 
matches about the fixed comparison chromaticity. Figure 
2.5 shows the MacAdam's ellipses on 1931 CIE (x,y)- 
chromaticity diagram. Each discrimination ellipse has 
been magnified ten times for the sake of clarity. These 
show the region over which the chromaticity can be varied 
before the observer can notice any change of colour.
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Fig.2.5 MacAdam Ellipses on 1931 CIE XYZ Chromaticity 
Diagram, (adapted from Wyszecki & Stiles, 1982).
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2.9 Congenital Colour Vision Deficiencies:

Abnormal colour vision can be classified as congenital 
and acquired deficiencies. Congenital colour vision 
deficiencies are inherited colour vision defects.

The congenital achromatopsias refer to people who have 
total loss of colour perception or who have severely 
defective colour vision (Waardenburg, 1963). Most of the 
achromatopsias have some degree of associated reduced 
visual acuity (Pinckers, 1972). Rod monochromacy is one 
example, in which patients have total loss of cone func
tion (for detailed review, see Smith and Pokorny, 1980). 
They cannot see colour but only achromatic variations. 
Their vision is close to normal at low retinal illumi
nances, but at higher they have low visual acuity, photo
phobia and nystagmus.

Three types of cone monochromat may also be possible if 
two out of three classes of cones are totally insensi
tive. For the cone monochromat, rod function is generally 
normal. It is also possible for cone monochromat to have 
normal cones but abnormal sensations.

If the function of one class of cone lost, the subject 
is described as a dichromat. The loss of function is due
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to the lack of cone pigments (Rushton, 1964). Protanopes 
(pro-meaning first) lack the long wavelength sensitive 
cone pigment; deuteranopes (deutero-meaning second) lack 
the medium wavelength sensitive cone pigment; and trita- 
nopes (tri-meaning third) have a short wavelength sensi
tive cone pigment loss (von Kries, 1897). These dichro- 
mats will confuse many colour matches which the normal 
can distinguish easily. They can match any colour using 2 
colour stimuli.

Anomalous trichromats, unlike dichromats, do not have 
total loss of cone pigments, instead they have reduced 
cone sensitivity. Depending on whether the reduced sensi
tivity is in long, medium or short wavelength, anomalous 
trichromats can be described as protanomalous, deutera- 
nomalous and tritanomalous respectively.

The most important distinction to be made is to separate 
dichromats from anomalous trichromats. Dichromats have 
lost one type of pigment, but in the anomalous trichro
mats all three types of pigments exist.

The most common congenital defects are the X-chromosome 
linked red-green defects. In Europe, about 8% of males 
and 0.4% of females have red-green defects. Blue-yellow 
defects are very rare, only about 0.002 to 0.007 percent 
of the European population having such a colour disorder 
(Kalmus, 1955). About 0.003 percent of the European
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population have achromatopsias (Krill, 1977).

2.10 Colour Confusion Lines:

Dichromats do not distinguish some colour differences 
that are very obvious to the normal trichromat. The 
colour confusions of dichromats can be shown on the CIE 
chromaticity diagram: there are isochromatic lines for 
protanopes, deuteranopes and tritanopes. The colour 
change along the isochromatic lines are not distinguisha
ble by these dichromats. These isochromatic lines are 
also called the protan, deuteran or tritan colour confu
sion lines according to the type of dichromat who cannot 
distinguish the colour changes along the line.

There are many colour confusion lines for each type of 
dichromat. The colour confusion lines converge to differ
ent points on CIE chromaticity diagram for protan, deu
teran and tritan defects. Consequently, for each type of 
dichromat, the colour confusion lines which pass through 
the equal energy white point on the CIE chromaticity 
diagram meet different spectral points on the spectral 
locus. Those spectral wavelengths which match white are 
called neutral points.

Protan colour confusion lines converge at x = 0.7365, y = 
0.2635 (Vos and Walraven, 1971), and the neutral point is 
at 494 nm (Wyszecki and Stiles, 1982); the deuteran
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convergent point is at x = 1.4000, y = -0.4000 (Vos and 
Walraven, 1971), and the neutral point is at 499 nm 
(Wyszecki & Stiles, 1982); and tritan confusion lines 
converge at x = 0.1748, y = 0.0044 (Thomson and Wright, 
1953), and the neutral point is at 569 nm (Cole et al, 
1966). The isochromatic lines for protanopes, deutera
nopes and tritanopes are shown in Figure 2.6, 2.7 and
2.8.
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Fig.2.6 Isochromatic Lines for Protanopes in the CIE 
Chromaticity Diagram. (adapted from Pokorny, Smith & 
Verriest, 1979) .
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Fig.2.7 Isochromatic Lines for Deuteranopes in the CIE 
Chromaticity Diagram. (adapted from Pokorny, Smith & 
Verriest, 1979)

0.9
520

5300.8
540510

0.7 550

560
0.6

5705000.5 580

5900.4
6200.3 490 650

*700
0.2

480
0.1

400

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
X
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2.11 Acquired Colour Vision Deficiencies:

Acquired colour vision defects can be caused in a number 
of different ways. They can be due either to change of 
the absorption of the ocular media or specific lesions of 
the visual system. Acquired colour defects can be simpli
fied into three types, which will be discussed below. The 
special effects of glaucoma on colour vision will be 
discussed in detail in the chapters 3-7.

Type I acquired red-green defect is defined as a defect 
of chromatic discrimination on the red-green colour 
confusion line, progressively deteriorating, and accompa
nied by a defect in visual acuity. In the advanced stage, 
total colour blindness can be expected in the affected 
visual field. This type of defect is assumed to reflect 
the effects of retinal diseases like very localised 
destruction of macular cones.

In Type II acquired red-green defect there is progres
sively deteriorating chromatic discrimination on the red- 
green colour confusion line, and together with mild blue- 
yellow loss and reduction of visual acuity. This type of 
defect is commonly associated with problems of optic 
nerve such as optic neuritis, optic atrophies, optic 
nerve intoxications, optic disc malformations, and
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tumours of the optic nerve or chiasm.

The third type, type III acquired blue-yellow defect, is 
characterised by moderate loss of discrimination on the 
blue-yellow colour confusion line. This type of defect 
occurs in some choroidal, pigment epithelial, retinal and 
neural disorders (Ohta, 1970; Pinckers, 1975). Although 
there are a number of disorders leading to the loss of 
discrimination on the blue-yellow axis, simple clinical 
tests can be used to discriminate them.
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2.12 Detection of Colour Vision Defects:

2.12.0 Tests Using Coloured Plates:

There are different methods of detecting colour defi
ciencies. The simplest method involves the use of co
loured plates, made up of colour dots which can be con
fused by colour-defective persons. There are a variety of 
such tests, which are mainly used to screen congenital 
protan and deuteran colour defects from normal. Some
tests like the Hardy Rand & Rittler Plates (HRR), also
known as American Optical Company Plates, also provide 
plates to detect defects of tritan vision, but most are 
limited to protan and deuteran colours.

The majority of the tests use the pseudoisochromatic
principle (Sloan and Habel, 1956): the chroma of the 
foreground is very close to the chroma of the background. 
The observer is required to recognise objects defined by 
their chroma from a different background of a differing 
make up.

The plates consist of coloured dots, arranged in a pat
tern. The background also consists of coloured dots. To a 
normal observer, the pattern is distinguishable because 
its hues are distinguishable from the hues of background
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dots, but the pattern and background colours all lie on a 
protan or deuteran colour confusion line. To avoid 
problems in reproduction, dots are outlined in black, and 
the saturation of the dots varies considerably, so dots 
of different albedos (and different hues) form the 
pattern. Thus there are many ways in which the pattern is 
obscured if colour vision cannot be used to distin
guish it. In some varieties of test, one pattern can be 
seen by normal observers, and another by dichromats. This 
type of presentation increases the tolerance with which 
the colours can be printed.

There are four common presentation methods: vanishing,
quantitative diagnosis, transformation and hidden digit 
method (Hardy, Rand and Rittler, 1945). For vanishing 
plates, the figures are pseudoisochromatic to the defec
tive observer. The colours for the diagnostic plates are 
chosen on the isochromatic lines to distinguish protan 
and deuteran defects. There are two sets of figures on 
the transformation plates: one set for normals and one 
set for abnormal observers. For the hidden digit plates, 
the digits are visible only for colour defectives.

There are some limitations to these tests, since most of 
them cannot separate an observer with slight defects from 
normal trichromats with dense ocular pigmentation (Birch 
et al, 1979), such as a greatly yellowed lens. Another 
limitation is that most of the tests cannot distinguish
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between dichromats and severe anomalous trichromats. Any 
quantitative scoring of these tests depend on the colour, 
position and dimensions of the figures, and the illumi
nance level, and is thus very variable.

2.12.1 Arrangement Tests:

Another test method is to ask the observer to arrange a 
set of colour samples in a order, according to the varia
tion of either hue or saturation. Thus the basic princi
ple of such tests is to measure the observer’s chromatic 
discrimination. The colours used in the arrangement tests 
can be chosen in such a way that protan, deuteran and 
tritan abnormalities can be detected.

The Farnsworth-Munsell 100-hue test (Farnsworth, 1943) is 
the most common arrangement test. It is designed to test 
hue discrimination. It consists of 85 colour "caps” . The 
caps subtend 1.5 degree at 0.5 meter distance. These caps 
are kept in four boxes and each box contains 21 or 22 
caps. The colour samples are taken from the Munsell 
system and they are selected in such a way that the 
entire hue circle has been covered (for further details 
about the Munsell system, see Wyszecki & Stiles, 1982). 
On the under side of each cap a number of the coloured 
surface, in the order of the Munsell series, is printed. 
Two colours are fixed at either ends of each box. Ideal
ly, the caps should be equiluminant and must be viewed
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under standard illuminant C (Farnsworth, 1957; Lakowski, 
1968). During the test, one box is presented at a time to 
the subject with the coloured caps arranged in random 
order on the upper lid of the box. The subject is re
quired to arrange the caps in order, according to colours 
on the lower panel between the fixed end caps. Normally 
there is no time limit for completing the task, but in
practice, a time limit of 2 min/box is suggested by the
test manual.

After the subject has completed the test, the caps are 
turned over and inspected. The score for each cap is then 
calculated as the sum of the absolute differences between 
adjacent caps.

For example, for a rearranged cap sequence such as:
67, 68, 69, 71, 70, 72,
the score can be calculated as:

For cap 68, score = {(67-68)! + !(69-68){ = 2

For cap 71, score = {(69-71){ + {(70-71)j = 3

The cap score can also be presented on a circular graph 
with the cap score plotted as a distance on a radial 
line. Results of congenital colour defects have their 
characteristic poles shown on the circular graph. (Figure
2.9 shows an example of 100 hue test scores on the circu-
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lar graph; and Figure 2.10 shows how an result can be 
interpreted in terms of protan, deuteran, of tritan 
defects).
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Score 319

Fig.2.9 An Example of 100 Hue Test Scores on A Typical 
Circular Graph, (adapted from Fletcher and Yoke, 1985)

f * -  Proton
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Fig.2.10 Interpretation of 100 hue test results in terms 
of protan, deuteran and tritan defects. (adapted from 

Fletcher and Yoke, 1985)
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The error scores of 100 hue test had been found vary with 
age. Among normal healthy subjects, it has been found 
that colours were discriminated most accurately between 
the ages of 16 to 35 years (Lakowski, 1958), from 35 
onwards the test score increased in a positive manner 
(Verriest, 1963), and after age 55 there was a sign of 
deterioration in the ability for fine colour discrimina
tion especially in blue-yellow. The upper limit of normal 
subjects at different age range had been studied by 
Verriest (Verriest, 1963). A summary of his results is 
shown in table 2.0.

Table 2.0 Upper Limit of 100 Hue Error Scores (95th 
Percentile) of Normal Trichromats of Different Ages: 
(adapted from Verriest, 1963)

Age Range (Years) 95th Percentile
16-20 100
21-25 74
26-30 92
31-35 106
36-40 120
41-45 134
46-50 144
51-55 154
56-60 164
61-65 174

The recording of the results can be tedious and time 
consuming, and the manual procedure is open to simple 
arithmetic errors. There are computer programs which help
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to calculate the scores and plot them on the circular 
graphs. The computerisation of the scoring process has 
greatly reduced the work of calculating and plotting test 
scores.

The Farnsworth Panel D-15 Test (Farnsworth, 1943, 1947),
Lanthony Desaturated Panel D-15 Test (Lanthony & Dubois- 
Poulsen, 1973) and other arrangement tests all use the 
same basic principle as the FM 100-hue Test. For all 
arrangement tests, the recording of the score can be time 
consuming and the results are only readable by experts.

2.12.2 Colour Matching Tests:

Colour defects can also be detected by using colour match
ing instruments. The anomaloscope is the clinical instru
ment for this purpose. It is designed to diagnose colour 
defects in large populations. Three lights may be used in 
the instrument as additive primaries for the colour 
match. Most anomaloscopes only use yellow versus 
red/green match.

The first colour matching equation is the Rayleigh equa
tion which involves matching a spectral yellow light to a 
mixture of red and green lights (Rayleigh, 1881). The 
test light used was at 589 nm; and the matching lights 
were at 535 nm and 670 nm. Only 2 matching lights are
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required for this equation since the short wavelength 
sensitive photopigment scarcely contributes to sensation 
at 589 nm. This equation allows the diagnosis of congen
ital red-green colour defects. The field luminance must 
be in the photopic range and the size of the field of 
view should be between 1 to 2 degrees.

The equation for congenital blue-yellow colour defects is 
the Engelking equation (Engelking, 1925; Trendelenburg, 
1941). The Engelking equation is the match of a blue test 
field to a mixture of blue and green matching lights. The 
test light at 490 nm was matched.by a mixture of 470 nm 
and 517 nm lights. In this colour match all three photo
pigments are stimulated by the test and matching lights. 
Since the test field is not collinear with the matching 
lights in the CIE chromaticity diagram and the test field 
is more saturated than the matching mixture, a perfect 
match is not possible unless adjustment of the white 
content in the test field is available. The equation does 
not lie on a tritan confusion line, and therefore 
tritanopes may not be distinguishable from tritanomalous 
observers.

The Moreland equation is the improved version of the 
Engelking equation. It allows a perfect match without any 
adjustment for white content of the test field (Moreland, 
1978). In Moreland's equation, the test light was at 480 
nm, and the matching lights were at 439, 499 and 579 nm.
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The 579 nm light was added to the test light to match the 
mixture of 439 nm and 499 nm lights. However, since the 
matching lights also do not lie on a tritan confusion 
line, it may not be useful in the diagnosis of tritano
pia .

Another useful equation for acquired colour defects is 
the Pickford-Lakowski equation (Pickford & Lakowski, 
1960). This equation uses a white test light, which is 
matched by a mixture of blue and yellow lights. The test 
field is similar to the CIE standard illuminant A. The 
matching lights were obtained from coloured filters. For 
the blue light, the dominant wavelength was at 470 nm, 
and for the yellow light the dominant wavelength was at 
585 nm. This match had also been used to evaluate the 
yellowing of the eye lens with age (Lakowski, 1962). The 
matching range increases with age of the observer. Thus 
age-matched comparison is necessary.

Evaluation of an anomaloscope equation is complex and
time consuming. A skilful examiner with knowledge of
psychophysics is required to obtain a reliable result. In
the test, the examiner usually makes all primary ratio
adjustments according to the verbal response of the
observer. This is because many observers do not have much

*experience of the instrument and they do not understand 
the principle of the test, so it is much quicker and more 
precise if the examiner controls the test. The match can
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be repeated to obtain the average and variance of the 
match. In anomaloscope matches the primary ratio data are 
usually expressed in relation to the mean match of normal 
observers. One way of expressing the result is to use the 
anomalous quotient (Trendelenburg, 1929): the ratio of 
the primaries at match point for the observer divided by 
the primary ratio for normal population. Anomalous quo
tients for normal trichromats fall between about 0.74 and 
1.33. Results can also be expressed in normal deviate: 
ratio of difference between the value of the observer and 
mean of the normals to standard deviation of the normals, 
or plotted on the 1931 CIE (x ,y )-chromaticity diagram as 
the mean and range of the match.

2.12.3. Heterochromatic Flicker Photometry:

Heterochromatic measurements can be used to measure the 
relative luminous efficiency function and relative sensi
tivity to the coloured lights. This can be achieved by 
heterochromatic brightness matching (HBM), minimally 
distinct border (MDB) method, or heterochromatic flicker 
photometry (HFP) (Walsh, 1958). In these heterochromatic 
measurement methods, two coloured patches are compared. 
Two sets of patches can be used: red-green and blue-
yellow. For the HBM, the observer is required to adjust 
the radiance of the patches such that they appear the 
same brightness at the same time. It is sometimes diffi
cult to make such a judgment.
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The MDB method is relatively easier for the observer. The 
two patches are placed next to each other. If the bright
ness difference between the two coloured patches is 
large, a sharp boundary between the two patches can be 
perceived. This border appears minimal when the bright
ness difference is minimum. The HFP method is most suit
able for clinical use because it is easy, fast and can be 
used with poor visual acuity. Two geometrically similar 
light patches, imaged on the same retinal area, are 
presented in rapid alternation. Since the chromatic 
flicker fusion frequency is much lower than the achromat
ic flicker fusion frequency, at a fixed frequency higher 
than the chromatic flicker fusion frequency, when the 
radiance of one of the light patches is lowered or 
raised, a sensation of flicker appears and vanishes when 
the stimuli are equiluminant. Only the relative sensitiv
ity of the observer to the two colours can be determined. 
The method does not allow absolute sensitivities to be 
compared between observers.

2.12.4 Colour Perimetry:

Colour perimetry is a method designed to measure colour 
vision defects in the peripheral region of the retina in 
addition to the fovea. The first targets used were co
loured discs held in the hand, and the patient was asked 
to report when the colour became visible as the disc was 
moved centrally toward the fovea (Aubert, 1875). In the
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most modern equipment coloured targets are projected onto 
an illuminated bowl, and the increment threshold is 
determined at many places in the visual field: static
perimetry is thus performed with coloured light (Went
worth, 1930). The methodology, as a consequence of the 
improvement of technology, has changed from colour naming 
to more sophisticated increment threshold methods. The 
observer is asked to look straight ahead at a fixation 
spot while the threshold of a target is measured. The 
position of the target can be adjusted on a hemisphere so 
that different part of the retina can be tested. This 
method is very useful for complete investigation of the 
visual field. However, it is a laborious and time consum
ing when used for clinical purposes, and it tests incre
ment thresholds instead of hue discrimination.

2.12.5 Computer Based Colour Vision System:

In recent years, a complete new approach to the investi
gation of colour vision defects has been developed (King- 
Smith et aL, 1983; Arden et al., 1988). It is a direct 
analogue to MacAdam's method. This new approach is to 
utilise a high definition colour monitor, in conjunction 
with a computer equipped with computer graphics card, to 
generate equiluminant colour images on the screen. The 
observer is asked to sit at a suitable distance from the 
screen. The minimal colour contrast which permits an 
isoluminant coloured pattern to be distinguished from the
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background is determined. The hue of the background and 
the target can be varied along either protan, deuteran or 
tritan colour confusion lines, or in any other way. It is 
very useful in clinical situations where successful use 
depends heavily on speedy and reliable results. This 
approach has been adopted by this project. The details 
will be thoroughly discussed in Chapter 4.
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Chapter 3: Glaucoma

3.0 Introduction to History of Glaucoma:

Glaucoma has been known as a common eye disease for many 
years. Doctors realised that patients who complained of 
acute attacks of pain in their eyes might go blind, and 
the eye when palpated, felt hard. In others vision re
duced gradually and painlessly but there might be 
complaints such as " haloes ” around lights at night. In 
such patients, the eye, when palpated, also felt rigid. 
This second class was subject to acute painful attacks. 
Later, when instruments were developed, it was found that 
in both cases, the intraocular pressure was raised, but 
in acute attacks, it become very.high.

Common to both cases was a very pale optic disc, deeply 
hollowed out, described as a cup. The cause of glaucoma
tous loss of vision was considered to be due to damage to 
the optic nerve head by the increased pressure.

When the basic mechanism of secretion and reabsorption 
of the aqueous humour was,discovered, the increase of 
pressure in the acute cases was understood as due to the 
blockage of the aqueous outflow of the eye which caused
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increased intraocular pressure and subsequent loss of 
vision (for detailed review, see Shields, 1982), and the 
blockage was found to be mechanical, associated with 
the shallow angle of the anterior chamber of the eyes. 
Therefore, glaucomas with shallow angle of anterior 
chamber were classified as angle-closure glaucoma and 
those with normal angle of the anterior chamber were 
classified as open angle glaucoma.

In other cases of glaucoma, it was found that the out
flow channels become blocked by pigment granules shed 
from the iris. There are other reasons like intraocular 
tumour, disorder of corneal endothelium or lens, and 
invasive retinoblastoma which may also lead to the devel
opment of glaucoma. Glaucomas as a result of such ocular 
or systemic abnormalities were classified as secondary 
glaucomas, and those glaucomas which had no association 
with other ocular or systemic disorders were classified 
as primary glaucomas.

There were also diseases resembling glaucoma in which 
high intraocular pressure does not occur. These are 
classified as low tension glaucomas in contrast to the 
high tension glaucomas.

This project concentrates on the primary open angle 
glaucomas (POAG) with elevated intraocular pressure and 
in some the cases with low tension glaucomas.
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There are three main characteristics associated with 
primary open angle glaucomas. The first characteristic is 
that they are usually associated with elevated intraocu
lar pressure (IOP), the rest with normal intraocular 
pressure (low tension); the second is that their optic 
disc heads appear enlarged; and the third is that they 
are normally associated with progressive visual field 
defects before the final stage of total blindness. The 
time span of the progression of POAG can be relatively 
slow: the usual period is about 5 to 10 years and treat
ment may slow the progress of the disease.
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3.1 Introduction to Clinical Observations:

In the early days of medical investigation, because of 
the lack of suitable instruments, doctors used their 
fingers to diagnose the pressure of the eyes. They put 
their finger tips onto the eyeball, and by sensing the 
pressure and the ocular pulse of the eye, they could 
estimate the intraocular pressure of the patient. This 
method was replaced by tonometry after the invention of a 
suitable instrument. Only then did quantitative analysis 
of the intraocular pressure become possible.

Field defects were originally detected by the doctor 
waving hands or wands in front of the patient. If a 
patient had a large scotoma, he could not sense the 
waving hand or wand when it was placed in a certain 
position in the visual field. This method has repeatedly 
been refined. Today, computer controlled automated perim
eters have also been developed to increase the accuracy 
and efficiency of visual field tests (this will be dis
cussed in detail later in the chapter).

The investigation of the optic nerve head became possible 
when the simple ophthalmoscope was available that enabled 
the doctors to inspect the fundus oculi directly. The 
pale optic nerve head (the ’’disc”) can be easily seen, 
and the white pallor and depressed outline (the "cup")
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seen when optic nerve fibres die was easily recognised. 
The cup/disc ratio, the ratio of the diameter of the cup 
to the diameter of the disc, were commonly estimated to 
describe the severity of glaucomatous damage. However, 
this kind of subjective estimation of the condition of 
optic nerve head was not at all accurate. Further refine
ment of the visual technique included the use of stereo 
photography, which greatly improved the accuracy of the 
measurements.

There is also a fourth clinical method, that is history 
taking. It is very important: in many cases, POAG pa
tients and suspects have a family history of POAG. Per
sons with family history of glaucoma have been found to 
have greater chance of developing glaucoma than others.
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3.2 Pathophysiology and Anatomy of POAG:

As described in the chapter 1, the IOP is maintained by 
an equilibrium between retinal blood circulation, the 
rates of secretion of the choroid and ciliary body, and 
the outflow rate of the intraocular fluid. The detailed 
mechanisms of the aqueous fluid dynamics are out of the 
scope of this thesis, but can be found in any text book 
on glaucoma, (e.g. Shields, 1982). However, it is impor
tant to notice that both increase of the rate of produc
tion and decrease of the rate of outflow of the intraocu
lar fluids result in the elevation of IOP.

The elevated IOP has a damaging effect on the optic nerve 
head, possibly due to its special structure. The optic 
nerve consists of over 1.2 million optic nerve fibres 
grouped into about 1000 optic nerve bundles. These optic 
nerve fibres originate from the ganglion cells. The 
development of the retina in the eye begins centrally and 
spreads peripherally, so the later developing optic nerve 
axons tend to pack round the outside of the bundles 
already formed. Most axons near the centre of the optic 
nerve head are relatively thinner, although there are 
also small fibres at the edge of the optic disc. Those 
bigger optic nerve fibres from the peripheral region of 
the retina gather around the peripheral part of the optic 
nerve head. On the surface of the optic nerve head, axons
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bend acutely to leave the eyeball through the scleral 
canal together with retinal blood vessels. It is this 
distal portion of the optic nerve that is directly sus
ceptible to elevated intraocular pressure. The fibre 
bundles pass through the specialised region of the sclera 
called the lamina cribrosa. Pressure may stretch the 
fibres and cause direct damage, or occlude capillaries 
and cause indirect damage. Figure 3.0 shows the mapping 
between optic nerves and visual field.

R etin a N e rv e

Fig.3.0 Optic Nerves and Visual Field Mapping. (adapted 
from Shields, 1982)
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Most of the retinal nerve fibres extend from the ganglion 
cells to the optic nerve head by direct routes, except 
those temporal to the macular which arch above or below 
the fovea and thereby create a median raphe (Vrabec, 
1966). In glaucomatous optic atrophy, some of the nerve 
fibres are damaged resulting in visual field defects. The 
characteristic glaucomatous arcuate scotoma matches this 
pattern of axon distribution. It is already known that 
the disc morphology may change before optic nerve fibres 
die, and also there are some experimental evidences that 
disc changes precede detectable field loss (Henkind et 
al, 1977). This leads to the belief that the elevated IOP 
causes optic nerve fibre damage which in turn causes the 
glaucomatous visual field defects.

The early method of attempting to reduce the IOP was to 
surgically form a channel in Schlemms canal and make 
new openings from it into the anterior chamber in order 
to increase the aqueous outflow. Since then various 
systems have been used to keep open such channels. In 
parallel with the improvement of the surgical methods, 
pharmacological agents have also been developed to act on 
the autonomic nervous system. Both the cholinergic and 
adrenergic sub-systems of the autonomic nervous system 
had been studied. The most common cholinergic drug, 
pilocarpine, was first used in closed angle glaucoma, 
because pupillary dilatation was found to cause mechani-
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cal closure of the outflow pathway for aqueous. Later it 
was also prescribed for glaucomatous eyes with open 
anterior chamber angles. Pilocarpine stimulates the 
contraction of the ciliary muscle. It was found that 
prolonged treatment with pilocarpine may also lead to 
subsensitivity of the ciliary muscle that inhibit aqueous 
secretion (Barany, 1979). Anti-adrenergic drugs such as 
timolol maleate, one of the beta-adrenergic blocking 
agents, have also been developed to treat glaucomatous 
eyes. It has been found that timolol maleate lowers the 
IOP by reducing the aqueous production (Neufeld, 1979; 
Bromberg et al., 1980).
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3.3 Natural History of Glaucoma:

Glaucoma is the second most common cause of blindness in 
the UK, next to the age-related maculopathies. It affects 
at least 0.4% of adult population over the age 40 (Hol
lows & Graham, 1966). Over 14% of blindness is caused by 
glaucoma (Perkins, 1973).

The beginning of the development of POAG is symptomless. 
The first sign of POAG is prolonged increase of IOP above 
the normal value (In the general population the upper 
limit for normal intraocular pressure (IOP) is 21 mm Hg 
and the mean value is considerably lower, about 15-17 mm 
Hg). The amount of increment does not need to be large. 
Gradually, the elevated IOP may cause damage to the optic 
nerve bundles and then visual field defects occur.

Near the optic disc, the nerve fibre bundles are thick, 
because they have not spread out. There is also some 
myelinisation, so the fibres are not totally transparent. 
The nerve fibres cannot often be seen in normal people, 
because they completely and uniformly cover the retina, 
but if a bundle dies and disappears, the underlying 
retina is uncovered. There is, therefore, a luminance and 
colour contrast between the part without, and the part 
with intact nerve fibres. If the reflection of the retina
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is made very dark, by using red-free ( i.e. green) light, 
the linear track of the absent fibre bundle can be visua
lised .

The disc changes of glaucoma are progressive. In early 
stage of glaucoma, bundles of axons are destroyed in the 
neural rim of the eye, and the optic cup begins to en
large. In more advanced glaucomatous eyes, eventual loss
of all neural rim tissue can occur, and the ultimate 
result is total cupping. Figure 3.1 shows the gradual 
change of the optic nerve head in development of glauco
ma. Figure 3.1.(a) shows the optic nerve head of a normal 
left eye with indications of the cup margin (CM), disc 
margin (DM) and retinal vessels (RV). A possible early 
sign of glaucomatous optic atrophy is vascular changes 
causing splinter haemorrhage (SH) and baring of circum- 
linear vessels (BCV), see Figure 3.1.(b). Later on focal 
"saucerization" with tinted hollow (TH) between the 
pallor margin (PM) and the cup margin (CM) can be seen,
Figure 3.1.(c). As the disease progresses, Figure 3.1.
(d), there are losses of neural rim infero-temporally, 
which create a sharpened rim (SR) at the disc margin and 
a sharpened polar nasal edge (SPNE) along the cup margin 
with "bayonetting" at the disc edge (BDE); there may also 
be the laminar dot sign (LDS) due to the exposure of 
fenestrae in the lamina cribrosa. Figure 3.1.(e) shows 
advanced glaucomatous optic atrophy with total cupping 
and the corresponding cross-sectional view.
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Fig.3.1 Glaucomatous Optic Nerve Cupping, (adapted from 
Shields, 1982)
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Glaucomatous visual field defects often start with 
generalised reduction in visual sensitivity. In a study 
of patients before they eventually developed glaucomatous 
field defects, their peripheral isopter area was seen to 
be significantly smaller prior to field loss (Hart et al, 
1978). Enlargement of the blind spot due to depression of 
central isopters, branching scotomata near the blind spot 
resulting from shadows generated by the large retinal 
blood vessels, and localised minor visual field disturb
ances are all regarded as glaucomatous field defects 
(Drance, 1969; Colenbrander, 1971).

The characteristic glaucomatous visual field defects can 
appear as long as 10 years after the detection of eleva
tion of IOP (Sorensen et al, 1978; Kitazawa et al, 1977). 
The most common definitive glaucomatous field defects 
tend to be in the arcuate area (Harrington, 1964,1965). 
This area extends above and below fixation from the blind 
spot to the median raphe, and can extend nasally for 10 
to 20 degrees. Usually, superior arcuate area defects 
appear before defects of the inferior arcuate 
area(Drance, 1977). Glaucomatous visual field defects 
also tend to appear in the form of paracentral scotoma, 
arcuate scotoma or double arcuate scotoma. As the condi
tion progresses, visual field loss increases and double 
arcuate scotomas develop and then extend to all peripher
al areas leaving a central island which is somewhat
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asymmetric, extending further temporally. This island of 
vision progressively diminishes in size until total 
blindness may occur. Figure 3.2, a,b,c,d,e,f, shows the 
progressive damage of glaucomatous visual field.
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Fig.3.2 Glaucomatous Visual Field Damage, (adapted from 
Shields, 1982)
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3.4 Diagnostic Methods in Glaucoma:

3.4.0 Testing Visual Field:

One of the most important ways of diagnosing glaucoma is 
to test the visual field (perimetry). The normal visual 
field covers 60 degrees superiorly, 75 degrees inferior- 
ly, 60 degrees nasally and 100 degrees temporally. Every 
point within the visual field has a luminance threshold 
defined as the weakest test stimulus that is just visi
ble in a particular location under the specified test 
conditions. Under photopic conditions the centre portion 
of the visual field is more sensitive than the periphery. 
Perimetry can be carried out in various ways.

3.4.0.0 Static and Kinetic Techniques:

The two commonly used techniques are ’’static" and "kinet
ic". For static threshold measurement technique, a spot 
of white light of selected size and intensity is project
ed on a background of defined intensity. The size of the 
spot is fixed. The background intensity is determined by 
measuring the subject’s sensitivity prior to the test, 
and making the background a fixed multiple of that visual 
threshold. The threshold measured is thus an increment 
threshold, and in the Humphrey perimeter the change in
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threshold is given in dB loss relative to the normal. The 
subject’s eye is held steady by looking at a fixation 
spot. A location is chosen on the visual field and the 
white spot is moved to this position. The intensity of 
the spot is adjusted, and the dimmest stimulus that can 
be seen is determined as the threshold at this particular 
location. The same stimulus is used to test other loca
tions in the visual field, usually 30 points in the 
visual field are tested.

For kinetic threshold measurement, instead of measuring 
the luminance threshold at a particular location, the 
area in which a stimulus of particular luminance can be 
seen is determined. A stimulus with chosen size and 
intensity is moved slowly from the far periphery toward 
the central area of the visual field. The subject is 
asked to indicate when he can see the stimulus. The 
position of the location where the subject says he can 
just see the spot is recorded. Such locations are deter
mined for motions in all direction toward the fixation 
spot. An isopter (a line which connects all the threshold 
points) for this stimulus is then drawn on the visual 
field test chart. Inside the isopter the stimulus is 
visible, but outside the isopter the stimulus is invisi
ble to the subject. Stimuli with greater size and higher 
intensity have bigger isopters, smaller stimuli with 
lower intensity are more difficult to see and thus have 
an isopter nearer fixation. Thus on the score sheet,
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concentric circles of isopters can be seen for stimuli 
with different size and intensity. Peripheral scotoma 
shows up when the stimulus is first visible, then disap
pears. To detect a scotoma, one moves the stimulus from 
"seen" to "unseen” towards the central visual field, and 
then centrifugally from "seen" to "unseen" to detect the 
field limits and define scotoma.

3.4.0.1 Manual Perimeters:

The tangent screen has been used to test visual fields 
for almost a century. White discs on the end of slim 
black wands are used as the test stimuli. They are moved 
across the matt black screen. The examiner monitors the 
fixation directly by watching the subject’s eyes. The 
luminance of the test objects is held constant from one 
occasion to another by keeping the room light constant 
and keeping the objects clean. Isopters can be plotted 
kinetically with white or coloured test objects of dif
ferent sizes. The usual diameter of the test object used 
are 1 mm, 2 mm, 3 mm, etc. The colour of the object can 
be white, red, green, blue, etc.. The distance of the 
screen from the subject's eye can be 1000 mm, 2000 mm, 
and so on. When a 1 mm white object is used at 1000 mm 
distance, the isopter is labelled as lw/1000. The tangent 
screen is a simple and inexpensive test. The disadvantage 
is that the luminance level of the test object and the 
background is not adjustable. Furthermore, the screen is
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flat, which limits the visual angle that can be tested. 
Usually it is only used to test areas within the central 
30 degrees of the visual field.

The arc perimeter is designed to test a much larger area 
of the visual field. The patient's head is supported on a 
chin-rest at a fixed position, which places the eye on 
the plane of an imaging sphere. The perimeter arm is 
arced to conform to the circumference (about 80 degrees) 
of the sphere and rotates about a centre which is on the 
other end of the diameter from the patient's cornea. A 
semicircular band of background about 330 mm in radius is 
tilted at various angles of inclination to test all 
meridians in the visual field. A target of a projected 
spot of light is moved along the arc. Isopters can be 
plotted kinetically. For a 3 mm white test spot, the 
isopter is labelled as 3w/330. Fixation can be monitored 
by a using a telescope.

The manual bowl projection perimeter enables the examiner 
to test both central and peripheral fields with one 
instrument. The test stimulus is a white spot of light, 
the size and intensity of which can be varied, projected 
onto an evenly illuminated white bowl. The position of 
the white spot is controlled manually. The Goldmann 
perimeter is an example of such a bowl perimeter with a 
bowl radius of 300 mm. A properly calibrated Goldmann 
perimeter projects a stimulus with maximum intensity of



-2 -2
318.3 cd.m onto a background of 10.1 cd.m . When a
light of lesser intensity is required, the projected spot 
can be attenuated by neutral density filters (The attenu
ation of light is expressed in logarithmic units or in 
decibels (dB). Such a scale is used because visual per
ception relates to the ratios between light intensities 
rather than to the differences between them. It is worth
while noticing that logarithmic units and decibels are 
relative values which represent a certain attenuation 
from the standard maximum stimulus intensity on a partic
ular instrument. The filter combination available allows 
the attenuation from the maximum intensity by 0.1 log 
unit step to a maximum attenuation of 3.4 log unit). In 
the Goldmann perimeter, the projected spot is not exactly 
circular, so the size of the stimulus is expressed pri
marily in terms of area. Six standard sizes are available
which are viewed at 300 mm distance: 0.0625, 0.25, 1, 4,

2
16, 64 mm , their average diameters cover 0.05, 0.11,
0.22, 0.43, 0.86 and 1.72 degree of the visual field
respectively.

3.4.0.2 Automated Perimeters:

There are a number of automated perimeters available. 
Automated perimeters have the same bowl shape as the 
Goldmann perimeter. The stimulus is also projected onto 
the bowl. The only difference is that automated perime
ters have computer programs which control the movement of
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the stimulus and the sequence of the test. Test results 
are also processed automatically. However, although some 
instruments have mechanisms which permit kinetic perime
try, none are now programmed to do so automatically. 
Among the automated perimeters, the Humphrey Field Analy
ser is the most popular. The usual background illuminance
of the Humphrey is the same as the Goldmann standard,

-2
which is 10.1 cd.m , but other intensities can be se
lected for special purposes. The stimulus size is usually 
adjusted as the same size as that used in Goldmann perim
eter (for some other automated perimeters which use light 
emitting diodes or fiberoptic cables as stimuli, the size 
is fixed by the size of the light source). The maximum
stimulus intensity Humphrey Field Analyser is 3183.1 

-2
cd.m . The Humphrey is capable of determining threshold 
(in addition to suprathreshold static perimetry). To 
measure thresholds, stimuli of various intensities are 
presented in specific locations. The subject pushes a 
button to signify the target has been detected and the 
computer records which stimuli are seen and which are 
not. The intensity of a stimulus presented at a given 
location is decreased from the previous presentation if 
the patient saw the previous stimulus at that location, 
and vice versa. This requires a computer decision based 
on the accumulated responses of the subject. After the 
thresholds are determined, results can be printed out or 
stored in a disk for future reference. For static supra
threshold testing, stimuli of a selected intensity are
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presented in a prescribed sequence of locations. The 
perimeter simply records for each location whether the 
stimulus was seen or not. The test results are normally 
expressed in a map of the visual field. The threshold 
values are in decibels. Two numbers may be given in 
places where the threshold was measured twice. To supple
ment the basic report, a grey scale printout (with 5 dB 
steps) is also provided: symbols of different density are 
printed according to the threshold value. Intermediate 
points are assigned values interpolated from nearby 
points that were actually tested. In such a grey scale 
diagram, the contour of the hill of vision and the 
presence of any defective areas are often obvious at a 
glance, but they are not a substitute for the record of 
actual threshold values. There is also a statistical 
package for the Humphrey Field Analyzer which calculates 
statistical parameters of the test results. There are a 
number of disadvantages of automated perimeters: if the 
patient gives responses to stimuli placed on the optic 
nerve head, because his fixation is poor, the machine’s 
program tests and retests points; and if the successive 
tests at a point do not agree, it gets more "pernickety”, 
demands further responses and prolongs the test. Addi
tionally, if the subject responds rapidly, the machine 
speeds up, and the poor subject gets exhausted.
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3.A.1 Measurement of Intraocular Pressure:

In clinical practice, one uses a tonometer to measure 
pressure through the eye wall. There are many types of 
tonometers in use, although they appear in different 
forms and shapes, they all use the same principle, i.e. 
they measure the intraocular pressure by determining the 
degree of deformation caused by exerting a force on the 
globe. This force can be in direct or indirect contact 
with the cornea, according to the type of tonometer in 
use. Either standard force or standard deformation can be 
used as reference to measure the intraocular pressure. If 
the standard force is used, the degree of deformation is 
then measured. When the standard deformation is used, the 
amount of force used to achieve such deformation is 
measured. In both cases, the required intraocular pres
sure is calculated and expressed in mmHg.

Goldmann designed the applanation tonometer almost 
universally used today. A drop of fluorescein is in
stilled into the conjunctiva, together with a local 
anaesthetic. Two glass prisms cemented together with 
flat surfaces are mounted on a spring so that the front 
surface can be brought to rest on the surface of the 
cornea. The operator looks through the back surface with 
a biomicroscope ( a slit lamp ) provided with axial 
illumination. The force with which the glass presses on
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the cornea can be precisely controlled. As the flat front 
surface flattens the cornea, the pattern of fluorescence 
alters. The least displacement of dye is visible through 
the microscope, and therefore the area of flattening of 
the cornea is extremely small.

The results of the Goldmann are more precise and repro
ducible than any other. New piezo-electric indentation 
tonometers cause very small deformations, and may replace 
the Goldmann tonometer in the future. Indirect tonometers 
are popular with optometrists because no surface anaes
thetic is required, as instead of using physical contact, 
a jet of air is used to deform the cornea. However, the 
results are not as precise or reproducible as with other 
instruments.
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3.A.2 Monitoring the Condition of Optic Nerve Head:

The condition of the optic nerve head is usually moni
tored through direct visual inspection. Ophthalmoscopes 
are normally used for this purpose. For studying the 
morphology of the disc, an enlarged binocular view is 
desirable, so the observer's stereoscopic ability can be 
used. This is obtained in various ways:

a) by using a binocular indirect ophthalmoscope;

b) by using a Hruby (-60D) lens in front of the cornea 
and viewing through a bio-microscope with slit 
illumination; or

c) by using a fundus camera.

Although the fundus camera view is very good, the film 
image is flat. However, two images from slightly differ
ent view points can be made, when viewed in a stereo
scope, they provide a 3-D image. In fact, it is possible 
to judge the outlines of the "cup" and the mean 
"cup/disc" ratio on a single print. It is also possible, 
by photography in red free light and processing to im
prove contrast, to produce prints oil which local defects 
in nerve fibres can be seen as radiating darker stripes. 
Generalised uniform loss of nerve fibres is not visible
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by this method. It should be noticed that even with so 
many techniques, there is a large variation in the esti
mation of the Mcup/discM ratio, even between expert 
observers (Shaffer et al, 1975; Lichter, 1976; Schwartz, 
1976).
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3.5 Clinical Classifications of Glaucoma and Glaucoma 
Suspects:

The total number of people who either have glaucoma or 
have the risk of developing glaucoma is very large. For 
any hospital which has limited resources, these patients 
are graded regarding to their degree of abnormality and 
treated accordingly. One of the widely used classifica
tion criteria (Yablonsky et al, 1980), which is also used 
in Moorfields Eye Hospital, is discussed below:

3.5.0 Patients with Glaucoma:

Glaucoma patients are defined as patients who have, at 
one or more sites a threshold elevation greater or equal 
to 10 dB, and in addition one or more flanking spots must 
have a threshold elevation greater or equal to 5 dB (note 
for Humphrey 10 dB = 1 log unit). At the same time there 
must also have abnormal glaucomatous disc with a cup/disk 
ratio which is greater than 0.6. Intraocular pressure is 
not important here: it can be either normal or abnormal 
because if it is normal it implies low tension glaucoma, 
if it is high it implies the more usual condition.
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3.5.1 High Risk Patients:

High risk patients are those who have visual field 
threshold either normal or elevated at one or more sites 
greater or equal to 5 dB and smaller than 10 dB. Their 
cup/disk ratio is greater than 0.6 and their intraocular 
pressure is greater than 26 mmHg.

3.5.2 Medium Risk Patients:

Medium risk patients have the same definition for the 
visual field threshold as those of high risk patients, 
but they can either have a cup/disk ratio over 0.6 or 
intraocular pressure greater than 26 mmHg, but not both.

3.5.3 Low Risk Patients:

Low risk patients have suspect visual field threshold 
which is similar to those of the high and medium risk 
patients. Their cup/disk ratio is normal, which is de
fined as smaller than 0.6 and their intraocular pressure 
is between 21 and 26 mmHg, that is, in the range moder
ately higher than normal but lower than those of the 
patients in the rest of the groups.
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3.6 Treatment:

Methods of treatment for glaucoma are at present very 
limited. There is no way of reversing the visual field 
loss. There is as yet no effective method to improve the 
condition of the optic nerve head. The only accessible 
parameter is the intraocular pressure. By reducing the 
intraocular pressure at the right time, in patients with 
high IOP, it is probably possible to slow down the rate 
at which deterioration occurs, at least in the popula
tion, if not in every individual.

The details of treatment for glaucoma is beyond the scope 
of this thesis. Basically, treatment can be classified 
into two categories: medical therapy and surgical thera
py. The medical therapy concentrates on controlling the 
production and outflow of aqueous humour. Anti-glaucoma 
drugs like timolol, pilocarpine and diamox are effective 
in reducing the intraocular pressures. Surgical therapy 
targets the outflow of the intraocular fluids. A canal 
can be made to drain the excess fluids out of the aqueous 
chamber. Existing channels can also be opened by laser 
treatment. However, like all treatments, it has unwanted 
side effects. More importantly, no treatment is 100% 
effective on all patients. Therefore, early diagnosis and 
early treatment is needed to reduce later visual disabil
ity.
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3.7 Early Functional Disturbances:

For many years it has been known that patients who will 
later develop classic glaucoma have higher thresholds on 
perimeters, and that they show abnormally high error 
scores on the Farnsworth-Munsel 100- hue test. However, 
these are average results from population studies, and 
there are large overlaps between normal subjects and 
patients. In recent years, researchers have concentrated 
on detecting early functional disturbances in glaucoma 
and glaucoma suspects. A number of tests have been de
veloped in order to achieve a higher sensitivity and 
selectivity for damage which precedes perimetric changes. 
In this section a number of recent studies are mentioned.

3.7.0 Colour Contrast Sensitivity:

A computer graphics device and colour monitor system were 
used to measure the colour contrast sensitivity using a 
coloured grating on a equiluminant screen (Arden et al, 
1988; Gunduz et al, 1988). It was found that for glaucoma 
patients, colour contrast sensitivity was profoundly 
reduced when the grating colour fell on a tritan colour 
confusion line. For ocular hypertensives, the tritan 

".colour contrast sensitivity was reduced to an average 
level considerably below the extreme limits of the con
trol group. This result had been compared with other
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colour vision tests and other diagnostic techniques. The 
conclusion from this study is that colour contrast sensi
tivity testing can discriminate effectively between 
patients who had retinal damage and the normal popula
tion. This suggests that tritan colour contrast sensitiv
ity may be used to detect early glaucoma.

3.7.1 Motion Displacement:

Peripheral displacement thresholds (PDT) were measured in
this study (Fitzke et aL, 1987)* The stimulus was a 2
minute by 2 degree vertical line generated by a computer
on a green phosphor video display viewed at 1.24 meters.

-2
Foreground illuminance was 27 cd.m . and the background 

-2
was 7 cd.m . The stimulus was 15 degrees temporal on the 
30 or 330 degree meridian. It moves from side to side for 
2 seconds at the rate of 2.5 Hz. 10 fixed magnitudes of 
displacement from 0 to 18 minutes were used to measure 
the displacement threshold. The frequency of detection 
was plotted and threshold of the motion amplitude was set 
at the point where the responses from the subject were 
50% accurate. The results show that the mean value of 
peripheral displacement threshold for the normal group is 
3.82 minutes of arc with a standard deviation of 1.99, 
and the mean PDT for the ocular hypertensives is 8.1 
minutes of arc with a standard deviation of 4.33.
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3.7.2 Peripheral Luminance Contrast Sensitivity:

Peripheral luminance contrast sensitivity has been stud
ied in glaucoma patients and ocular hypertensives (Fal- 
cao-Reis et al, 1990). A sine wave grating of 1.9 
cycle/degree reversing at 1 Hz was used. The image was 
displaced on a 100 Hz refresh rate monitor. Contrast 
sensitivity was measured at 10, 15, 20, 25 degrees off- 
axis at each of the 4 meridians 45, 135, 225, 315 de
grees. It was found that compared with the normal group, 
the peripheral contrast sensitivity of the patients 
decreases as their risk factors increase. For the same 
group of patients the contrast sensitivity decreases as 
the distance from the fovea increases. The mean differ
ence between normal and abnormal subjects increases with 
the distance from the fovea. This result indicates that 
peripheral testing is more sensitive than central testing 
in glaucomas and glaucoma suspects.

3.7.3 Colour Perimetry:

In a study using a modified Humphrey perimeter (Hart 
et al, 1990), the background was the adaptive yellow 
colour and the foreground was a blue colour. The results 
show that in glaucomatous eyes blue/yellow sensitivity 
showed greater impairment than did conventional perimet
ric sensitivity. The results indicate that blue/yellow
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colour contrast perimetry may be more sensitive for the 
detection of incipient glaucomatous damage.

3.7.4 Pattern Electroretinogram:

In this study the pattern electroretinogram (PERG) was 
recorded bilaterally, using gold foil corneal electrodes 
and a reference electrode on the skin near the lateral 
canthus. The stimulus was a pattern reversing checker
board of 30' subtense and near 100% contrast. The overall 
size of the stimulus subtended 16 x 22 degrees. The 
reversal rate is 6 Hz and the results were averaged over 
250 sweeps (Weinstein et al., 1988; O ’Sullivan et al., 
1991; O ’ Donoghue et al., 1992). Using the total of the 
initial corneal positive response and the later cornea 
negative response as the measuring parameter, the results 
of this study shows that one PERG test can discriminate 
96 % of glaucoma from the normal population; two PERG
tests can discriminate all glaucoma from normal; 40 % of 
the high risk and 10 % of the low risk are abnormal.
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3.8. Possible Benefits of Early Diagnosis:

As described above, the current clinical diagnosis of 
glaucoma and glaucoma suspects depends heavily on perime
ters, tonometers and disk morphometry. It is now realised 
such tests are not very reliable and most importantly, 
they cannot detect patients at early stages of the dis
ease. Perimeters only detect the glaucomatous field 
defects (scotomata). In most of the cases when patients 
have been detected having glaucomatous field damage, the 
damage is already irreversible, and by the time a minimal 
defect can be demonstrated about 40 to 50 percent of the 
ganglion cells have already been lost (Quigley et al., 
1982; Quigley et al., 1989). Therefore field tests are 
suitable neither for early warning system for glaucoma
tous damage nor, given the length and difficulty of the 
test, is it suitable for screening purposes. Intraocular 
pressure is not a conclusive test either. It is known 
that a large number of people who have high IOP do not 
develop glaucomatous field defects, and some people with 
low IOP have definite glaucomatous damage. Thus although 
intraocular pressure has traditionally been used as a 
diagnostic parameter for glaucoma suspects, it cannot be 
used as an early warning test. It has been shown that if 
glaucoma suspects are treated at an earlier stage (before 
the development of scotomata), their intraocular pressure
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reduces and in follow-up, the rate of development of 
irreversible scotomata decreases compared to untreated 
ocular hypertensives (Kass et al., 1989; Krug et al., 
1987). It is also found at the Moorfields Eye Hospital 
that in glaucoma suspects who were given treatment 
(timoptol) the PERG increases, and over a period of 18 
months, mean PERG amplitude remains constant, although in 
a control untreated group, the amplitude declined (O'Sul
livan et al., 1991; O'Donaghue et al., 1992). Therefore, 
treating the ocular hypertensives before the presence of 
scotomata diagnosed by perimetric means might prevent or 
at least delay the presence of scotomata. However, there 
is a very large number of patients with ocular hyperten
sion but only a small proportion will develop field 
defects in the near future (Sorensen et al., 1978; Kita- 
zawa et al., 1977). It is therefore not possible to treat 
all ocular hypertensives. What is required is a means of 
a detection of lesser degrees of functional defect than 
that which can be diagnosed by perimeters. It is desira
ble to develop a functional test to fulfil this task. 
That is the objective of this study.
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Chapter 4: The New Colour Vision Testing Method

4.0 Introduction:

Recent advances in visual physiology suggest various 
lines of approach for detection of glaucoma suspects and 
glaucomatous eyes. Their relative merits have been dis
cussed in detail in section 3.7 of chapter 3. Evidently, 
although contrast sensitivity, absolute threshold and 
colour vision are all significantly abnormal in a number 
of persons with small scotomata, this is not universal. 
This brings to mind Drance’s statistical analysis which 
suggests two types of glaucoma based on studies of the 
field and optic nerve head (Drance, 1975).

One common factor of the physiological techniques men
tioned above is they depend upon foveal viewing, while of 
course the region of retina most susceptible to glaucoma
tous damage is the peripheral. This consideration lead 
Falcao-Reis et al (Falcao-Reis et al., 1991) to investi
gate luminance contrast sensitivity in the periphery, and 
they showed that indeed, the sensitivity of the method 
was improved. However, these authors also concluded that 
the considerable length of the contrast sensitivity 
protocol which they devised did not make it practicable
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for routine clinical use.

The challenge therefore is to improve upon these authors. 
Given the considerable losses of colour vision present in 
a number of glaucoma patients, the added precision of 
modern TV hardware, and the possibility that by using its 
dynamic nature, peripheral colour vision could be analy
sed, it seemed that a test of peripheral colour vision 
might produced which was sensitive and selective in 
detecting early damages. I have attempted to build on the 
work described above and produce a test which would 
fulfil clinical needs. The following is a description of 
the design. The test, as will be seen in the following 
chapters, proved very effective. Analysis of the reasons 
for this is deferred to chapter 7.
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4.1 Cathode Ray Tube (CRT) Colour Monitor:

The visual stimuli used in this research are displayed on 
a high definition colour monitor, a BARCO "Calibrator”, 
which is controlled by a computer. It has a 360 x 270 mm 
scan area with 4/3 aspect ratio, 960 x 480 addressable 
pixels and fast refresh rate of 87 Hz. The reasons for 
using this type of display unit are: it is technically 
the highest quality, programmable, flexible and the 
colour displayed on the screen can be precisely 
controlled within the resolution of human colour vision. 
It is worthwhile first to discuss some of the basic 
mechanisms of shadow mask CRT technology upon which the 
performance of this monitor is based. The schematic 
diagram of the basic structure of shadow mask colour CRT 
is shown in Figure 4.0.

A shadow mask colour CRT consists basically of a vacuum 
tube which contains three electron guns,placed close 
together, various electrodes for focusing and deflecting 
the electron beams, a metal shadow mask, and a three- 
colour-phosphor screen. The electron gun consists of two 
electrodes: anode and cathode. For a shadow mask colour
CRT, the anode is connected to the metal shadow mask 
itself. The voltage between the two electrodes is adjust
able, and when this voltage exceeds the voltage required

149



to break down the vacuum barrier between the electrodes, 
electrons with negative charges will start to be emitted 
from the cathodes of the guns toward the metal shadow 
mask. A further increase in the voltage increases the 
number of electrons that can be emitted from the cathode 
toward the anode.

GREEN

RED

METAL
MASK

Fig.4.0 Shadow Mask Colour CRT. (adapted from Merrifield, 
1987)
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In between the cathode and the metal shadow mask there 
are deflection electrodes that exert voltages to control 
the directions of the fast moving electron beams. The 
electron beams are made to scan horizontally across the 
top line of the screen from left to right ( a "line" on 
the screen). At the same time the position of the elec
tron spot is displaced slowly downwards. Following a very 
rapid line flyback, a second line is drawn and the 
procedure repeated until the screen is filled by a 
frame, when a frame flyback occurs, and the whole 
procedure repeats from the top line again. The series of 
slightly oblique lines forming the image on the TV screen 
is called a raster. (One screen is defined as one frame: 
the entire screen is scanned each frame, unlike domestic 
T.V., where alternate fields scan every other line and 
thus two fields make one frame).

The speed at which the raster scans the screen is defined 
by the frequency of the current oscillations in the 
horizontal deflection coils ( in the case of the monitor 
used, 55KHz) and the number of lines in the raster, 
determines the number of frames per second, or the re
fresh rate. For ordinary television sets or computer
monitors, it is important to repeat the frame rate so
frequently that the eye cannot distinguish individual 
frames.
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The persistence of vision (which allows for the 25 
frames/sec of the cinema projector) is decreased for 
higher brightness. The 50 Hz ( 60 Hz in the USA) of 
domestic TV is a compromise, determined by the frequency 
of the AC mains, which was historically defined for 
incandescent filament lights, which do not cool rapidly. 
For TV, flicker is apparent, but is not objectionable for 
foveal viewing: however, in the retinal periphery flicker 
sensation can be perceived even if the TV frame rate has 
been increased to 70 Hz. The particular monitor used for 
this project has a frame rate of.87 Hz thus the flicker 
sensation is totally absent even for peripheral viewing.

There are also other electrodes between the anode and the 
cathode. The electrons emitted from each gun are acceler
ated and focused onto the phosphors by separate voltage 
controlled electrodes. The electrons pass through the 
apertures of the metal shadow mask and strike on the 
phosphor dots of their corresponding colour: red, green 
or blue. The electron gun striking the red phosphor is 
called the red gun, and similarly those striking the 
green and blue phosphors are called the green gun and 
blue gun respectively. Each pixel on the screen consists 
of three phosphor dots (red, green and blue) arranged in 
triangular form. The relative intensity of light emitted 
by the dots of the phosphor varies with the number of 
electrons absorbed, i.e. the cathode-anode voltage.
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It is the relative intensity of light emitted by the 
three phosphor dots that determines the colour of the 
particular pixel. The spacing between the triads of dots 
on the screen is called the dot-pitch separation, and the 
smaller the pitch, the finer the " grain " of the image.

For computer-assisted design, a fine grain is appropri
ate, but the finer the grain, the greater the precision 
required in placing the phosphor dots, and the smaller 
the dots. In the BARCO monitor, the dot-pitch is 0.31 mm, 
larger than the 0.28mm used in many large colour moni
tors, and this probably adds to the precision with which 
colours can be controlled.

The phosphor emits light as follows: when the energetic 
electrons emitted from the guns hit the phosphors, the 
energy of the valence electrons of the molecules in the 
phosphors are increased, the valence electrons then enter 
the conduction bands, creating the same number of posi
tively charged holes behind. Immediately, the activated 
electrons recombine with the positively charged holes 
left behind in the valence band. During the recombination 
process energy is released in the form of visible light. 
This process is known as electroluminescence.
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The spectrum of the light emitted from the phosphors 
depends solely on the material used in making the phos
phors. The ideal light would be three nearly monochromat
ic bands of red, green and blue light. In all low cost 
commercial and domestic colour television sets and com
puter colour monitors, the spectra of the red, green and 
blue emissions are complex and variable. The main reason 
is that the crystals of the phosphor dots are not all 
identical, and thus there is a large conduction band 
with numerous energy levels.

For the high quality CRT display used in this project, 
the uniformity of the phosphor is kept as high as possi
ble during the manufacturing process, so the spectral 
characteristics of the light from each gun is better 
defined, and is guaranteed.

For the particular type of high definition colour monitor 
used in this project, the BARCO ’’Calibrator”, the coordi
nates of the phosphors are calibrated very precisely in 
CIE 1931 (X,Y,Z) coordinates by the manufacturer. The 
values are:

red: x = 0.618 y = 0.350
green: X  = 0.280 y = 0.605
blue: X  = 0.152 y = 0.063
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The coordinates of the phosphors determine the colour 
domain that can be operated upon. The colour triangle of 
the monitor is shown in Figure A.I.

0.9
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6200.3 490 D99. 640...780
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360...450

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 X

Fig. A.l Colour Triangle of The Colour Monitor. (adapted 
from BARCO ’’Calibrator" user manual)
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These phosphors, as described above, are arranged in
triads of dots. Three phosphor dots, red, green and blue,
form a pixel. The horizontal dimension of the screen is
360 mm which physically contains 960 pixels, and the
vertical dimension is 270 mm which contains 480 pixels. *

 2
The average dimensions of a pixel are 0.375 x 0.563 mm .
Assuming the viewing distance is about 450 mm, the sub
tended angle between pixels on the retina is only about 
0.047 degree horizontally and 0.072 degree vertically.

The voltage control of the red, green and blue guns are
totally independent of each other on this particular
monitor, which allows independent control of the red,
green and blue illuminance intensity. The illuminance
level at the black level can be adjusted as low as 

-2
0.0001 cd.m . The control voltage of each gun can be
programmed to reach the maximum illuminance at 35, 65, 6

-2
cd.m for the red, green and blue guns respectively. The 
illuminance level of the phosphors is exponentially 
related to the control voltage. This exponential function 
is the well known "gamma" function of a monitor. The 
gamma value depends on the characteristic of the individ
ual monitor. The gamma value for the Barco monitor is 
approximately 3 for all three guns.

Table 4.0 shows a set of data of the illuminance changes 
of the three phosphors as the gun voltage changes.
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Figure 4.2 shows the illuminance function in graphical 
form. Table 4.1 shows the phosphor illuminance function 
on a logarithmic scale, with the illuminance function 
plotted on double logarithmic coordinates, the Y axis 
representing light intensity, and the X axis, the voltage 
applied to the amplifiers of the monitor. This voltage, 
as with all TV systems varies from 0 to 1 volt. In the 
graph the X- axis units are in terms of the bit-values 
sent to the digital to analogue converters of the graph
ics board. As explained below, each gun is controlled by 
an 8-bit register. Figure 4.3 shows the graph of the data 
in table 4.1, the slope of the function being the gamma 
value of the monitor. These measurements were made in 
the following way. A photometer, Minolta Chroma Meter
CS100, was placed in front of the screen (This is spe-
cially designed to measure the illumination of TV
screen). A utility program was used to change the bit
level of the guns. The illuminance of red, green and blue
guns as a function of bit level can be measured.
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Table A.0 Data of Phosphor Illuminance Function:

G U N  R E D  G R E E N  B L U E

(bits) (cd/sq.m) (cd/sq.m) (cd/sq.m)

25 0.02 0.02 0.01
30 0.03 0.05 0.01
35 0.07 0.09 0.02
41 0.13 0.19 0.03
47 0.21 0.35 0.05
53 0.33 0.57 0.08
59 0.47 0.86 0.11
65 0.64 . 1.22 0.14
71 0.84 1.65 0.19
78 1.12 2.26 0.25
85 1.45 2.98 0.33
92 1.83 3.84 0.42
99 2.26 4.81 0.52

106 2.74 5.90 0.64
113 3.27 7.15 0.77
120 3.85 8.46 0.91
127 4.50 9.96 1.07
134 5.22 11.60 1.24
142 6.10 13.60 1.46
150 7.09 15.90 1.70
158 8.14 18.30 1.96
166 9.33 21.00 2.24
174 10.50 23.90 2.55
182 11.90 26.90 2.86
190 13.30 30.20 3.21
198 14.90 33.70 3.57
206 16.50 37.30 3.96
214 18.30 41.30 4.39
222 20.10 45.40 4.82
230 22.10 49.90 5.29
238 24.10 54.50 5.78
246 26.40 59.40 6.29
254 28.60 64.20 6.83
255 28.90 65.00 6.90
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Table A.l Data of Table A.O in Logarithmic Form:

BITS log RED log GREEN log BLUE

1.39794 -1.69897 -1.69897 -2.30103
1.47712 -1.52288 -1.30103 -2.00000
1.54407 -1.15490 -1.04576 -1.69897
1.61278 -0.88606 -0.72125 -1.52288
1.67210 -0.67778 -0.45593 -1.30103
1.72428 -0.48149 -0.24413 -1.09691
1.77085 -0.32790 -0.06550 -0.95861
1.81291 -0.19382 0.08636 -0.85387
1.85126 -0.07572 • 0.21748 -0.72125
1.89209 0.04922 0.35411 -0.60206
1.92942 0.16137 0.47422 -0.48149
1.96379 0.26245 0.58433 -0.37675
1.99564 0.35411 0.68215 -0.28400
2.02531 0.43775 0.77085 -0.19382
2.05308 0.51455 0.85431 -0.11351
2.07918 0.58546 0.92737 -0.04096
2.10380 0.65321 0.99826 0.02938
2.12710 0.71767 1.06446 0.09342
2.15229 0.78533 1.13354 0.16435
2.17609 0.85065 1.20140 0.23045
2.19866 0.91062 1.26245 0.29226
2.22011 0.96988 1.32222 0.35025
2.24055 1.02119 1.37840 0.40654
2.26007 1.07555 1.42975 0.45637
2.27875 1.12385 1.48001 0.50651
2.29667 1.17319 1.52763 0.55267
2.31387 1.21748 1.57171 0.59770
2.33041 1.26245 1.61595 0.64246
2.34635 1.30320 1.65706 0.68305
2.36173 1.34439 1.69810 0.72346
2.37658 1.38202 1.73640 0.76193
2.39094 1.42160 1.77379 0.79865
2.40483 1.45637 1.80754 0.83442
2.40654 1.46090 1.81291 0.83885
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Calibrations were made of the stability of the light 
output in terms of illuminance and hue, using the Minolta 
meter, which is made for such purposes. The spectral 
emission of the phosphors scarcely changes, but the light 
output is altered by physical changes in the cathode, by 
deformations in the cathode, by alterations in the CRT 
vacuum, and most importantly by changes in the opaque 
surround of the small dots of phosphor. Any change in 
convergence of the electron beams, or displacement, or 
distortion of the shadow mask could also affect hue. In 
practice, it was found that while illuminance varied 
somewhat, hue remained unchanged, and by suitable manipu
lation of the monitor controls, the stimuli could be 
maintained constant.

Table A. 2 shows that the monitor can be restored virtual
ly the same as 5 months previously. In the second cali
bration, the illuminance level for the red gun was ad
justed to keep its red output constant. The adjustment 
altered the green and blue, and these colours also had 
nearly the same intensities as before. The difference in 
the x coordinate was about 0.006, and the difference in 
the y coordinate was about 0.002. For the green colour,
the difference in illuminance level was about 0.373 cd.
-2

m , and the difference in the x and y co-ordinates were
0.002 and 0.003 respectively.
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The same measurements were made for the blue colour, the
difference in illuminance level, x coordinate and y

-2
coordinate were about 0.294 cd.m , 0.004 and 0.008
respectively. Thus regular calibration of the monitor can 
guarantee the precision control of colour coordinates and 
illuminance level for the purpose of colour vision study.
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A. 2 Radiation Emission From a Multicolour CRT:

It is sometimes considered that electromagnetic radia
tions from monitors may constitute a hazard to health. 
The international standard for radiation emission has 
been strictly enforced in most countries, especially in 
countries like United Kingdom, Canada, the United States 
and the continent of Europe. The governmental agencies of 
these countries have carried out a series of tests on the 
radiation emission from a wide range of colour CRTs. They 
have issued statements that CRT produces no radiation 
hazards to those working with such monitors (Weiss, 
1983). Radiation studies have also been carried out by 
the National Institute for Occupational Safety and Health 
(NIOSH), who found that from an "average” CRT, the amount 
of radiation in the X-ray range was too small to be 
detected, and compared to the occupational standard of
2.5 mR/hr., it is totally negligible. In the ultraviolet

-2
range, they found the maximum radiation was 0.60 uW.cm ,

-2
which is much lower than the 1000 uW.cm permissible 
level. In the visible light range, the maximum value of 
radiation they measured was A0 fL, which is also very 
small comparing with the 2920 fL suggested level of 
occupational safety standard. In the radio frequency 
range, they could not detect any radiation in either the 
electric or magnetic fields, the radiation being too 
small for them to record any sensible value. The occupa-
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tional standard of acceptable field level at radio fre-
2 -2

quencies is AO,000 V. m for the electric field and 0.25 
2 -2

A. m for the magnetic field. Therefore, if a person sat 
2 inches from the front of a CRT for AO hours a week, 52 
weeks a year, the annual radiation exposed from a CRT 
that emitted the "worst case" dose of radiation would be 
less than 1/3 of the recommended annual exposure limit 
for the general population and 30 times less than the 
annual occupational exposure limit. 2 inches viewing 
distance is obvious unrealistically close, and as one 
moves farther away from the surface of the screen, the 
radiation exposure decreases accordingly. As a matter of 
fact, the amount of radiation emission from a colour 
monitor is so small that it is less than that from a 
fluorescent light or even a rock in a sunlit parking lot 
(Smith, 1987).
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A.3 Graphics Interface Card:

In order to generate an image on the colour monitor, a 
large amount of random access memory is required: for the 
size of the monitor used for this project, each pixel 
needs 2A bits (8 bits for each red, green and blue), that 
is equivalent to 3 bytes of memory of the frame store. 
For just one frame of the picture, about 1.38 Mbytes of 
the Random Access Memory (RAM) is required (960 x A80 x
3), solely for the purpose of storing one page of the
picture information.

There is also memory required to process the coded pic
ture information. Processing such large amounts of infor
mation in "real time" requires a very fast processor. 
Therefore, special hardware is required and is added onto 
the standard personal computer such as the IBM AT compat
ible .

In this project, a standard 16 bit IBM AT compatible 
computer with a 80287 mathematics coprocessor and a 
special graphics interface card, TSL206 high resolution 
graphics board, are used. The details of the computer 
itself are out of the scope of this thesis, but because 
the graphic interface card is unusual and it plays a
major role in generating the visual images, I would like
to mention some relevant functional capabilities of the 
interface card in the following paragraphs.
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The graphics interface card is installed in one of the 16 
bit slot of the computer. The colour monitor is connected 
to the BNC video connectors on the graphics interface 
card via the BNC cables. This graphics interface card 
increases the speed in both image display and memory 
access processes. The main function units of the inter
face card include an advanced CRT controller, 1 Mbyte 8- 
bit frame buffer memory, and 24 x 256 RGB colour look up 
table. The advanced CRT controller is an integrated 
electronic circuit that generates the synchronisation 
signal for controlling the CRT display, the frame buffer 
address to read the display data and the digital to 
analogue converters. This extended frame buffer memory 
will allow images to be stored and allow the random 
access memory of the computer to be used for computation 
purpose.

The colour look-up table is a 24 bit memory array with 
the size of 256. Each one of the 256 memory cells con
tains 8 bits for red, 8 bits for green and 8 bits for 
blue. The contents of the colour look up table are out
putted to the RGB guns of the colour monitor through 
three independent digital to analogue converters.
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Each pixel on the monitor screen is represented by two 
values: the address and the content. Since the frame
buffer memory can be assigned to map the screen, the
address of the pixel can be assigned to the address of 
the frame buffer memory. The pixel content can be any 
integer from 0 to 255 which refers to one of the 256
colours that can be selected from the colour look up
table. The 256 colours in the colour look up table can be 
preprogrammed before a display command is executed. They 
can be chosen among more than 16.7 million colours that 
can be generated from RGB guns of the colour monitor. By 
suitable reprogramming of the 256 x 3 bytes in the table, 
the screen appearance can be totally changed. The card 
operates at 100 MHz, so changes can easily be made be
tween frames of the CRT display. The main computer calcu
lates (or stores) the required changes in the colour look 
up table at a much slower speed.
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4.4 Colour Space and Colour Confusion Lines:

Just as colour is specified in the CIE colour triangle, 
the colours which can be generated by the monitor can 
also be represented by a triangle. The apices of which 
are the emissions of the red, green and blue phosphors 
(also see Figure 4.1):

red phosphor : x = 0.618, y = 0.350
green phosphor : x = 0.280, y = 0.605
blue phosphor : x = 0.152, y = 0.063

Within this colour space, we are interested to define
three colour confusion lines (see chapter 2) for protan, 
deuteran and tritan. There are a variety of confusion 
lines. In this project, the extreme colours of the colour 
confusion lines are chosen as (see Figure 4.4 for the 
colour confusion lines):

colour 1 colour 2
protan x = 0.347 x = 0.511

y = 0.484 y = 0.390
deuteran x = 0.434 X  = 0.312

y = 0.299 y = 0.370
tritan x = 0.444 X  = 0.302

y = 0.446 y = 0.223
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In this work, colour contrast is defined as the percent
age deviation of colour coordinates from the mean of the 
two extreme colours along colour confusion line in the 
direction of colour 1 or colour 2. When the background 
and the image are both at the mean of the two extreme 
colours, colour contrast is 0%; similarly, when the 
background is at the mean colour and image is at colour 1 
or colour 2, colour contrast is 100%. This definition 
applies to protan, deuteran and tritan.
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Fig.A.A Colour Confusion Lines

As mentioned above, the relationship between the control 
voltages of the guns and their individual light intensity 
is not linear. This is determined by the gamma function 
of the monitor. The only method to operate the system in 
a linear manner is to operate in the logarithmic scale. 
Natural logarithms are used for this purpose throughout 
the whole calculation process.
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A.5 Reasons For Using Heterochromatic Flicker Photometry:

Colour tests with coloured surfaces (e.g. Ishihara, HRR, 
or 100-Hue) depend on pigments with broad absorption 
bands: hence the composition of the reflected light from 
the coloured surfaces depends on the spectral composition 
of the incident light. The tests have to be carried out 
under closely defined conditions (e.g. using standard 
illuminant C). However, this does not completely define 
the retinal illumination because the spectral absorption 
of the optical media of the eye varies from person to 
person, and also changes with age. A elderly subject 
normally has a yellower lens than a young observer (Wald, 
19A9; Said and Weale, 1959). This variability among 
individuals changes their perceptive colour axis on the 
CIE chromaticity diagram. If we use the same standard 
stimuli for all people, the screen may not be equilumi- 
nant for each person. The only practical method to 
achieve equiluminance for all people is to compensate 
their physical condition by using the heterochromatic 
flicker photometry technique.
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4.6 Calibrating Equiluminous Colours For The Observer:

A square patch on the screen, subtending in use 10
degrees at the eye, a region larger than that occupied by 
the macular pigment, is illuminated alternately for 2 
frames by first the red, and then the green gun, which is 
equivalent to 22 Hz flicker rate (87/4). Owing to the
fact that the colour flicker fusion frequency is much 
lower than the luminance flicker fusion frequency, the
observer sees the flicker as a uniform colour if the two 
colours are not equiluminant to the observer. At such 
frequency, the observer sees a single colour, but unless 
the brightnesses of the two lights are adjusted to be the 
same, a sensation of flicker is perceived on the patch. 
As the brightness of one colour is changed, the perceived 
hue changes, and the strength of the flicker waxes and
wanes. It has been shown (Walsh, 1958) that at such a 
rate of alternation, the observer who adjusts the 2 
stimuli, so flicker is minimised, makes a brightness 
match, and with appropriate modifications, measurements 
such as this reproduce the photopic luminosity function.

In the system used in this project, the observer can 
change the intensity of the green gun, which is normally 
the most luminous, by pressing the buttons on the ’’mouse" 
until the flicker appears to stop. The matching process 
is repeated and the program records each result, and
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calculates the mean and standard deviation. This process 
is repeated for the blue-green patch. The value for each 
gun for each person required to maintain the state of 
equiluminance is recorded in the computer memory.

When the progam is installed, a number of flicker matches 
are made by normal observers, and the average of these 
results is presumed to approximate to the luminosity 
function of the CIE standard observer. This standard 
result is compared to each patient’s results, and the 
ratios of his or her results to the mean values is used 
by the program to adjust all the screen colours for 
equiluminance for that individual.
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4.7 The Test Stimuli For Glaucoma:

The basic test stimulus is a coloured ring central on 
the TV face, the image of which lies within the retinal 
region where glaucomatous field defects commonly arise,
i.e. an arc concentric with the fovea, about 10 to 20
degrees from fixation. The width of the ring subtends 1
degree on the retina and its diameter subtends 25 de
grees. 1 degree width is chosen because spatial contrast 
sensitivity is greatest for low spatial frequencies, for 
the achromatic and the short wavelength system at about 1 
cycle/degree (Cavonius & Estevez, 1975).

A white fixation spot is placed at the centre of the
screen. The ring size is designed to be so large that
losses in visual acuity due to errors of refraction do 
not affect the test results. In addition to the size, the 
ring is also spatially low pass filtered, so that the 
image does not contain high spatial frequency components 
(sharp edges).

The colour contrast can be increased or decreased accord
ing to whether the observer can sense the presence of the 
ring. In order to eliminate the fading effect associated 
with static image at peripheral retina (Moreland, 1955; 
Clarke, 1960) and to increase the sensitivity of the 
short wavelength system, the ring flashes on and off at 1
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Hz with a 20% duty cycle. The temporal contrast sensitivi
ty of the short wavelength system peaks at 2 Hz (Wisowaty 
& Boynton, 1980).
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4.8 Psychophysical Methods of Threshold Determination:

Psychophysical visual sensitivity or visual threshold 
(which is the reciprocal of the sensitivity) is defined 
ideally as the boundary which divides whether the test 
stimulus can or cannot be sensed by the observer. In 
practice, because of the various sources of noise such as 
the quantal fluctuation of the light and spontaneous 
neural activity, thresholds measured by psychophysical 
methods vary. Therefore, threshold must be defined sta
tistically. There are two general classes of threshold: 
the first class is the absolute threshold, the measure
ment of the minimal stimulus at which the test image can 
be detected; the second is the difference threshold which 
measures the minimum change of the stimulus required for 
the observer to detect the change in the test image.

When an image appears on the screen, we cannot determine 
a threshold simply by asking the patient if s/he can see 
it, because each person has different degree of confi
dence before giving a positive answer. Moreover, some 
patients may have vivid imaginations, some want to please 
the doctor and others cannot make up their minds.
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Therefore, a number of psychophysical techniques have been 
developed to cope with variation of human decision making 
factors involved in the tests:

a) The Just Noticeable Difference:

The most straight-forward method of measuring threshold 
is to ask the subject to adjust the test stimulus until 
the stimulus is just detectable. The average of a number 
of tests can be used to determine a threshold. This method 
is easy to use but there is a serious drawback: the
subject may not use the expected sensory modality. Thus 
he could turn a control knob on each trial by a similar 
arbitrary amount. However, this method can be a very 
useful tool to measure threshold change over a period of 
time.

b) Ascending or Descending Ramps:

Another way is to use the method of ascending or descend
ing limits: the illuminance level (or colour contrast) of 
the stimulus is adjusted roughly to be below or above the 
estimated threshold, then the illuminance (or colour 
contrast) of the stimulus is increased or decreased 
continuously ( or in repeated very small steps) until 
the subject can detect the presence or absence of the 
image. Again, the thresholds over a number of trials have 
to be averaged.
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The most obvious disadvantage of this method is that 
subjects can either report prematurely or not respond 
quickly enough. Errors of habituation can also be in
volved in the results.

c) Staircase Technique:

The staircase technique is an improvement on the method 
of ascending or descending limits. For the staircase 
method, the illuminance level (or colour contrast) of the 
image is reduced by a fixed small step as long as the 
subject can see the image. When the subject reports the 
absence of the image, illuminance (or colour contrast) of 
the image is increased by the same small step until its 
presence is reported. This procedure goes on until the 
experimenter is satisfied that result reflects the nature 
of the threshold. The stimulus intensities (or colour 
contrasts) for peaks and troughs are usually recorded, 
and threshold is taken to be midway between the two.

This method is quick and the results obtained are always 
close to the real threshold. The maximum error is the 
size of the fixed small step. The error can be reduced by 
reducing the step size, but by doing so the speed of the 
test will be greatly reduced.
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d) Random "Block” Method:

Another way of measuring threshold is the random "block" 
method, which consists of a series of images with a range 
of preset stimulus strengths. This series of images is 
presented to the subject in random sequence. Each image 
is presented to the subject the same number of times. The 
responses from the subject are recorded and the number of 
times on which the subject reported the presence of the 
image is counted. Typically the image strength which is 
seen on 50% of the trial is taken as the threshold. This 
method is unbiased because the subject does not have any 
idea what level of the next illuminance will be.

The subject can make two sorts of errors: weak stimuli
may be mistakenly reported as present, and intense stimu
li may be neglected and reported on as absent (false 
positives and negatives). These affect the shape of the 
percentage seen versus intensity curve, and can be used 
to make deductions about the strategy used by the pa
tient. This method was not used in the project and there
fore is not mentioned in detail.
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e) Forced-Choice Method:

In order to reduce the possibility of getting a false 
report from the subject,a forced-choice procedure can be 
used. The simplest procedure is called a two-alternative 
forced choice. The stimulus is presented in one of two 
intervals, separated either by space or time. The sub
ject must indicate which of the intervals contains the 
stimulus Thus false positive reports and false negative 
reports can be analysed.

Other forced choice procedures can be employed. The 
subject can be asked to name the image. If the name 
given by the subject is wrong, obviously he cannot see 
the image. The most familiar example is the standard 
test-type. The multiple-alternative forced choice is 
often convenient, and if a stimulus is correctly identi
fied, the probability that the image has been 
identified is very high.

All the psychophysical methods described so far tend to 
be time-consuming. Adaptive psychometric procedures have 
been developed in which the stimulus value for any given 
trial is based on a measure of the performance in previ
ous trials. The purpose of such adaptive procedures is to 
increase the accuracy and efficiency of threshold deter
mination. One example is the modified staircase method in
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which "two-down, one-up" rule is applied: the stimulus
value is decreased only after two consecutive positive 
responses but is increased after one negative response. 
This system can also be combined with forced choice 
method to form a modified forced choice staircase method. 
However, although the modified forced choice staircase 
method has been proved to be useful for clinical pur
poses, another quicker and more efficient modified binary 
search (MOBS) method has been employed in this project, 
in which threshold is determined by using the combination 
of modified binary search and the "4-way forced choice 
technique". They are discussed in detail in the next two 
sections.
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4.9 4-way Forced Choice Technique:

In the new test, a ring is presented in the peripheral 
visual field to test the colour contrast thresholds. 
Generally it is relatively more difficult for subjects to 
perform a psychophysical test with the peripheral retina. 
Difficulties of a similar nature have been experienced in 
the Humphrey automated perimeter. In order to increase 
the reliability of the test and make the test easier for 
the subjects, a new psychophysical technique is needed.

The basic idea is to use the ring described above, but 
to make a 45 degree "gap" of the ring in one of the 
four quadrants of the ring. The discrimination that the 
patient is required to make is to identify the position
of the break in the ring i.e. a "4-way Forced Choice"
method. The position of the gap is generated by a random
generator, and it can appear at any one of the four
quadrants: upper left, upper right, lower left and lower 
right. The chance of guessing the next position of the 
ring right is 25%.
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4.10 Modified Binary Search Technique:

In combination with the 4-way forced choice psychophysi
cal technique, the modified binary search technique is 
used to speed the convergence towards a steady threshold. 
The modified binary search technique originated from the 
manual bracketing technique and the binary search tech
nique (Tyrrell & Owens, 1988). In the manual bracketing 
procedure, the test stimulus is first presented at the 
extreme positions that bracket the target value. In 
successive presentations, the bracket interval is gradu
ally reduced, eventually converging onto the final meas
urement. For an ordinary binary search, the procedure is 
to determine which half of a range of values contains 
the one needed. The search begins by sampling the mid
point of the range of possible values and, depending on 
the outcome, a boundary is established, that eliminates 
half of the array. Next, the midpoint of the remaining 
range is sampled and the process is repeated until the
target is located. The binary search required only log n

2
stimulus presentations to identify a target among n 
numbers of elements in the array (Lehman, 1977).

The binary search procedure is very efficient, but makes 
no allowance for errors: it is very useful for computers, 
but if, for example, a patient says " yes " when he means
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"no", the algorithm cannot correct for this error. The 
modified binary search technique was designed to combine 
the efficiency of the binary search procedure with the 
capability of the bracketing procedure to capture fluctu
ating targets. It is fast and accurate and it can be a 
very useful psychophysical method of measuring the 
thresholds of the eye.

For the modified binary search technique, the convergence 
follows the following rules: the sample range is initial
ly defined by two boundaries: one is the lowest possible 
value of the threshold which is normally zero; and the 
other one is a programmable arbitrary upper bound, which 
equals to twice the initial displayed contrast. The 
displayed contrast equals the mean of the upper and lower 
bounds. If the stimulus is "visible", then its contrast 
is placed as the new upper bound, and the contrast dis
played is halved. If the stimulus is "not visible", the 
contrast of the stimulus is placed as the new lower 
bound. The current contrast on the screen will be the 
mean of the new bounds.

As soon as the new contrast of the upper or lower bound 
is defined, the previous contrast will be remembered by 
"pushing" it onto a "stack" in computer memory providing 
the value is neither 0% nor 100%. Two stacks are prede
fined, one for the lower bound and one for the upper 
bound. The contrasts stored on the stacks are useful when

186



more than 2 consecutive "YES" or "NO" responses are 
received. When this happens, standard binary search logic 
is interrupted. The rationale is that the subject may 
be providing incorrect information. In such a case, the 
appropriate stack value is "popped” from the stack and 
is presented as the displayed contrast. If the resulting 
response is still the same as the previous response, the 
next value on the same stack will be popped and used for 
the display contrast. This procedure continues until the 
stack is empty, when either the maximum (100%) of the 
minimum (0%) contrast will be displayed.

The consecutive responses are recorded by two logic 
switches, which are defined as follows:

Initially define 2 named locations which contain values 
(integer variables)

"Yes" = 0 and "No" = 0
If response = "Yes",

increase "Yes" by 1, and 
if "No" > 0

decrease "No" by 1,
If response = "No",

increase "No" by 1, and 
if "Yes" > 0

decrease "Yes" by 1,
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For example, if MOBS was used to produce a grating, and 
the response was " present ” or "absent” . Table 4.3 
shows an example of sequence which illustrates how the 
modified binary search works.

Table 4.3 Modified Binary Sequence Example:

displayed lower upper reply lower upper consecutive
contrast bound bound (Yes stack stack responses:
(%) (%) (%) /No) (%) (%) Yes No

12 0 24 - - 0 0
Yes

6 0 12 24 1 0
No

9 6 12 0 1
Yes

7.5 6 9 12 1 0
No

8.25 7.5 9 6 0 1
Yes

7.875 7.5 8.25 9 1 0
No

8.0625 7.875 8.25 7.5 0 1
No

8.15625 8.0625 8.25 7.875 0 2
No

9 0 3
No

12 0 4
etc.
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Table 4.3 shows that it is possible for the program to 
calculate to many decimal places. However, since only 256 
colours are given in 1 palette, the calculated change in 
decimals may be less than the least bit of the register. 
In practice, the nominal precision is 1 part in 256 of 
the colour contrast value.

The modified binary search technique has been evaluated 
by Monte Carlo simulations (Tyrrell & Owens, 1988) which 
indicate that this technique is more precise and effi
cient in estimating threshold phenomena than staircase 
procedures. Unlike the staircase procedures, the modified 
binary search technique rapidly recovers, when the sub
ject makes errors in responding, and the threshold to 
which the response converge is relatively unaffected by 
these errors. For more details of comparison between 
staircase and MOBS techniques reader can refer to Johnson 
and Shapiro (Johnson & Shapiro, 1989).
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4.11 System Calibration:

The colour monitor needs to be calibrated when the 
software is first installed. This procedure is automated 
by a calibration program. This calibration program re
cords the illuminance values of the red, green and blue 
guns within the maximum and minimum values that can be
generated by the monitor. These illuminance values were

- 2
measured by a photometer, in cd.m , and entered in a 
look-up table of the program. The.CIE colour coordinates 
of the three guns are also measured and entered in the 
calibration program. These values determine the physical 
condition of the stimulus generated by the monitor, the 
main program then using these values to generate equilu- 
minant images in the right colour. The computation of 
equiluminant colour images from the calibration data is 
shown in appendix A.
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4.12 Positioning and Monitoring Subjects:

The subject is asked to sit on a stool facing a slit-lamp
table, his head supported and restrained by its chin
rest. The distance between the screen of the colour
monitor and the subject’s eyes is 45 cm. One eye is
covered and the fixation of the other eye is monitored by
a infra-red sensitive video camera. It is important to
ensure that during the test the subject is fixating
properly. The operator sits in front of the computer on
which the software is running. There is no other light
source in the test room. The only light sources are the
light from the high definition screen which is about 16 

-2
cd.m , and a negligible amount of white light from the 
operator’s computer screen.
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4.13 Test Sequence:

The subject is ushered into the test room and made com
fortable on the chin rest. First, the heterochromatic 
flicker test is performed (see above). A 10 degree square 
patch is displayed at the centre of the screen. The patch 
is alternately illuminated by the red or the green gun at 
22 Hz. The buttons of a ’’mouse" are used to change the 
relative intensity of the green light to find a balance 
point: at this point, the subject cannot see flicker on
the screen. The subject can either adjust the two buttons 
on the mouse or ask the operator to do it for him. When 
the balance point is found, the red and green guns should 
be equiluminant to this particular subject. The operator 
signals this point by pressing the spacebar on the com
puter keyboard. A blue and green flickering patch is than 
presented on the screen, and the whole procedure is 
repeated for the balance point between the blue and green 
guns. The entire sequence is repeated at least 3 times to 
get a reliable result. The R:G and B:G equiluminant 
values for a number of normal observers are stored in the 
computer memory. These observers are considered to ap
proximate to the CIE standard observer, hence it is 
possible "to program the calculation for the adjustment 
required to make any set of coloured lights equiluminant 
for the subject.
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Once the flicker test is finished, the subject can be 
presented with a precisely adjusted equiluminant screen. 
The colour vision can be tested on protan, deuteran and 
tritan colour confusion lines. For any confusion line, 
the background has a constant illuminance, and the image 
whatever its colour, has the same illuminance as the 
background. The background and image differ only in 
colour. The colour contrast is varied along an axis of 
colour confusion. In the case of the tests reported here, 
the image is the ring with 45 degrees missing from one 
of its four quadrants (45, 135, 225 or 315 degrees), so 
as to avoid the blind spot. The missing part is called 
the ’gap.’ The first colour-contrast shown is at a prede
termined level, slightly below average peripheral thresh
old. The nature of the task is first explained to the 
subject, who is allowed to foveate the ring. Next, he is 
instructed to look at the fixation spot which is at the
centre of the screen. From this moment the subject must 
tell the examiner the position of the gap. It is ex
plained that if he does not know, he must make a guess. 
His answer can be compared to the known position of the 
gap, which is shown to the operator on the computer 
screen. If the answer is correct, the colour contrast 
level will be reduced, otherwise, the contrast will be
increased. The amount of change of colour contrast is
controlled by the modified binary search technique (as
described above).
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This process quickly converges towards a steady level 
in normal subjects, which is an unbiased determination 
of threshold. When the change from presentation to pre
sentation is that of the least significant bit on the 
register of the DACs, the test stops. This can occur in 1 
or 2 minutes, depending on the speed of the patient’s 
responses. As soon as the steady threshold value is 
obtained, the test is finished. Colour contrast sensitiv
ity of the other two colour confusion lines can be meas
ured in exactly the same way. A test sequence example is 
shown in Figure A .5 .
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4 5

2 5

C O N T R A S T  = 1 2 . 0 0  %  C O N T R A S T  = 1 6 . 5 0  %

R E S P O N S E  = U L  R E S P O N S E  = U L

B E

C O N T R A S T  = 1 8 . 0 0  %  C O N T R A S T  = 1 5 . 7 5  %  

R E S P O N S E  = L R  R E S P O N S E  = U R

C O N T R A S T  = 1 5 . 0 0  %  C O N T R A S T  = 1 5 . 0 0  %  

R E S P O N S E  = L L  R E S P O N S E  = L R

Fig. 4.5 Test Sequence Example
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Chapter 5: Control Experiments

5.0 Introduction:

Since this is a new test (the "Ring" test), its limita
tions and the limitations of the system have been tested 
through a series of control experiments. One important 
goal of such control experiments is to show that after 
careful design, the system does work in the way it is 
supposed to do, that is measuring the colour contrast 
sensitivity with as little influence as possible from any 
other undesired factors. All the control experiment 
results below were obtained by using the "Ring" stimuli, 
and all the test results are in colour contrast thresh
olds (%), unless stated otherwise.
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5.1 Test-Retest Reliability:

The first experiment is to show whether the system itself 
can reliably reproduce the test results. This is very 
important for any meaningful longitudinal study, espe
cially for glaucoma patients, in whom the disease slowly 
progresses for many years. To study test-retest reliabil
ity, it is desirable to use patients, as well as normals, 
but the glaucoma test results may slowly worsen with 
time. Therefore the time elapsing between testing and 
retesting must be kept short. 25 eyes have been tested 
on two different occasions within 2 month period. Table
5.0 shows the test and retest results of tritan colour 
contrast threshold at the two occasions. The unit of the 
results is the threshold modulation as a percentage of 
the maximum possible colour difference.
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Table 5.0 Tritan Test-Retest Results of the "Ring" Test:

tritan tritan variance
contrast contrast
threshold threshold
(%) (%) (%)

21.469 21.203 0.266
21.938 21.375 0.563
24.000 25 .047 1.047
14.250 11.813 2.437
12.188 13.828 1.640
12.111 15.375 3.264
11.474 14.602 3.128
52.594 53.875 1.281
26.328 31.613 5.285
47.700 35.559 . 12.141
26.300 27.149 0.849
10.313 10.406 0.093
12.000 11.250 0.750
18.665 21.714 3.049
18.500 20.283 1.783
15.946 24.727 8.781
35.938 48.750 12.812
27.449 27.609 0.160
13.711 8.438 5.273
11.156 12.750 1.594
14.247 14.625 0.378
15.721 14.813 0.908
11.578 10.700 0.878
13.828 13.969 0.141
11.150 15.750 4.600
24.208 22.148 2.06022.244 21.788 0.456

mean variance = 2.972
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The persons tested are randomly selected from normals and 
different classes of patient, i.e. the sample population 
consists of normal subjects, low risk, medium risk, high 
risk and glaucoma patients. The results are shown graphi
cally (Figure 5.0).
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Figure 5.0 Test-Retest Variability of the ’’Ring” Test

Most of the data cluster around the 45 degree diagonal
line. The variation between tests is very small, the mean
deviation, (x -x )/n, between test and retest thresh- 

il i2
olds is only 2.972%. Expressed as a fraction of the mean
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threshold, the mean difference is 12.9%. The standard 
deviation of this difference is 13.2%. Importantly, the 
correlation coefficient between the average of the two 
thresholds and the difference between first and second 
observations is very small (r = 0.012). This shows that 
there is no significant correlation between the size of 
the threshold, and the inter-test difference. The Linear 
Regression Analysis shows that test and retest results 
are highly correlated (r = 0.984). This result also 
confirms that a learning effect does not contribute to 
the results very much. Because glaucoma is such a slowly 
progressing disease, within 2 months the patients are 
unlikely to deteriorate significantly, but it is possi
ble that some variability could be due to this cause.
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5.2 Variation of "Ring" Test Results With Age:

Variation of the normal value with age has been a consid
erable complication in conventional colour vision tests. 
As people age, the transmittance of the optic pathway 
reduces, i.e. the lens yellows. This will change the 
nature of the colour stimulus, but it is the change in 
the response to a constant stimulus on the retina which 
would provide information about the possible occurrence 
of glaucoma or ocular hypertension ( or in any other 
disease). Although the "Ring” test is designed to compen
sate such effect by using the heterochromatic flicker 
test to adjust equiluminance for each individual, the 
effectiveness of the adjustment must be ensured. There
fore, it is necessary to perform a control experiment to 
determine the variation of threshold with age.

84 normal eyes have been tested for colour contrast 
thresholds on all three colour confusion lines: protan,
deuteran and tritan. These normal eyes have been divided 
into three age groups: the first group includes persons 
younger than 40 year of age, the second group includes 
those aged between 40 and 59 year old, and all the rest 
(older than 59 years) are placed in the third group. Th'e 
peripheral colour contrast threshold results show that 
all groups have nearly identical thresholds.
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Linear Regression Analysis for protan, deuteran and 
tritan shows age and threshold are uncorrelated. The 
constants, coefficients, and the r squared values of the 
linear regression analysis are listed in Table 5.1.

Table 5.1 Linear Regression Analysis Outputs of the 
"Ring" Results against Age:

protan deuteran tritan

constant 12.51% 13.38% 12.25%
X coefficient 0.05 0.05 0.05
std err of coef 0.05 0.05 0.05
r value 0. 22 0.17 0. 20

Figure 5.1 shows peripheral colour contrast thresholds of
normals along protan, deuteran and tritan axes in 3
different age groups. The individual results for tritan
thresholds are also plotted in Figure 5.2.
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The statistical analysis above confirms the findings that 
there is only a very small effect of age on the threshold 
(coefficients and r values are all very small). This 
shows that the procedure (equalisation of luminosities) 
is effective, and there is a great contrast between these 
results and those of the 100-hue test, in which the error 
scores increase with age (Verriest, 1963).

Ruddock had long ago demonstrated that there is no selec
tive loss of wavelength discrimination with increasing 
age (Ruddock, 1965a), and he also found that older ob
servers gave much larger discrimination than young ob
servers at short wavelength (490 nm) by simple J.N.D 
method, but there was no such difference by using forced 
choice method (Ruddock, 1965a).

Hence the demonstration of a lack of age-effect on the 
present test results is not surprising, even though in a 
commonly used colour vision test like the 100-hue the 
error score in normals increases sharply with age. It is 
interesting to speculate about the reasons.

One factor must certainly be the change in short wave
length transmittance of the ocular media. It has been 
claimed that this is the dominant factor that affect's 
colour vision test scores in elderly people (Thomson and 
Trezona, 1951). However other factors such as the time
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span required to make a decision and psychological diffi
culty of making multiple choices must also play a part. 
It is a common experience that if a fixed limited time 
is used for elderly people to finish the 100-hue test, as 
recommended by the 100-hue test handbook, the error
scores become higher. In the "Ring” test, the brightness
of blue has been compensated by the heterochromatic 
flicker test before the main colour contrast test, and 
the technique used for colour contrast test is unbiased 
forced choice method, which greatly reduces the burden of 
making choice for the elderly people.

Even if we cannot provide a full explanation for the
difference between 100 hue results and the present test
with age, the results shown above are still very impor
tant for the use of the test, because in practical terms 
it is possible to specify a single limit for the normals, 
regardless of age.

206



5.3 Effect of Refractive Error:

Many elderly people ( and others) have refractive prob
lem, most of them are mild and properly corrected, but of 
course, people lose or forget their glasses. Furthermore, 
the test is conducted at a short screen-to-eye distance, 
and elderly persons lose the ability to accommodate. It 
is therefore necessary to discover how the test result is 
affected by refractive error.

The change in threshold has been recorded in 2 subjects 
as their refractive error was changed progressively from 
-8 to +8 D with lenses added to a trial frame. The first 
subject is a 60 year old and has normal vision except for 
mild myopia, which requires a distance correction of 
-1.75D. He has no astigmatism, and an accommodative power 
of <0.5D. At 45 cm, then, the monitor appears in focus 
for him. The test results of protan and tritan colour 
contrast thresholds show that there is no significant 
increase of threshold in the range tested. The second 
subject is aged 26, and to prevent accommodation, he was 
tested after instillation of 1% Cyclopentolate. Again 
there is no significant change of the thresholds with 
departure from emmetropia. The results of the first 
subject are shown with rectangular symbols and the second 
subject’s results are shown with triangular symbols on 
Figure 5.3.
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The conclusion can be drawn, that for most observers, 
especially elderly ones, the test result would be unaf
fected by the minor errors of refraction which commonly 
occur. Thus, if a person has not been to his optometrist 
for several years, the test result would be unaffected. 
Even more importantly, it is most unlikely that anyone 
whose refractive error was so great as to affect the test 
result could have unimpaired mobility without glasses, 
and therefore could have ’’forgotten to bring them”.

The reason for this virtue of the test is not difficult 
to understand. The test is designed to accept some degree 
of refractive error. The test image is designed to be 
large and the sharp edges have been removed. In addition 
the image is presented at the peripheral retina. The 
object to be detected is about 5 cm on the screen and 
viewed at a distance of 45 cm. Theoretically, visual 
acuity should not affect the test result very much, as 
found by experiment.
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5.4 Effect of Eccentricity:

The relationship between eccentricity and colour contrast 
threshold has also been investigated. 4 normal subjects 
have been tested on the tritan confusion line with the 
ring test image at 6.25, 12.5 and 25 degrees of eccen
tricity. At the fovea, the ring could not be used and 
therefore, colour vision was tested with random letters, 
the size of the letters being 30 mm x 30 mm (subtending 
an angle about 3.81 degrees), which is bigger than the 
area of foveal tritanopia. The results are shown in 
Figure 5.4.

The results show that the central tritan colour contrast 
threshold is very low, mean colour contrast threshold 
being about 5%. As eccentricity increases to 25 degrees, 
the mean colour contrast threshold goes up to about 17%. 
The slope of threshold against eccentricity at 12.5 
degree eccentricity is only about 0.5 percent per degree 
of angle, and although strictly speaking, the central and 
peripheral results cannot be compared, because letter and 
ring images are different, it seems that within the 
limits of the experiment there is a simple linear rela
tionship between threshold and retinal eccentricity. The 
results show that in the range from 10 to 15 degree 
eccentricity, the maximum variation of colour contrast
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threshold is only about 2.5%. This small variation at 
this range allows some flexibility on the precision of 
the position of patient's eyes in respect to the high 
definition monitor. Small motions of the patient's head 
will not cause great change in the threshold.
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5.5 Effect of Reduced Pupil Size:

Pupil size decreases with age. It is also reduced by some 
drugs used in treating glaucoma (e.g. pilocarpine). 
Although it has been shown that there is no age-related 
increase in threshold with this new peripheral colour 
contrast sensitivity test, it is still interesting, and a 
useful control experiment, to know whether pupil size 
alone will significantly influence the test results. 
Tritan thresholds were determined in one subject before, 
and at various times after instillation of either 1/4% or 
1% pilocarpine The subject had a heavily pigmented iris, 
and was relatively very insensitive to drugs and 1 drop 
of 1/4% pilocarpine scarcely affected the pupil 
diameter). The pupil size was progressively reduced from 
5 mm to 1 mm diameter, which covers the range of natural 
pupil sizes encountered in the target population. The 
result shows that as the pupil size reduced (see Figure 
5.5), there was a slight increase of the tritan colour 
contrast threshold. When the pupil size has been reduced 
to 1 mm in diameter, the threshold value reached its 
maximum, which is about 21%. It should be noted that this 
value of threshold with reduced pupil size is still 
within the normal range (see below). Even elderly persons 
would have pupils considerably larger than 1 mm in diame
ter, so they should produce normal results in the new 
test.
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5.6 Effect of Illumination Level:

One effect of altering pupil diameter is to change reti
nal illumination. Therefore thresholds were measured for 
a number of different illumination levels of the test 
target. The tritan thresholds of 4 normal subjects have 
been tested before and after pupillary dilatation and 
with and without 0.6 or 1.2 log unit of neutral filter 
placed in front of the eye. The results show that there 
is virtually no change of tritan .peripheral colour con
trast threshold before and after pupillary dilatation 
which is consistent in all 4 subjects (see Table 5.2). 
For subjects A (aged 26) and B (aged 32) there is very 
minor increase of tritan threshold when either 0.6 or 1.2 
log unit filter is put before the eye. Subjects C (aged 
60) and D (aged 36) have greater increase of tritan 
threshold with neutral filters, and the relationship 
between threshold and neutral filter density is an in
verse relationship. The maximum tritan threshold is 19% 
when a 1.2 log unit filter was used. This value is well 
within the normal range of the test result (see chapter 
6). In addition, in this control experiment, the change 
of illumination was much greater than would occur due to 
change in pupil size, or to generalised loss of sensitiv
ity with age due to retinal factors. The normal varia
tion in retinal illumination due to pupil size and aver-
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age retinal sensitivity is less than twofold. Thus if the 
monitor light output falls a little, or if the ambient 
light levels increase (for example, the test is normally 
carried out in reduced room lighting: the illumination is 
entirely derived from the light emitted by the computer 
monitor and the display monitor. If test-room door is 
left open, the ambient illumination may increase, even if 
the display remains in shadow and therefore unchanged), 
the small resulting changes in natural illumination 
levels should not disturb the test result. Furthermore, 
the test result should be similar before or after the use 
of mydriatics. This has practical .importance, because the 
test could be done at any point in a clinical examina
tion. It can be concluded that the retinal illumination 
levels chosen are appropriate, which is fortunate, be
cause although higher levels of light can be produced by 
the monitor, this reduces tube life.
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Table 5.2 Effect of Illumination Level on Tritan Colour
Contrast Threshold of The ’’Ring” Test:

subj ect 
A 
(%)

subj ect 
B 
(%)

subj ect 
C 
(%)

subject
D
(%)

dilated
pupil

13.1 18.5 7.0 10.5

0.6 log 
unit filter

14.2 18.5 11.3 15.4

1.2 log 
unit filter

14.0 18.5 17.4 19.0

normal
pupil

12.5 15.5 8.4 11.3
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5.7 Comparison With Black/White Stimuli:

Up till now, it has been tacitly assumed that the use of 
colour, rather than luminance contrast, would be impor
tant in testing for retinal disease. Since it is much 
easier, and less expensive, to produce black-and-white 
luminance contrast than colour contrast, experiments were 
performed to determine whether there was significant 
difference between luminance contrast threshold and 
colour contrast threshold in terms of test sensitivity.

Recent work from our laboratory (Falcao-Reis et al, 1990) 
has shown that contrast thresholds for standard sinusoi
dal gratings (1.9 cycles/degree and reversing at 1 Hz) in 
the four peripheral quadrants are higher than those at 
the fovea, and that there was a good separation between 
normals and glaucomatous patients. For ocular hyperten
sives, the results were less clear cut (see Figure 5.6). 
Figure 5.6 contains 3 figures. The top figure shows the 
contrast sensitivity at eccentric loci in low risk hyper
tensive eyes; the middle figure shows the results of same 
measurement for patients with high risk ocular hyperten
sion; and the bottom figure is for glaucoma patients. 
Result's are compared with upper limit of normal (mean + 2 
SD). Each symbol represents the mean of thresholds of all 
eyes at a given locus. Thresholds are similar in all
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quadrants. Mean contrast sensitivity of low risk ocular 
hypertension is consistently under the upper limit of 
normal. There is overlap between the upper limit of 
normal and high risk ocular hypertensive eyes. The dif
ference between normals and glaucomatous eyes is evident
at all loci in the lower field and at 20 and 25 degrees
in the superior quadrants. Loss of sensitivity in glauco
matous eyes is less pronounced in the superior nasal
quadrant.

A control experiment was performed with the ring stimu
lus, used in its standard form, or with a black and white 
palette. Severity of the condition varied widely between 
subjects: 4 were normal, and the rest were glaucoma
suspects of varying degree. They were separated into 2 
groups, depending upon whether tritan thresholds were 
normal (25) or abnormal (16). The data are shown in table
5.3. Figure 5.7.2 shows the results: It can be seen that 
there is a very great elevation of colour thresholds in 
the abnormals, but also, a considerable variability, as 
expected. For the black-and white rings, the thresholds 
are much lower. Note also that the variance in achromatic 
results is less: the tritan elevations are not accompa
nied by an equal increase in achromatic contrast thresh
olds .
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Table 5.3 Comparison Between B/W Contrast and Tritan
Colour Contrast Thresholds Using The ’’Ring” Stimuli:

observers with normal observers with abnormal
tritan colour contrast tritan colour contrast
threshold : threshold:
B/W tritan B/W tritan
(%) (%) (%) (%)
3.352 9.750 5.992 35.502
4.289 14.966 5.063 26.128
1.500 10.300 6.293 38.660
2.800 14.400 3.794 20.923
1.030 10.875 6.082 53.000
1.623 13.688 3.000 22.000
1.500 14.838 3.100 21.200
2.250 14.813 2.800 20.300
4.119 14.460 2.953 34.016
2.748 12.286 4.500 37.919
1.852 13.831 4.734 23.125
1.500 10.500 3.984 23.125
0.400 10.000 5.500 21.800
2.023 12.303 6.000 21.200
2.000 14.224 5 .016 23.125
2.605 17.329 4.622 23.734
2.335 15.164
1.500 15.200
2.000 12.500
1.989 10.472
3.000 13.798
1.900 10.000
2.300 18.800
2.500 18.800
2.700 17.100

number 25 25 16 16
mean 2.233 13.616 4.590 27.860
std 0.859 2.646 1.172 9.009
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There is a considerable overlap between individual lumi
nance thresholds of those with normal and abnormal tritan 
colour contrast threshold. The t-value ("Student's” t- 
Test) for samples with normal tritan threshold and abnor
mal tritan threshold is 5.89; and the t-value for samples 
with normal and abnormal black/white threshold is A.65. 
The result indicates that the t-value is greater for 
colours, but the result also shows that black-and-white 
annuli also demonstrate a statistical difference. The 
fact that the t-test results are not more different is 
due to the very large variance of.abnormal colour thresh
olds, which are not distributed is a Gaussian manner. 
Patients' tritan threshold can go as high as 100%, and 
this never remotely happens with the black-and-white 
image.
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5.8 Effect of Disturbance From Equiluminance:

The high definition colour monitor used in this test is 
built to be controlled precisely and for stability. 
However, in practice, outputs will inevitably depart from 
calibrated levels, and therefore it is important to know 
if the threshold determinations are critically dependent 
on precise calibrations. In particular, the presence of 
luminance clues in an image which should only contain 
chromatic differences might cause significant differ
ences .

In this control experiment, the apparent tritan thresh
olds of 3 subjects were measured, using the appropriate 
sections of the program under conditions in which the 
equiluminance and indeed the chromaticity of the screen 
colours were altered in predetermined ways:

A: I asked each of these 3 subjects deliberately to make 
incorrect settings in the heterochromatic flicker test 
which precedes the main test - see chapter 4 (a "false 
flicker" test). These individual flicker test results 
were then used to set up the system for each subject. 
This distorted the output, so the colours in the display 
could not be equiluminant. The results are given in Table
5.4. The departures from the normal flicker settings 
were considerable, and the departure from the intensities

224



and colours of background and target was very noticeable, 
and observers with normal vision never made errors so 
great. Nevertheless, the threshold values were only 
altered very slightly. However, it was not possible to 
reproduce these abnormal settings, so the changed lumi
nances could not easily be measured.

Table 5.4 Effect of Disturbances from Equiluminance on 
Contrast Threshold Measurement of the "Ring” Test:

condition 
of the 
"Ring" test

subj ect 
A 
(%)

subject
B
(%)

subject
C
(%)

equiluminance 14.0 10.9 13.4
false flicker 
test

13.1 12.2 11.1

blue palette 
changed

9.5 4.5 7.2

green palette 
changed

9.8 8.8 8.6

luminance
contrast

2.6 2.3 3.3
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B: The second experiment was to change the palette in the 
look up table of the software, by altering the relative 
spectral sensitivity factor (RSSF) for either the blue or 
green.

The calibration program contains a constant called Rela
tive Spectral Sensitivity Factor (RSSF) designed to 
accommodate the use of various instruments. For a photom
eter with a filter which precisely corrects for the CIE V 
curve, RSSF = 1.00 for red, blue and green guns. If a 
radiometer is used, the RSSF could be adjusted as needed. 
If RSSF is altered, the look up table values (see chapter 
4) are not, the colours will no longer be equiluminant.) 
This caused larger distortions - colour rendering was 
completely unacceptable. Unfortunately, the original 
calibrations were mislaid, but the experiment was repeat
ed later when it was found that for row 3, the luminance
contrast, defined as (L -L )/(L +L ), was

image back image back
9.5 for subject A, 4.5 for subject B and 7.2 for subject
C; and for row 4 the luminance contrast was 9.8 for
subject A, 8.8 for subject B and 8.6 for subject C. For
2 further subjects, the differences in luminance and the
colour differences corresponding to threshold are given
in Table 5.5 The results show that even when there is a
serious distortion of equiluminance, the change in
threshold (reduction) is not great. For all 3 subjects in
Table 5.4, the thresholds dropped about 1/3 from the
equiluminant setting.
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Table 5.5 Effect of Luminance Contrast Changes on the 
Tritan Colour Contrast Threshold of the ’’Ring" Test:

equiluminance blue palette 
changed

green palette 
changed

image:
X

yilluminance
-2

(cd.m )

0.352 
0.289 

: 18.8
0.314 
0. 262 
12.9

0.347
0.370
32.8

background:
X

yilluminance
-2

(cd.m )

0.351 
0.294 

: 18.7
0.312
0.261
14.3

0.348
0.373
35.2

luminance 
contrast(%) : 0.3 5.1 3.5

tritan 
threshold:
subject A 
(%)

10.969 7 .125 9.375

subject B 
(%)

11.074 8.063 10.500
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C: In the third experiment, a black-and-white luminance
palette was used instead of a tritan colour palette. The 
threshold, as expected, is very low (see row 5 of Table 
5.3). This illustrates the fact that introduction of 
luminance clues reduces colour-contrast thresholds. In 
connection with the later sections, it should be rea
lised that disease invariably increases threshold. 
Therefore, none of the positive results described below 
can be ascribed to errors of calibration, because if the 
system departs from the state of equiluminance it will 
cause a reduction in threshold. If an increase in thresh
old is seen in disease, this cannot be due to an instru
mental error.
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5.9 Validation of Methods:

The combination of the 4-way forced choice psychophysical 
method and the modified binary search technique works 
well for when the patient cooperates and gives rational 
responses. However, patients may try to " improve " their 
test results, or may not cooperate. Experiments were 
designed to discover what the effect of such misbehaviour 
might be. Subjects were instructed to guess where the
break was even when they stated they could not see the
ring. The proportion of correct responses was then above 
chance level, so the thresholds obtained are below the
level of certainty. The exception is if the recorded 
threshold was 100%. In this case the stimulus was always 
invisible. What if the patient is totally uncooperative, 
can that be detected from the results? In this check 
experiment subjects were instructed to always give the
same response, or reply by naming a quadrant at random, 
irrespective of where the gap actually appeared. In both 
cases, the colour contrast thresholds obtained were all 
approximately 100%, a result that could never be treated 
as normal. Non-cooperation on this scale is fortunately 
rare! It might even be considered as a disease, and would 
be picked up by the test. Of course, later clinical 
examination would show no signs of glaucoma.
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5.10 Acceptance:

This is an easy test for the patient. So far not a single 
patient or control has failed to complete it. Since the 
stimulating annulus appears to the subject to be far from 
fixation, the temptation to glance toward part of it, to 
detect the position of the break seemed absent. This can 
be confirmed from the infrared sensitive video camera 
screen. Also, since the missing part of the annulus might 
appear ( very briefly ) in any direction, it was obvious 
to most patients that the best test strategy was to look 
centrally at the fixation spot. The test time is very 
short compared to the other psychophysical tests which 
are given to glaucoma patients. In particular, clinical 
visual field testing has become very elaborate, and is a 
test which patients dislike, because it is prolonged and 
they find it fatiguing. Patients are happy to have their 
colour vision tested in this way and 100% of the patients 
tested preferred this test to automated perimetry.
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Chapter 6: Results

6.0 Introduction:

The previous chapters describe the design and proving of 
the new test. This chapter describes the main investiga
tion into patients with glaucoma and glaucoma suspects.

6.1 Recruitment:

6.1.0 General Considerations:

The objective of the following study was to discover if 
the test discriminates between normals and patients with 
glaucoma or ocular hypertension. In order to exclude any 
possible interventions from other systemic or ocular 
diseases, well characterised patients were recruited from 
those who were already on other clinical trials. These 
patients clinical condition and visual functions are well 
documented and easily accessible. Patients with other 
systemic or ocular diseases had been excluded from this 
study. However, because the patients tested were a spe
cially selected group, they cannot represent the public 
in general.
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Normals were also recruited to use as a control group. 
They consisted of hospital staff, patients’ spouses, and 
friends. It is obvious that some hospital staff had some 
previous experience of acting as normal subjects for 
other clinical trials, therefore, it is not unreasonable 
to speculate that their performance on most clinical 
tests may be better than an ordinary person who has never 
seen a clinical vision test. As described in chapter 5, 
since this test is designed to be simple, the test-retest 
control experiment shows no sign of a learning effect. 
Therefore, using hospital staff .as normal subjects is 
justifiable provided they have normal visual functions, 
no systemic disorder and no family history of glaucoma 
(It was not possible to use patients’ spouses only as a 
normal group, since they could not be examined for glau
coma). It has been mentioned in chapter 2 that the occur
rence of congenital red-green defects is quite high: 
about 8 percent of the male and 0.4 percent of the 
female European population have congenital red-green 
defects. In this study, it was found that a number of 
normal persons had congenital red-green colour defects, 
and they were therefore excluded from the control group.

The peripheral colour contrast thresholds were determined 
along all three colour confusion axes. A comparison study 
of colour contrast thresholds along all three confusion 
axes can reveal the fact whether tritan contrast thresh-
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old is a more sensitive parameter to detect glaucoma and 
ocular hypertensives than protan or deuteran. If the
result is positive, colour contrast threshold on the
tritan axis alone can be used to detect glaucoma and
glaucoma suspects. By doing so, testing time on protan 
and deuteran axes can be saved at no sacrifice of any 
test sensitivity, and also the results can be much less 
affected by the frequent red-green congenital colour 
defects.

All persons involved in this trial were volunteers. They 
had been properly informed about.the nature of the test 
and their role as subjects well before they had taken 
part in the study.

6.1.1 Control Group:

The control group consists of 84 eyes from normal per
sons. They are either hospital staff or patients' spouses 
aged from 20 to 69 years old. All of them have corrected 
visual acuity of 6/6 or better and no known ocular or 
systemic disease, and no family history of glaucoma. In 8 
additional male subjects, isolated tripling or quadru
pling of the normal protan or deuteran threshold are 
seen. Such persons had congenital colour defects (as 
assessed by foveal colour testing), and their results are 
therefore not included. The exclusion of these congenital 
red-green defects can be justified by the statistical
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analysis of normal results, which is shown later in this 
chapter. No case of possible tritanomaly or tritanopia 
was encountered in the control group.

6.1.2 Patients With Glaucoma:

84 glaucomatous eyes were included in this group. They 
had a visual field defect defined as one or more loci of 
sensitivity loss of 10 dB or greater, and one or more 
adjacent spots of at least 5 dB loss. This defect had to 
be demonstrated on two different occasions.

6.1.3 High-Risk Ocular Hypertensives:

77 eyes were included in this group. They had IOP greater 
than 26 mmHg, and cup/disk ratio greater than 0.6. They 
have either normal or suspect visual fields (Suspect: no
loss greater than 5 dB on the Humphrey automated perime
ter , test 30/11).

6.1.4 Medium-Risk Ocular Hypertensives:

50 eyes were included in this group. They had either IOP 
greater than 26 mmHg, or cup/disk ratio greater than 0.6. 
Their visual fields can be normal or suspect.

234



6.1.5 Low-risk ocular hypertensives:

There were 30 eyes in this group. The IOP of this group 
lies between 21 to 26. The cup/disk ratio was less than 
0.6. They had either normal or suspect visual fields.

The details of the classification criteria of glaucoma 
and ocular hypertensives are summarised in table 6.0.

235



Table 6.0 Classification criteria of glaucoma and ocular 
hypertensives:

IOP (mmHg) C/D ratio Visual Field

Normal < 21 and < 0.6 normal
Low risk 21-26 and < 0.6 normal

or
suspect*

Medium risk > 26 or > 0.6 normal
or

suspect*
High risk > 26 and > 0.6 normal

or
suspect*

Glaucoma Any > 0.6 Abnormal**

* Suspect visual field is defined as threshold elevated 
at 1 or more site greater or equal to 5 dB and less than 
10 dB.

** Abnormal visual field is defined as threshold elevated 
at 1 or more site greater or equal to 10 dB plus one 
flanking spot greater or equal to 5 dB and less than 100 
dB.



6.2 Results and Data Analysis:

6.2.0 Peripheral Colour Contrast Thresholds of Normals:

84 normal eyes of subjects with a mean age of 36 years 
were tested on protan, deuteran and tritan axes. Since it 
has already been established that any age effect is 
minimal on this new colour test (see age effect in chap
ter 5), the traditional age matching is not important for 
this study. The peripheral colour .contrast thresholds of 
protan, deuteran and tritan of normals are shown in Table 
6.1. The values were determined to 3 decimal places, but 
as explained above (see Chapter 4, section 4.10), this 
precision is illusory. The mean protan, deuteran and 
tritan peripheral colour contrast thresholds are 14.3%, 
15.0% and 14.0% respectively.

The relative frequencies of normal results in respect to 
the colour contrast thresholds can be expressed in a 
histogram, with colour contrast thresholds expressed in 
log scale. Figure 6.0 shows the frequency distribution of 
tritan contrast threshold of the control group.
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Table 6.1 Individual Peripheral Colour Contrast Thresh
olds of Normals:

age protan
(%)

deuteran
(%)

tritan
(%)

20 13.289 13.594 15.900
20 13.875 14.250 12.469
20 12.956 16.348 16.125
22 20.756 20.250 15.656
24 12.469 13.875 11.250
24 12.797 15.477 13.406
24 12.859 15.563 12.995
25 16.141 10.430 13.500
25 9.750 10.875 10.125
25 10.125 10.875 10.313
25 7.805 12.797 9.375
25 13.875 12.750 10.406
25 9.100 8.010 10.750
25 15.750 16.500 12.188
25 19.125 18.605 14.789
26 12.375 11.836 11.578
26 13.500 10.289 10.313
26 11.057 13.477 11.543
26 10.688 7.030 7.890
26 14.250 16.500 18.000
26 8.851 9.820 10.700
26 17.625 16.297 19.500
26 11.711 12.469 12.826
27 11.250 13.875 14.781
27 17.563 19.875 19.875
28 15.750 11.250 14.953
29 14.625 13.875 13.359
29 15.375 13.875 13,875
29 12.656 12.188 12.750
29 13.219 15.750 10.313
29 14.109 12.938 13.125
29 12.188 15.000 13.500
29 12.938 13.000 18.983
29 8.188 12.589 14.607
30 13.875 13.875 13.125
30 14.813 15.375 14.813
30 10.313 11.250 10.406
30 14.550 18.200 11.156
30 11.813 14.250 12.750
31 18.000 17.625 15.000
31 15.200 14.300
31 21.600 13.500
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Table 6.1 Continue:

age protan
(%)

deuteran
(%)

tritan
(%)

31 15.750 21.750 13.500
32 15.047 19.875 19.500
32 16.500 15.000 12.750
32 17.625 18.563 15.750
32 16.500 16.969 17.250
32 11.900 16.100 13.400
32 14.250 15.375 11.250
32 17.625 12.750 12.938
32 14.063 12.938 14.813
32 17.783 16.406 11.250
33 13.875 20.402 19.281
33 13.500 19.945 19.125
36 15.516 12.334 14.247
36 16.875 14.250 14.625
36 15.750 14.063 14.813
36 9.085 12.070 15.721
36 12.375 13.875 10.125
39 14.813 22.969 8.062
41 13.800 22.500 18.700
43 16.875 17.625 20.400
43 18.800 15.600 19.300
45 16.781 18.785 13.945
45 8.643 23.813 12.375
48 15.750 16.688 16.688
48 16.125 15.938 15.375
49 15.200 7.500 14.000
49 13.219 15.750 14.250
49 11.013 12.750 12.750
49 16.875 16.781 9.375
49 16.000 11.700 15.000
49 16.969 16.688 10.359
52 14.625 13.500 12.750
57 17.250 18.000 18.000
58 18.320 18.004 16.969
58 15.750 15.750 20.162
60 9.609 11.813 8.438
60 15.328 13.324 13.71162 14.640 13.950 13.680
62 12.710 18.650 12.050
63 14.250 12.750 15.938
69 16.688 15.750 17.250
69 17.719 17.578 17.906
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Table 6.1 Continue:

age protan
(%)

deuteran
(%)

tritan
(%)

mean 36 14.290 14.290 13.820
std 12 2.870 3.360 3.360
max 69 21.600 23.810 20.400
u.l. 20.030 21.720 20.530

protan deuteran tritan
(#) (#) (#)

Total Number 84 82 84

The distribution of the normal results is not completely 
Gaussian. There is a slight skew towards the lower half 
of the mean. The kurtosis of the normal tritan contrast 
threshold distribution is -0.526 and the skewness is
0.278. Measures of kurtosis and skewness were obtained by 
using a special statistics package STATPAK. These values 
are close to Gaussian distribution which is typical 
normal distribution. The maximum experimental values of 
the normal peripheral colour contrast thresholds for 
protan, deuteran and tritan are 21.6%, 23.81% and 20.4% 
respectively.
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Table 6.2 shows the upper confidence limits of the 
distribution, using a statistical package, EPISTAT. The 
significance of these results will be discussed later, 
but it can be seen that if, for example, a tritan thresh
old was encountered which was greater than 26%, the 
probability that it was part of the control population 
would be only 0.00021 percent.

Table 6.2 Upper Confidence Limits of Peripheral Colour 
Contrast Thresholds of Control Group:

Threshold (%) Probability (%)
Range:

Lower Upper protan deuteran tritan
0 5 0.06956 0.48261 0.15399
0 10 6.90907 10.33037 9.47507
0 15 59.13942 52.36151 63.12504
0 20 97.41038 91.63723 97.62801
0 25 99.98727 99.65216 99.98559
0 26 99.99679 99.84535 99.99603
0 30 99.99994 99.99246 99.99979

The relationship with age was investigated by linear 
regression analysis, and the results are shown in Table 
6.3 (also see age effect in chapter 5).
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Table 6.3 Regression Analysis of Normal Results Against 
Age:

Protan Deuteran Tritan
constant 12.51 13.38 12.25
coefficient 0.05 0.05 0.05
st err of coef 0.05 0.05 0.05
r value 0.22 0.17 0.20

It can be seen that there is no significant change of 
threshold with age. Another method of demonstrating the
same thing is to split the normals into three age
groups: age below AO years, age between AO and 59, and
age 60 or above. Each of these three groups has its
normal means and standard deviations. The differences 
between the three groups are insignificant. For age below 
AO years, the mean protan, deuteran and tritan thresholds 
are 13.62%, 1A.A1% and 13.32%; for age between AO and 59 
the values are 15.50%, 15.33% and 1A.69% respectively; 
and for age 60 or above the peripheral colour contrast 
thresholds are 1A.A2%, 1A.83% and 1A.1A%. These results 
and others are given in tables 6.A

Age related upper limits of normals corresponding to 
various criteria can be set for the 95, 99.7 or 99.99 
percentiles. Age related upper limits of normals is shown 
in Table 6.A.
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Table 6.4 Age Matched Upper Limits of Normal:

Upper Limits of Normal Corresponding To Various Criteria

Age Below 40 Years

thresholds protan deuteran tritan
(%) (%) (%)

mean 13.62 14.41 13.32
criterion:
mean + (# of SDs)
2 19.16 19.96 18.86
2.5 20.55 21.34 20.25
3 21.94 22.73 21.63
3.3 22.77 23.56 22.46
3.4 23.04 23.84 22.74
3.5 23.32 24.11 23 .02
4 24.71 25.50 24.40
5 27.48 28.27 27.17

Age 40-59 Years

thresholds protan deuteran tritan
(%) (%) (%)

mean 15.50 15.33 14.69
criterion:
mean + (# of SDs)
2 21.04 20.87 20.23
2.5 22.43 22.26 21.62
3 23.81 23.64 23.00
3.3 24.64 24.48 23.83
3.4 24.92 24.75 24.11
3.5 25.20 25.03 24.39
4 26.58 26.42 25.77
5 29.35 29.19 28.55
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Table 6.A Continue:

Age 60 Years or Above

thresholds protan deuteran tritan
(%) (%) (%)

mean 14.42 14.83 14.14
criterion:
mean + (# of SDs)
2 19.96 20.37 19.68
2.5 21.35 21.76 21.07
3 22.74 23.15 22.45
3.3 23.57 23.98 23.29
3.4 23.84 24.53 23.56
3.5 24.12 24.53 23.84
4 25.51 25.92 25.23
5 28.28 28.69 28.00
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6.2.1 Peripheral Colour Contrast Thresholds in Glaucoma:

Ranges:

Table 6.5 shows the glaucoma peripheral colour contrast 
threshold data. The minimum values of thresholds for 
protan, deuteran and tritan are 20.4%, 15.9% and 24.4% 
respectively. Thus, no normal person had a tritan thresh
old as high as the lowest value found in a patient with a 
field defect. There is a small overlap for protan and 
deuteran values. The maximum threshold values for protan, 
deuteran and tritan were all 100%. The lower quartiles of 
the glaucoma threshold distribution were 32.6%, 38.5% and 
38.7% for protan, deuteran and tritan; and the upper 
quartiles of protan, deuteran and tritan were 100%, 100%
and 89.75%.

Mean Values and Variance:

Tritan colour contrast threshold was determined in 84 
eyes with glaucomatous field defects. The average age of 
these patients is 63. Among these 84 eyes, 56 have been 
tested on the protan and 54 on deuteran. The mean values 
for protan, deuteran and tritan thresholds were 59.9%, •*. 
61.7% and 62.5% respectively.
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6.5

age

79
79
71
71
75
75
59
62
13
13
66
66
70
52
60
79
79
65
65
37
37
47
47
64
64
55
64
63
63
62
62
76
70
77
81
81
43
56
56
81
81

Glaucoma Peripheral Colour Contrast Threshold

protan deuteran tritan
(%) (%) (%)

100.000 
100.000
46.988
100.000

23.000
22.300

100.000 
100.000
59.000
100.000 
100.000
89.750 
91.191 
20.805
30.012

20.402
100.000 
100.000 
100.000 
100.000
33.385
65.240
34.656
41.703
100.000
89.750
23.000
50.000

100.000 
100.000
42.344
100.000

20.300
17.400

100.000 
100.000
43.625
100.000 
100.000
91.031
100.000
22.500

20.625
100.000 
100.000 
100.000 
100.000
48.750 
52.594
43.625 
43.605
100.000
25.900
40.500

31.773
94.875 
100.000 
100.000
44.266 
100.000 
90.391
89.750
50.000
32.000
75.656 
76.937
100.000 
100.000
44.906 
100.000 
100.000
85.906
89.750 
28.869 
27.104
85.266
44.906 
80.781
30.012
43.625 
51.833
100.000 
100.000 
100.000 
100.000
41.875
46.188 
51.312
44.906
100.000
74.375 
24.700
88.000
74.375
46.188
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Table 6.5 Continue:

age protan
(%)

deuteran
(%)

tritan 
(%)

69 24.319 22.125 29.892
69 29.531 22.404 31.453
67 51.953 62.413 32.188
67 38.300 55.156 57.238
80 87.188
80 100.000 100.000 100.000
57 25.342 41.700 36.578
56 27.727 26.436 38.900
56 49.015 45.297 42.984
60 34.656
60 24.407
62 35.938 27.063 38.500
62 25.688 46.188 69.250
74 69.250 71.812 64.125
74 22.424 36.370 34.656
67 100.000 100.000 100.000
67 37.539
75 32.099 75.336 79.180
75 28.891 38.500 26.008
69 63.564 56.318 50.814
67 30.813
67 55.156
66 33.375 38.500 44.266
66 59.000 46.188 77.578
76 33.055 38.500 32.742
76 64.445 77.578 66.687
53 100.000 100.000 100.000
53 100.000 100.000 100.000
71 43.645
46 56.277 59.000 59.000
85 89.750
85 87.188
64 55.156 48.750 60.602
64 59.961 51.312 62.844
67 42.984 49.230 46.628
57 34.016 34.656 35.938
56 50.031 59.000 48.750
38 73.094
38 90.230
65 32.188
65 41.543
47 38.945
47 30.813
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Table 6.5 Continue:

age protan
(%)

deuteran
(%)

tritan
(%)

mean 63.46 59.88 61.72 62.49
std 13.81 30.22 29.69 26.34
min 13 20.40 17.40 24.41
max 85 100.00 100.00 100.00

protan deuteran tritan
m m (#)

Total Number 56 54 84
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Compared to the mean values of normals, there is obvious
ly a significant difference. This significance has been 
confirmed by the results of Student’s t-test: the p
values of normal against glaucoma for protan, deuteran 
and tritan thresholds are all much smaller than 0.001,
i.e. the tables suggest that the probability that the 
patients’ and the normals’ means are derived from the 
same population is considerably less than 0.1%. However, 
it should be noted that the distribution of thresholds 
in the patient population is far from normal, and al
though the use of Student’s test, is not strictly depend
ent on the normal distribution (the distribution of 
repeated means, taken from a non-normal population, still 
tends to be distributed normally), the confidence limits 
are less easy to define. The frequency distribution of 
the peripheral tritan contrast thresholds of glaucoma 
patients is shown in Figure 6.1 on a logarithmic scale. 
It should be noted that the minimum colour sensitivity we 
determined, a threshold of 100%, depends entirely upon 
the phosphors, and the program. It would be simple to 
produce a greater colour contrast with 3 monochromatic 
primaries. Therefore, the results are truncated.
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6.2.2 Peripheral Colour Contrast Thresholds in Ocular
Hypertension:

As described earlier ocular hypertensives have been 
classified into high, medium and low risk groups. 77 high 
risk, 50 medium risk and 30 low risk patients were re
cruited for the test. The average ages of high, medium 
and low risk group patients are 59, 57 and 48 respective
ly. The results are shown in the Table 6.6.
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Table 6.6 Results of Ocular Hypertension:

6.6(a) Low-Risk Ocular Hypertensives:

age protan deuteran tritan
(%) (%) (%)

33 21.000 22.805 21.469
33 20.322 23.445 21.938
33 20.281 21.955 21.375
33 19.195 20.250 21.203
61 22.500 24.727 24.086
39 20.360 20.040 12.880
44 13.125 19.875 13.125
44 13.125 13.875 13.563
54 20.883 20.022 12.Ill
54 18.708 21.293 11.474
54 22.125 19.281 14.602
54 20.250 19.201 15.375
48 18.375 19.383 8.250
48 13.992 18.938 11.813
59 21.125
59 19.125
56 18.918 18.953 19.131
56 11.063 19.875 17.253
30 11.250 15.750 10.125
30 12.938 16.125 10.125
45 12.938 17.063 15.375
45 13.875 12.375 12.000
50 21.750 14.080
50 21.400 19.320
54 16.230 18.090 19.880
68 16.125 18.938 18.427
68 18.188 15.375 15.750
54 21.563 21.403
54 23.063 19.875
41 13.734 12.188 13.875

mean 48 17.76 18.74 16.34
std 11 3.74 3.15 4.24
min 30 11.06 12.19 8.25
max 68 23.06 24.73 24.09

protan deuteran tritan
(#) m m

total number 30 28 30
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6.6(b) Medium-Risk Ocular Hypertensives:

age protan
(%)

deuteran
(%)

tritan
(%)

62 20.402
61 33.215 30.012 23.250
78 27 .039 30.813 32.094
78 29.531 32.773 25.955
58 20.883 19.500
58 19.274 25.065
62 26.611 23.408 28.250
70 22.645 33.375
39 14.813 16.500 13.406
39 16.500 18.750 13.500
64 18.801 21.000 28.250
70 25.688 20.563 25.047
57 15.469 11.813 14.500
57 14.297 15.000 7.148
59 25.047 24.406 21.000
59 23.125 21.844 25.047
52 17.215 18.000 16.500
55 16.300 15.200 12.260
67 18.563 17.531 23.250
67 22.808 16.000 20.063
50 22.000 19.500 23.125
43 30.813 30.813 18.375
43 34.977 43.625 23.695
53 25.367 23.766 30.973
49 30.800 47.700
49 18.000 26.300
49 38.820 27.149
49 37.059 35.559
41 12 .000 14.438 10.313
41 10.125 15.750 12.000
41 10.406 12.656 11.250
41 9.375 12.281 10.406
57 21.999 10.848 15.946
57 15.443 13.880 9.690
56 22.482 20.242 24.727
56 18.281 21.398 25.472
65 16.500 23.023 20.891
65 23.609 21.656 21.750
49 18 .094 20.625 18.563
49 20.109 19.500 17.906
59 24.086
59 43.825
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6.6(b) continue:

age protan deuteran tritan
(%) (%) (%)

76 26.876 30.813 24.026
76 23.033 35.137 20.281
58 11.200 10.610
58 16.180 9.850
49 17.200 22.650
49 15.500 17.550
74 15.160 19.500 23.125
74 20.250 19.875 23.824

mean 57 21.05 21.19 21.59
std 11 6.96 7.18 8.25
min 39 9.38 10.85 7.15
max 78 38.82 43.63 47.70

protan deuteran tritan
(#) (#) (#)

total number 47 36 50
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6.6(c) High-Risk Ocular Hypertensives:

age protan
(%)

deuteran
(%)

tritan
(%)

65 13.845 17.625 19.453
65 20.650 21.938 19.300
45 21.000 25.848 26.480
45 22.125 24.406 19.617
44 16.500 15.000 15.375
44 15.938 15.750 15.563
74 22.164 24.727 25.688
74 21.203 18.625 19.281
62 26.548 27.564 28.891
81 26.000 30.000 25.800
81 30.000 36.000 24.300
72 29.766 44.906 56.117
72 55.156 59.000 71.812
66 25.007 22.124 38.750
66 24.922 21.203 38.750
61 33.615 40.422 62.844
61 43.625 48.750 62.844
55 34.609
54 19.875 24.256 20.813
54 21.750 21.375 20.063
39 23.827 23.625 18.520
39 21.039 31.264 20.212
71 19.702 23.250 24.000
77 44.360 43.625 51.312
54 18.938 22.586 22.500
54 21.844 21.750 27.344
63 15.750 13.500 14.250
63 14.625 14.344 12.188
63 12.094 16.725 11.813
63 16.102 12.938 13.828
57 21.117 21.656 19.031
57 19.500 23.098 23.926
45 28.250 26.168 25.047
45 28.250 27.609 27.930
70 29.531 26.133 27.60970 23.250 32.734 31.773
52 16.500 13.125 17.625
73 26.168 21.750 52.594
73 23.125 25.688 53.875
73 24.406 21.563 31.613
73 ' 21.203 22.781 26.328
55 13.170 14.400 11.140
53 27.409 22.197 35.322
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6.6(c) continue:

age protan deuteran tritan
(%) (%) (%)

64 25.500 31.762 29.600
64 17.906 20.531 21.563
64 22.000 18.800
64 29.700 19.100
66 66.367 67.969 41.063
66 64.125 70.531 50.031
53 33.215 41.223
53 27.952 22.277
53 24.566 21.203 18.665
53 22.204 21.981 18.500
53 19.500 23.445 20.283
53 22.698 25.229 21.714
40 30.813
40 21.523
71 21.254 25.728 23.125
71 22.922 22.929 23.465
71 25.367
46 20.563 21.203 16.500
54 21.750 23.620 20.780
69 30.813 35.297 28.410
69 31.453 33.695 27.609
36 15.188 10.500 15.123
41 26.198 26.328 28.949
65 17 .875 20.484 22.242
66 25.688 31.453 22.125
66 21.000 22.500 17.531
45 13.500 14.250 16.500
45 15 .750 16.500 16.500
57 29.531 27.609 27.449
56 24.406 26.969 27.609
64 29.531 46.188 53.875
64 17.250 18.000 21.000
53 12.600 13.400 17.400
53 19.700 17.400 23.000

mean 59 24.56 26.07 27 . 22
std 11 9.94 11.66 12.85
min 36 12.09 10.50 11.14
max 81 66.37 70.53 71.81

protan deuteran tritan
i#) (#) (#>

total number 73 69 77
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(a) Low Risk Patients:

Amongst the low risk patients, protan thresholds have 
been determined in 28, for deuteran in 24 and for tritan 
in 30. The mean contrast thresholds for protan, deuteran 
and tritan are 17.8%, 18.7% and 16.3% respectively. The 
results of the t-test show that all these mean values 
differ significantly from the normal results. Since the 
distributions of normal and low risk thresholds are 
distributed symmetrically about the mean, the signifi
cance of this result can be readily determined.
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(b) Medium Risk Patients:

For the medium risk patients, 47 have been tested for 
protan contrast threshold, 36 for deuteran threshold and 
50 for tritan threshold. The results are shown in Table
6.6. The frequency distribution of tritan is shown in 
Figure 6.3. Note that there is a pronounced skew in the 
result. Comparing the results of normals, low and medium 
risk patients, it appears that in the low and medium risk 
there may be two groups, one with .results varying about 
the normal mean, and others with results which vary about 
a mean of > 30%. The mean values for medium risk protan, 
deuteran and tritan are 21.0%, 21.2%, and 21.6% respec
tively. These results are higher than for the low risk 
patients, and of course are very highly significantly 
different to normal, t-tests were also done between low 
and medium risk which shows the difference between the 
means of these two groups are statistically significant; 
and both are significant in the t-test comparing with the 
normal results (see t-test table below in summary of 
results) .
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(c) High Risk patients:

The thresholds of 73 high risk patients have been deter
mined for protan colours, 69 for deuteran and 77 for 
tritan. Their mean protan, deuteran and tritan thresholds 
are 24.6%, 26.1% and 27.2% respectively. Similar to the 
medium risk results, the t-test results for the mean 
thresholds of high risk patients compared to normal 
results are all very highly significant. From the fre
quency distribution (Figure 6.4), .again, there is a skew 
to the results, and a secondary maximum at log 1.75 
contrast units. One interpretation of such findings would 
be that some of the patients give normal results, while 
in the others, the results are elevated. This is consist
ent with the clinical view that a number of patients with 
ocular hypertension never develop glaucoma, while in some 
there is much evidence of damages to the optic nerve.
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6.2.3 Summary of Results:

The peripheral colour contrast thresholds of normals, low 
risk, medium risk and high risk ocular hypertensives, and 
glaucoma patients are summarised in Table 6.7. The com
parison of frequency distribution between normals and
patients of different groups is shown in Figure 6.5. The
t values of "Student’s” t-Test between normals and pa
tients, and between patients of different groups are
shown in Table 6.8. Note that t-tests were only carried 
out between a patient group and the one adjacent in risk, 
because the results indicated that difference between , 
for example, low and high risk ocular hypertensives would 
be considerably more significant than between low and
medium: and in each case these differences proved highly 
significant.
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Table 6.7 Summary of Results:

PERIPHERAL COLOUR CONTRAST THRESHOLDS

AGE PROTAN DEUTAN TRITAN

NUMBER 
MEAN+SD 

MAXIMUM *

CONTROL GROUP 

84 84 84  
36+12 14.3+2.8 15.0 + 3.4 

21.6 23.81

84  
14.0 + 3.0 

20.4

NUMBER 
MEAN+SD 

MINIMUM *
p  * *

84
62+14

GLAUCOMA
56

59.9+30.2  

22.3  
«  0.001

54  
61.7 + 29.7 

17.4 
«  0.001

84  
62.5+26.3  

24.41  
«  0.001

NUMBER
MEAN+SD
p  * *

30 

48+11

LOW RISK
28

17.8+3.7 
< 0.001

24  

18.7+3.2 
< 0.001

30 

16.3+4.2 
< 0.001

NUMBER
MEAN+SD
p  * *

50 

57+11

MEDIUM RISK 
47 

21.0+7.0  
< 0.001

36 

21.2 + 7.2 
< 0.001

50 

21.6+8.3  
< 0.001

NUMBER
MEAN+SD
p  * *

77 
59+11

HIGH RISK

73
24.6+9.9
<0.001

69
26.1+11.7 

< 0.001

77
27.2+12.9  

< 0.001

*  comparing maximum of normals to minimum of glaucoma 
* *  Student t-test of normal aginst each class of patient
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Table 6.8 Differences between mean thresholds 

in various groups tested: t-values 

(’’Student * sH t-Test)

Protan:

normal
L/risk
M/risk
H/risk

L/risk
5.22

M/risk
7.87
2.31

H/risk
9.07
2.11

Glaucoma
13.76

7.32
Deuteran:

normal
L/risk
M/risk
H/risk

L/risk
4.91

M/risk
6.46
1.57

H/risk
8.30
1.52

Glaucoma
14.31

9.12
Tritan:

normal
L/risk
M/risk
H/risk

L/risk
3.28

M/risk
7.65
3.23

H/risk
9.17
2.75

Glaucoma
16.77

10.64

267



6.2.4 Combining Results of All Three Colour Confusion
Axes:

From the test results it appears that many patients have 
genuine defects in all colour axes. It is therefore 
important to investigate whether there is any information 
loss if the test is confined to tritan threshold value. 
For this analysis, the mean normal threshold values for 
protan, deuteran and tritan colours were calculated and 
each individual mean of protan,, deuteran and tritan 
thresholds of patients was expressed as a fraction of the 
normal value. The frequency distribution of these trans
formed data is then compared with the frequency distribu
tion of the tritan thresholds. The trends on both graphs 
are the same, as the risk factors increase from low risk 
to high risk, thresholds increase and depart from normal 
results toward glaucoma results. The sensitivity seems to 
be higher in tritan axis than three axes as a whole. 
Another important result which remains the same in both 
cases is that there is no overlap between normal popula
tion and glaucoma patients.
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6.2.5 Tritan/Protan Ratio Analysis:

Sensitivity along the protan confusion line in this test 
is found to be comparable to that of deuteran, as 
expected because both protan and deuteran contrast sensi
tivity measurements activate the red-green channel. If 
tritan contrast sensitivity loss is more sensitive in 
glaucoma and ocular hypertensives, from the results of 
this test there should be a steady increase of 
tritan/protan ratio across the classes from low risk to 
high risk. This prediction was supported by the results. 
The mean tritan/protan ratios of low risk, medium risk, 
and high risk are 0.92, 1.03, and 1.11 respectively. This 
confirms that the sensitivity of tritan is higher than 
protan and deuteran in this test. The individual 
tritan/protan ratios of all groups are shown in Figure
6.7.
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6.2.6 Correlation with Perimetric Defects:

48 glaucoma patients with defects ranging from minimal 
scotomata to very severe field losses have been studied 
to see whether there is a correlation between the sever
ity of glaucoma and the tritan threshold elevation. The 
severity of glaucoma was determined only by the mean 
deviation scores in the Humphrey perimeter statistical 
program (STATPAK). The main result is shown in Table 
6.9.

The correlation between the peripheral tritan contrast 
threshold and perimetric defects is shown in Figure 6.8. 
Linear regression analysis shows that the correlation is 
significant:

The regression equation for Figure 6.8 is:
Y = 2.056 X + 34.099, 

where Y = tritan and X = mean deviation given by the 
Humphrey STATPAK. The standard error of the slope is 
0.438. The correlation coefficient r = 0.57. Other meas
ures of retinal damage from the Humphrey statistical 
package could have been used, but the relatively low 
correlation coefficient suggested that more detailed 
analysis would not yield much information. We also noted 
that in patients with similar raised mean deviation
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scores, the area of the field defect varied considerably. 
There is no very obvious reason why the area of field 
loss and tritan score should be related. Although the 
scotoma is partial, i.e. the loss of sensitivity may be 
only lOdB, this can lead to a total inability to see the 
coloured ring, even though only part of it falls on a 
scotomatous region.
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Table 6.9 Results of Humphrey field test and Peripheral
tritan contrast threshold:

tritan threshold Humphrey Values
(%) Mean_dev (dB)

31.773 4.35
94.875 23.12
44.266 13 .47
75.656 7.69
76.937 17 .02

100.000 24.71
44.906 8.89

100.000 16.99
94.875 15.77
28.869 3.96
27.104 6.07
85.266 15.61
44.906 4.37
51.833 8.72

100.000 27 .89
100.000 24.18
46.188 7.16
24.700 5.29
88.000 10.10
29.892 3 .54
31.453 6.30
32.188 2.01
57.238 2.62
87.188 16.67

100.000 10.58
38.900 8.54
42.984 10.68
34.656 8.92
24.407 6.35
38.500 4.01
69.250 9.25
64.125 19.15
34.656 6.41
50.814 17.76
44.266 0.92
77.578 3.04
32.742 11.49
66.687 17.79
43.645 10.48
59.000 16.50
89.750 8.27
87.188 11.73
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Table 6.9 Continue:

tritan threshold Humphrey Values
(%) Mean_dev (dB)

60.602 20.10
62.844 20.07
46.628 7.49
48.750 12.93
32.188 19.95
41.543 21.77

mean 58.121 11.68
std 24.628 6.82
maximum 100.000 27.89
minimum 24.407 0.92

tritan (#) Humphrey (#)
total number 48 48
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6.2.7 Correlation With the Pattern ERG (PERG):

It has been shown that the pattern ERG is frequently 
abnormal both in patients with glaucoma and with ocular 
hypertension (Weinstein et al., 1988; O'Sullivan et al., 
1991; O'Donaghue et al., 1992). It would be very inter
esting to know if there is any correlation between the 
results of PERG and peripheral tritan contrast threshold. 
The PERG value was taken as the sum of the positive 
amplitude at 50 ms (P50) and the negative amplitude at 95 
ms (N95). The PERG amplitude was measured in microvolt.
2.6 uV was taken as the cut off value to separate normal 
results from abnormal results. PERG values greater than
2.6 uV were regarded as normal results and those values 
lower than 2.6 juV were regarded as abnormal results. For 
the PCCS test, 21% tritan contrast threshold was taken as 
the cut off, which is the normal mean plus 2 SDs of the 
control group. Thresholds lower than this cut off value 
were taken as normal results and thresholds higher than 
21% were regarded as abnormal results. 167 patients were 
taken randomly from the total number of participants of 
this study, and they included all classes of patients. 
All of these 167 patients were tested on both PERG and 
peripheral colour contrast sensitivity (PCCS) tests on 
the same day of their visits. The results are shown in 
Table 6.10.
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Table 6.10 Results of PERG and Peripheral Tritan
Contrast Threshold:

tritan
(%)

PERG
(JUV)

tritan
(%)

PERG
(JUV)

tritan
(%)

PERG
(juV)

19.453 4.30 14.250 1.50 21.714 3.50
19.300 2.30 12.188 1.90 15.375 4.90
35.617 0.60 19.031 2.80 12.000 5.10
20.250 2.00 23.926 2.10 15.946 3.30
26.480 3.20 25.047 4.30 9.690 3.90
19.617 4.20 27.930 2.80 24.727 3.40
15.375 3.10 12.111 6.30 25.472 4.60
15.563 2.20 11.474 5.00 23.125 1.50
50.000 2.60 27.609 2.70 23.465 1.40
32.000 2.00 31.773 3.00 14.080 2.80
21.469 2.70 16.500 3.20 19.320 2.10
21.938 3.40 17.625 3-.80 13.125 1.30
21.375 4.70 32.188 2.60 15.477 1.30
21.203 3.60 57.238 2.50 23.926 1.20
25.688 1.60 12.260 0.50 21.691 0.90
19.281 1.90 11.140 0.30 59.000 1.80
24.086 3.30 19.266 3.20 16.500 2.60
23.250 4.50 22.313 3.20 20.891 3.00
19.500 2.80 38.900 1.20 21.750 2.70
25.065 2.10 42.984 0.60 20.780 5.20
28.250 3.10 8.250 2.30 19.880 3.60
28.891 2.90 11.813 2.30 28.410 3.00
33 .375 1.70 23.250 2.40 27.609 2.60

100.000 2.20 20.063 2.40 18.563 3.50
12.880 3.50 21.125 4.00 17.906 3.50
25.800 1.70 19.125 3.20 15.123 2.50
24.300 2.80 17.253 3.80 18.427 3.10
38.750 1.70 23.125 4.40 15.750 3.70
38.750 1.20 18.375 1.50 18.563 2.50
85.906 2.50 23.695 3.10 22.992 2.10
89.750 1.90 30.973 3.40 24.086 1.80
13.406 1.70 35.322 3.80 43.625 2.00
13.500 1.10 29.600 2.60 21.403 2.70
62.844 2.60 21.563 2.30 19.875 6.1062.844 2.40 47.700 1.20 28.949 1.40
14.000 1.80 26.300 1.70 24.026 1.00
15.000 0.60 10.125 4.60 20.281 1.80
51.833 3.80 10.125 4.20 22.650 2.40
28.250 2.90 18.800 5.20 17.550 2.00
18.520 3.50 19.100 4.00 22.242 2.0020.212 3.70 41.063 1.10 19.125 4.30100.000 2.40 50.031 1.70 31.453 2.50100.000 1.80 31.621 3.30 22.125 2.40
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Table 6.10 Continue:

tritan
(%)

PERG
(pV)

tritan
(%)

PERG
(MV)

tritan
(%)

PERG
(MV)

24.700 2.50 17.063 5.80 17.531 3.70
88.000 3.80 18.188 0.60 35.938 1.30
20.344 1.70 14.063 1.50 27.449 1.60
19.125 1.40 10.313 3.70 27.609 0.90
14.500 2.70 12.000 3.00 48.750 1.00
7.148 3.20 18.665 3.00 53.875 2.20

21.000 1.90 18.500 1.70 21.000 2.80
25.047 2.80 20.283 3.30 17.400 3.30
23.000 2.70 19.383 1.60 18.000 1.40
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The relationship between PERG and PCCS results in respect 
to normal or abnormal was analysed: 45 patients had
normal results on both test; 57 patients had abnormal
results on both test; 18 patients had normal results on 
PCCS but abnormal results on PERG; and 26 patients had
abnormal results on PCCS but normal results on PERG. The
correlation is very obvious. The probability that corre
lation between PERG results and PCCS results had happened
only by chance is very small, the Fisher exact probabili-

-6
ty being 1.35 x 10 . However, the linear regression
analysis shows that there is no simple relationship 
between the two tests:

constant = 2.999
coefficient = -0.012
std err of coef = 0.005
r = 0.18

Figure 6.9 shows the correlation between the two tests.
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6.2.8 Correlation with Motion Detection Test (MDT):

The correlation of the PCCS and motion detection test has 
also been studied. 58 patients from all groups were 
tested randomly on the same visit to the hospital. Re
sults are shown in Table 6.11. For the PCCS, the tritan 
contrast threshold cut-off point is 21%. The MDT cut-off 
threshold was chosen as 8 minutes of arc. Thresholds 
higher than 8 were regarded as abnormal and those lower 
than 8 were treated as normal results. Among these 58 
patients, 20 had normal results in both tests; 24 had 
abnormal results in both tests; 7 had abnormal tritan 
threshold alone and 7 had abnormal MDT threshold. The
Fisher exact probability of these results happened by

-5
chance is very small, p = 9.78 x 10

The correlation of the two test is also plotted on Figure 
6.10 which shows thresholds of MDT against the tritan 
thresholds. Linear regression analysis shows that the 
threshold values of the two test has little direct corre
lation :

constant = 8.41
coefficient = 0.043
r =0.11
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Table 6.11 Results of MDT Threshold and Peripheral Tritan
Contrast Threshold:

tritan
(%)

MDT
(minutes 
of arc)

tritan 
(%) .

MDT
(minutes 
of arc)

24.000 35.00 19.266 3.86
29.892 8.25 22.313 3.63
31.453 15.56 38.900 8.30
53.875 6.65 42.984 9.10
26.328 7.17 8.250 8.00
19.131 6.80 11.813 8.00
79.180 10.30 17.253 6.10
26.008 13.50 18.375 10.76
13.875 5.00 23.695 11.46
23.125 3.59 30.973 6.92
23.824 4.77 35.322 8.87
35.617 20.00 18.800 11.20
20.250 20.00 19.100 27.30
50.000 13.66 31.621 10.20
32.000 12.81 17.063 11.70
24.086 2.25 18.188 12.08
23.250 2.28 14.063 13.11
19.500 8.14 15.375 7.00
25.065 7.89 12.000 5.00
13.406 5.25 15.946 19.40
13.500 3.16 9.690 8.24
14.000 3.90 24.727 19.40
15.000 6.00 25.472 8.24
18.520 5.50 13.125 10.12
20.212 4.20 15.477 8.59
24.700 12.36 23.926 7.99
88.000 8.35 21.691 8.54
20.344 8.75 20.780 4.25
19.125 6.54 19.880 2.32
12.260 7.10 24.086 12.34
11.140 8.90 43.625 8.07
31.453 15.44 21.403 7.30
27.609 11.94 19.875 6.34
48.750 11.57 22.650 8.00
19.383 6.21 17.550 7.70
18.000 10.96 19.125 12.13
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Chapter 7: Discussion

7.0 Introduction:

The results given above indicate that the ring test can 
identify all glaucoma patients and distinguish them from 
normals, and also, that a number of patients who are 
suspected of having retinal damage can be positively 
identified, although even the best perimetric test fails. 
In this chapter, practical aspects of the new test are 
reviewed, theoretical aspects of the results are dis
cussed and epidemiological consequences of the test 
results in patients’ management are predicted.

7.1 Practical Aspects of The New Test:

This test is easy to do: it is simple for the patient, 
and because it is short, it is easy for the people admin
istering the test to investigate a large number of pa
tients. No special precautions are required to administer 
the test: as described in chapter 4, the result of the 
test-retest control experiment shows no sign of a learn
ing effect. Determination of a colour contrast threshold 
requires only a couple of minutes. The test result is a 
single number which does not require age adjustment. Thus 
results can be taken and analysed by relatively untrained
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persons. This test is also very robust to refractive 
error. Practically, this is very useful especially for 
testing unselected patients, who may have minor uncor
rected refractive error, or may forget to bring their 
spectacles with them if they only need presbyopic correc
tion .

Another practical advantage of this new test is that the 
tritan colour confusion axis can be used by itself for 
the purpose of detecting glaucoma and glaucoma suspects. 
Because congenital colour defects are rare in this axis, 
but common in protan and deuteran axes, spurious posi
tive results from such a cause will be greatly reduced

The age effect on the test score is insignificant. This 
simplifies any analysis of the testing a large number of 
persons. A single set of pre-determined criteria can be 
used for the whole population.

There are also disadvantages of the new system. The 
colour monitor used in this system is designed for preci
sion control. The three guns are totally independent. 
Consequently, the manufacturing cost is much greater than 
for an ordinary colour monitor. Therefore, it is rela
tively more expensive. The output of the guns are not as 
stable as desired, over a period of two weeks, variation 
in illuminance level become detectable. Thus periodic 
recalibration of the monitor becomes necessary.
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(Recently the system has been improved by adding an 
automatic calibration system, so recalibration of the 
monitor can be easily done at any moment.)

In considering the practical aspects of testing, one 
must consider what other methods are presently available. 
It is widely believed that glaucoma suspects require 
repeated investigation with an automated perimeter. This 
new system is considerably less expensive than an auto
mated perimeter. Not only is the capital cost lower, but 
the running cost- the cost of testing a patient- is very 
much lower, because the test takes up so little time: 
the Humphrey abbreviated program requires about 20 
minutes to complete, and frequent training ( and repeat) 
sessions are required if patients are to give reliable 
results. In addition, and very important, is how patients 
react to a test. They find the Humphrey test exhausting 
and unpleasant. All patients participating in this study 
prefer this new test to automated perimetry. However, 
although the new test gives earlier detection than the 
perimeter, it probably would not be able to chart the 
progress of the later stages of field loss, which can 
usually be achieved by perimeter.
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7.2 Theoretical Aspects To The Results:

It is true that a variety of authors have found early 
defects of colour vision in glaucoma, and that perimetry 
with blue/yellow seems better at detecting very early 
scotomata than white/black (Hart et al., 1990), but the 
dramatic results of the present work have not previously 
been reported. This is a very happy result, but one must 
ask, why does it occur? What are the factors which could 
explain it? There are a number ppssible explanations:

7.2.0 Cell-Size Selectivity:

It seems certain that in glaucoma, there is a selective 
loss of the larger ganglion cells and optic nerve 
fibres. It has been found that there is a selectively 
greater loss of large ganglion cells in experimental 
primate glaucoma (Glovinsky et al., 1991) and human 
glaucomatous eyes (Quigley et al.,1989; Asai et al., 
1987). In addition in experimental and human glaucoma 
(Quigley et al., 1987, 1988) the proportion of larger 
axons which are atrophic is greater than for the smaller 
axons. Finally, in monkeys with experimental glaucoma 
there is more damage to the magnocellular layers in the 
lateral geniculate body (Quigley et al., 1984) than the 
parvocellular layers.
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Thus anatomical observations support the possibility that 
early neuronal defects in glaucoma patients may start 
with the large ganglion cells, which project to the 
magnocellular layers of the LGN and form the magnocellu
lar pathway. These ganglion cells ( M cells) subserve 
special visual functions. It has been reported that 
patients with elevated IOP but normal fields have abnor
mal results in the tests such as motion detection (Sil
verman et al., 1990), scotopic visual fields (Drum et 
al., 1986), flicker sensitivity (Tyler, 1981), stereopsis 
(Bassi & Galanis, 1990), and sensitivity to diffuse dim 
light (Glovinsky et al., 1990). All of these results 
suggested that early glaucomatous defects are likely to 
start at the M cells, which are larger than the ganglion 
cells of the parvocellular pathway. In a recent study on 
behaving monkeys (Schiller and Logothetis, 1990), it 
could not be shown that this pathway subserved any co- 
lour-vision function at all. Colour discrimination was 
unaffected after local lesions were made in the appropri
ate regions in the LGN. When parvocellular layers were 
damaged, colour vision was affected both for red-green 
and blue-yellow. Motion detection and fixation were 
reduced when the magnocellular system was damaged. Of 
course, analogous M cells in man might signal blue yellow 
discriminations, but Schiller's result makes it" rather 
unlikely.
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7.2.1 Short Wavelength Cones Might Use Large Ganglion 
Cells:

Larger cell bodies do appear to be physically more vul
nerable to high pressure. The short wavelength cone 
system differs in many respects from long and medium 
wavelength cone systems, although according to Baylor 
(Baylor, 1987), the responses of blue cones themselves 
are similar to all others. In many functional and anatom
ical ways the short wavelength cone system is actually 
closer to the rod system than to the rest of the cone 
systems. For example, in man, the absence of long and 
medium wavelength cones leads to blue cone monochroma
tism, which has similar symptoms to rod monochromatism: 
low visual acuity, absence of any M cone ERG ”, etc. 
(Farley & Heckenlively, 1991).

Both blue cones and rods synapse at the inner layers of 
the OPL instead of outer layers of the OPL as do the long 
and medium wavelength cones (Kolb, 1991). It is possible 
that within the class of cells which projects to the 
parvocellular layers, and which conveys chromatic infor
mation, there could be a size differential. There is some 
information about this. Blue-yellow ganglion cell bodies 
are found to be about 50% larger than "green" or "red 
centre" ones (de Monasterio, 1979). Thus blue-yellow 
ganglion cells and their axons could be selectively
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affected by glaucoma, regardless of whether they belong 
to M or P systems.

If glaucoma selectively damages larger retinal ganglion 
cells of each class ( and perhaps other larger cell 
types) the results of this study could be explained on 
the basis that ganglion cells serving the short wave 
receptors are selectively damaged, just as are those 
cells mediating motion detection, etc..

7.2.2 Relative Sensitivity of Colour Contrast and Magno
cellular Functions:

There is also evidence that agrees with the idea that a 
test of blue-yellow colour contrast is more sensitive 
than conventional white light perimetry: it was found 
that visual field testing with blue-yellow colour con
trast generates larger scotomas than does conventional 
white light perimetry in patients with glaucoma (Hart et 
al., 1990). All of these evidences suggest that this 
blue-yellow channel of the parvocellular pathway is 
actually more vulnerable to glaucoma damage than the 
magnocellular pathway. However, the anatomical evidence 
seems to point the other way (Quigley & Hendrickson, 
1984). This contradiction could be resolved if the 
sensitivity "of the functional test for the blue-yellow 
channel was greater than tests designed for the M cells. 
The way this could happen is discussed below. It depends
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upon the relatively small size of the population of the 
ganglion cells that is responsible for the blue-yellow 
channel, which is no greater and possibly smaller than 
the population of the M cells.In addition there are 
relatively small numbers of short wavelength cones com
pared to medium and longer-wavelength cones. This could 
also contribute to the degree of loss of threshold of the 
colour test in glaucoma.

7.2.3 Short Wavelength Cones and Short Wavelength 
Colour Coded ganglion Cells Are Relatively Uncommon:

A histochemical staining technique (Marc & Sperling, 
1977) and the histological damage produced by intense 
blue light (Sperling, 1980) suggests that the frequency 
of S cones in the near fovea region is as low as 2-3%, 
which rises to a peak of approximately 16% in the zone 
about 1 degree eccentricity, and then falls to 8-10% in 
the parafovea. The retinal region that has been tested in 
this study is within 10 to 15 degrees of eccentricity. In 
this region the frequency of the S cones should therefore 
be around 8-10%, if the number of ganglion cells is in 
strict proportion to the number of cones of different 
classes, the blue yellow ganglion cells should be about 
8-10% of all the p-cells (Zrenner and Gouras, 1981), 
which is a smaller proportion than, or roughly comparable 
to, that of the M cells.

292



7.2.4: Short Wavelength Sensitive Ganglion Cells' Recep
tive Fields Have Little Overlap:

The red-green ganglion cells are over 90% of the total 
according to best estimates. They have small receptive 
fields, but the receptive fields overlap considerably. 
For M cells, although the density is low, about 5-10% of 
all ganglion cells, the receptive fields are much larger, 
and therefore they still overlap. But for the relatively 
rare blue-yellow retinal ganglion cell, the receptive 
field, although larger than red-green, is still smaller 
than the M-cell. Therefore the overlap is much less. If 
one blue-yellow ganglion cell ceases to function, then 
very little overlap means a "blue-yellow" scotoma.

Thus various possibilities exist to explain the observed 
sensitivity of the tritan colour contrast test.
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7.3 Epidemiological Consequences:

This new test has the capability of discriminating be
tween glaucomatous patients and normals with very great 
reliability and sensitivity. The number of patients 
tested is sufficient to make possible extrapolations 
about the use of the test in screening. It is possible 
that in a number of general retinal conditions other than 
ocular hypertensives, reduced colour contrast sensitivity 
would be found. These include diabetic and age-related 
maculopathy. However, minimal lens opacities do not 
appear to raise peripheral colour contrast thresholds 
greatly. It is probable that patients with other serious 
retinal diseases would also be detected by a colour 
contrast test in glaucoma screening programme, but since 
we have no precise data as yet, this consideration is 
omitted from the following discussion. It is important to 
notice that those patients who might have been picked up 
together with ocular hypertensives and glaucoma patients 
in any screening programme are very likely to be in a 
state that needs medical attention, and they can be 
easily separated from ocular hypertensives and glaucoma 
patients by further clinical examination, which is anyway 
needed.
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In the general population, the prevalences of glaucoma 
and ocular hypertension are considered to be 1% and 10% 
respectively for people over 40 years old (Graham & 
Hollows, 1966; Bankes et al., 1968; Stromberg, 1962;
Armaly, 1966). Among the ocular hypertensives the overall 
conversion rate to glaucoma is 4.3%. This figure has been 
taken from the mean of the conversion rates from 9 dif
ferent surveys in which the mean follow-up was 8 years 
(Sorensen et al., 1978; Kitazawa et al., 1977; Linner & 
Stromberg, 1967; Graham, 1968; Armaly, 1969; Wilensky et 
al., 1974; Perkins, 1973; Norskov, 1970; Walker, 1974). 
From the conversion rate of ocular hypertension to glau
coma, it is clear that most ocular hypertensives will not 
develop field defects, and it is important to identify 
those who will. In the sample of this study ocular hyper
tensives have been classified into high risk, medium risk 
and low risk patients, as described earlier. In a 5 year 
follow-up study, the conversion rate for the high risk 
patients was found to be 100%, for medium risk patients 
was 42% and for low risk patients the conversion rate was 
2% (Yablonsky et al., 1980). By harmonising the overall 
conversion rate (4.3%) in general population with the 
conversion rates of high risk (100%), medium risk (42%) 
and low risk (2%) in this sample, the proportion of 
high : medium : low risk ocular hypertensives in the
general population can be calculated as 5 : 15 : 80.
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Let us consider a hypothetical situation in which the 
total population over 40 years old to be screened is
1.000.000. The number of patients with glaucoma will be
10,000 and the number of ocular hypertensives will be
100.000. Therefore this population contains 89% normals, 
1% of glaucoma, 0.5% of high risk, 1.5% medium risk, and 
8% low risk patients. The upper limit of normality can be 
defined by reference to the mean and the standard devia
tion, and we may enquire what number of normals, glaucoma 
patients and ocular hypertensives of each group will fail 
the test. This can be determined by using the tritan 
thresholds only. Assuming the normal results are in the 
form of normal distribution, a probability table of 
normal distribution can be used to extrapolate the nor
mals (Hodgman, 1955), and the patients’ results can be 
extrapolated from the sample in this study. For example, 
if mean plus 2 SDs is considered as the upper limit of 
normal, which is at 5% confidence interval, 5% of all the 
normal eyes (890,000 x 5 / 100 = 42500) will fail the 
test; All glaucomatous eyes, 10,000, will be detected; 
3450 ( 69% ) of high risk, 9300 ( 62% ) of medium risk, 
and 18,400 ( 23% ) of low risk will be diagnosed. Such a 
screening criteria allows 100% of glaucoma patients to be 
detected easily but at the same time a large number of 
the low risk patients without field defects would need 
further medical examination, not to mention the false 
positive normals!
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It would not be possible to investigate such numbers of 
low risk patients in any medical system, particularly in 
one in which hospitals have very limited financial 
resources. Furthermore, most of these patients, left 
untreated, will never develop scotomata, so one cannot 
prescribe medication on the basis of the colour-vision 
abnormality. It would be very expensive, and also the 
undesirable side effects of treatment, although uncommon 
must be considered.

The screening criteria can therefore be adjusted accord
ing to the situation. Suppose mean plus 3.A SDs is taken 
as the upper limit of normal, the whole situation will be 
different: only 562 false positives will be detected
(bear in mind that the normal results approximate to the 
pattern of normal distribution and in the real results 
the maximum normal tritan threshold is only 20.4% which 
is well below mean plus 2.5 SDs); and still 100% glaucoma 
patients will fail the test; 2250 ( 45% ) of the high 
risk patients; 4200 (28%) of the medium risk; and none of 
the low risk patients will fail the test. This cut-off 
gives an acceptably low false positive rate, and detects 
all persons with field defects, and a large proportion of 
the higher risk ocular hypertensive patients. This is 
exactly what is required for a cost-effective screening 
test.
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In a smaller scale practical situation, using the Moor- 
fields Eye Hospital as an example, the results of this 
study can be appreciated: about 6,000 new referrals of 
glaucoma suspects are seen each year. 600 of them have 
field defects, and 1080 have moderate or high risk ocular 
hypertension. At present, all 5400 suspects require 
repeated field testing and clinical examination. If this 
was replaced by a single colour vision test, the savings 
in time would be very great and the reduction of cost 
would be very considerable. The outcome, as indicated by 
the present results, is that if mean plus 3.4 SDs cut off 
were to be applied, all 600 glaucoma patients and 387 OHT 
patients, all from high and medium risk groups, would be 
detected, with no low risk patients nor normals. Without 
further longitudinal studies we cannot be sure, but the 
indications are that the ocular hypertensive patients 
would include almost all those with retinal damage who 
require additional examination and careful supervision.
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7.4 Conclusion:

One may conclude tentatively that, although the exact 
physiological mechanism of the new test needs further 
investigation, it may totally discriminate glaucoma 
patients from normals, and also, by adjusting the crite
rion for abnormality, one could also detect a known 
proportion of ocular hypertensives, most of whom would 
have clinical features which render it desirable they are 
kept under close scrutiny. The results thus indicate the 
test would be useful for glaucoma screening and patient 
management. For the OHT patients, until a longitudinal 
study is done, it is not possible to tell if those pa
tients with the highest thresholds have more severe 
retinal damage than those with less elevated thresholds. 
However, since there is a correlation between losses of 
colour contrast sensitivity and the pattern ERG, the 
correlation between peripheral tritan colour contrast 
threshold and retinal damage is at least likely. In 
addition, the evidence of the fact that the worse the 
glaucomatous defect the higher the tritan threshold 
suggests that in the OHT patients with no field defects 
the presence of a high threshold may well indicate glau
comatous damage.
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The new method of screening appears superior to perimetry 
in the following respects: the equipment is less expen
sive; the test is very much faster; it is much easier to 
administer and can be done by relatively untrained per
sons; damage can be reliably diagnosed at an earlier 
stage in the natural history of the condition; the test 
result is a single number so complex data analysis is not 
required; and patients prefer it. For these reasons it 
may be possible to provide repeated examinations for very 
large populations on a cost effective basis which reli
ably screen for glaucoma damage of a smaller degree than 
that which produces a minimal field defect.

There are still some limitations for this test. The
results obtained to date cannot provide information on 
two important additional points: it is not possible yet 
to tell the discrimination obtainable in other patient 
populations, including a random population of people with 
additional eye diseases and systemic disease; and all
people who have done the new test were informed that they
were in this clinical trial, and thus strictly speaking
cannot be taken as representatives of patient populations 
in general. Therefore, the present results require to be 
supplemented with a larger and randomised trial. Further
more, there is as yet no conclusive evidence that detect
ing such patients would have any effect on the outcome
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of disease. Although it seems plausible that 
ment to control the IOP was given promptly 
prevent or at least delay the appearance of 
there is no good evidence on this point.

if treat- 
it would 
scotomas,
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Chapter 8: Further Work

A number of further investigations are suggested by the 
results of this study:

1). It would be interesting to apply the new test on a 
really large scale and totally unselected population. 
Such an investigation is needed before the results 
presented could be used to define the possible results of 
employing the test to screen for early glaucomatous 
damage. It is unlikely that the sensitivity of the test 
will turn out to be very different, but there may be 
problems of specificity, since other common complaints 
may also give abnormal results. For example, if age- 
related maculopathy in its earliest stages is associate 
with a lack of peripheral colour vision, then numbers of 
elderly persons with apparently normal vision would fail 
the test.

2). The exact details of the mechanisms which cause 
glaucomatous damage and the exact explanation for the 
high sensitivity of the new test need to be studied. 
Colour vision, as mentioned above, is mediated via small 
optic nerve fibres, while there is a preferential loss 
of large fibres in primary open angle glaucoma. This has 
lead to the development of methods of screening based on
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motion detection or scotopic threshold elevation. There 
should be some correlation between the abnormalities 
demonstrated by such tests and the colour-contrast test, 
if optic nerve damage is the cause. However, if the 
’’blue” cones are directly damaged by the glaucomatous 
process, as a recent report suggests (Panda and Jonas, 
1992), no correlation may be found. It should be noted 
that the loss of ’’blue" cones has so far only been re
ported for secondary glaucoma.

3. So far all other clinical tests of colour vision 
tests investigate the function of the foveal region of 
the retina. Since this new test is designed to test the 
peripheral region, studies of colour vision at the pe
ripheral retina for other eye diseases or systemic dis
eases can be started.
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Appendix A: Calculation For Equiluminant Colours

Let the relative luminances of the red, green and blue
guns measured with a photometer be:

L , L , and L , 
r g b

and the luminances stand in the ratio:
1 : 2.391 : 0.253

The chromaticity coordinates of the three phosphors are
calibrated by the manufacturer, their values are:

red: (x , y , z ) = (0.618, 0.350, 0.032)
1 1 1

green: (x , y , z ) = (0.280, 0.605, 0.115)
2 2 2

blue: (x , y , z ) = (0.152, 0.063, 0.785)
3 3 3

To generate colours of known luminance, the relationships 
between voltages applied to the 3 gun inputs and the 
resulting luminances must be determined, the relation
ships are:

V V VL : L : L = u V : u V  : u V
1 2 3 1 1  2 2  3 3

where
L is the luminance of the gun,
u is a constant, determined by measurement,
V is the input voltage of the gun,
V is the exponential relationship between input voltage

and luminance.
Since luminances are additive, so

L = L + L + L
(max) l(max) 2(max) 3 (max)

And it is convenient to define L = 1 or 100%
(max)
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For the red gun: 
u
1

L = -----------
(u + u + u ) 

1 2  3

V

V
1(max)

This applies to the other two guns. Because:
8

V = V = V = V  = 255 = 2 - 1
(max) l(max) 2(max) 3 (max)

Therefore:

u
L = 
1

L = 
2

L = 
3

(u + u + u ) 
1 2  3

u

(u + u + u ) 
1 2  3

u

(u + u + u ) 
1 2  3

V

(max)

(max)

V
(max)

V

In order to display any colour C of chromaticity (x,y,z) 
specified in the CIE (1931) (X,Y,Z) system, and of a 
luminance L given as a'.fraction of the monitor’s maximum 
displayable luminance, The following 4 procedures must be 
employed (see Gunduz et al, 1988):
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1). In order to specify luminances, a transformation of 
the chromaticity coordinates (X,Y,Z) into the equivalent 
chromaticity coordinates (R,G,B) of the CIE (R,G,B) 
system must be undertaken (see Wyszecki & Stiles, 1982):

B

where B is a 3 x 3 matrix with coefficients:

b = 0.49000 
11

b = 0.31000 
12

b = 0.20000 
13

b = 0.17697 
21

b = 0.81240 
22

b = 0.01063 
23

b = 0.00000 
31

b = 0.01000 
32

b = 0.99000 
33

Therefore, the transformation can be calculated:

where A is the inverse of the matrix B

If (R,G,B) and (X,Y,Z) represent the tristimulus vectors 
of colour in the (R,G,B) and (X,Y,Z) system respectively, 
then we have:

R = a X + a Y + a Z
11 12 13

G = a X + a Y + a Z
21 22 23

B = a X + a Y + a Z
31 32 33

The tristimulus vectors (R,B,G) and (X,Y,Z) are related 
to the chromaticity vectors (r,g,b) and (x,y,z) by



and
X\ / X
Y J =  (X + Y + Z ) ( y

Therefore the values of (r,g,b) can be obtained:
a x + a y + a z 
11 12 13

r =

g =

b =

(a +a + 0) X + (a +a +a )y + (a +a +a ) z
11 21 31 12 22 32 13 23 33

a x + a y + a z
21 22 23

(a +a +a )x + (a +a +a )y + (a +a +a ) z
11 21 31 12 22 32. 13 23 33

a x + a y + a z
31 32 33

(a +a +a ) x + (a +a +a )y + (a +a +a ) z
11 21 31 12 22 32 13 23 33

It is necessary to check that the desired colour
be generated by an additive non-negative mixture of the 
red, green and blue gun components.
Let the tristimulus vectors (X,Y,Z) of the red, green and 
blue gun components be denoted by the vector notation:

(R , G , B )
1 1 1

(R , G , B )
2 2 2

(R , G , B )
3 3 3
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and the chromaticity vectors (r,g,b) of the red, green 
and blue guns by:

r = (r , g , b )
1 1 1

g = (r , g > b ) 
2 2 2

b = (r , g , b ) 
3 3 3

The tristimulus vectors are related to the chromaticity 
vectors by:

R = S r 
1

G = S g.
2

B = S b 
3

where
S = <R + G + B )
1 1 1 1

S = (R + G + B )
2 2 2 2

S = (R + G + B )
3 3 3 3

If a colour C is displayed and is an additive non-nega
tive mixture of the red, green and blue gun components, 
let the tristimulus vector C and the chromaticity vector 
c be defined as:

C = (R , G , B )
c c c

C  = (r , g , b ) 
c c c

and C = S c
c
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where
S = (R + G + B ) 
c c c c

C = R + G + B 

therefore, we have:
S (r ,g ,b ) = S (r ,g ,b ) + S (r ,g ,b ) + S (r ,g ,b ) 
c c c c  1 1 1 1  2 2  2 2  3 3 3 3

defining that:

r = S ’ r + S ? r + S ’ r
c 1 1 2 2 3 3

g = S ’ g + S ' g + S ’ g
c 1 1 2 2 3 3

b = S ' b + S ’ b + S ' b
c 1 1 2 2 3 2

in vector notation these can be written as:

S ' = S /S 
1 1 c

S ' = S /S 
2 2 c

S ' = S /S . 
3 3 c

and

g = g g g S ’c 1 2  3 2
b b - 

1 2  3c 3
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and inverse transform is:
-1

S ’ = g g g g
2 1 2  3 c

Since we know the chromaticity coordinates of the red, 
green and blue guns and the chromaticity coordinates of 
the colour we wish to generate, we can compute the values 
of S ', S ' and S ’. Furthermore if these three values
are non-negative, the colour can therefore be generated 
on the monitor.

3). It is required to have the ability to calulate the 
relative amounts of the red, green and blue gun compo
nents needed to display a colour C of chromaticity 
(r ,g ,b ) on the colour monitor.

This also applies to the other two guns. Therefore the 
luminance ratios are:

1 2 3

c c c
L = L R + L G + L B  
1 r 1 g 1 b 1

S ( L  r + L g + L b )  
1 r 1 g 1 b 1

L : L : L = S ( L r + L g + L b )  
1 2 3 1 r 1 g l  b l

: S ( L r + L g + L b )  
2 r 2 g 2 b 2

: S ( L r + L g + L b )  
3 r 3 g 3 b 3
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Dividing the S , the retios become: 
c

L : L : L = S ( L r + L g + L b )  
1 2 3 1 ’ r 1 g l  b l

: S ( L r + L g + L b )  
2 ’ r 2 g 2 b 2

: S ( L r + L g + L b )  
3 ’ r 3 g 3 b 3

Using the values of S *, S * and S 1 calculated previous-
1 2  3

ly, the ratio of the red, green, and blue gun components 
can be found.

4). Now the relative amount of each gun component needed 
to display a colour of given chromaticity is known, the 
absolute voltages to be applied to the RGB inputs of the 
colour monitor can be calculated, given that a luminance 
L is desired, 
c

It is first necessary to check that Lc can be achieved: 
one or the other outputs may be larger than is possible 
for any one colour channel on the monitor.

y*Consider: V ’ = [V /V ]
1 1 (max)

y*v ’ = [V / v  y
2 2 (max)

v ’ = [V /V ]T
3 3 (max)
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and max(V , V , V ) = 1 
1 2  3

Now
V » : V ' : V ’ =
1 2  3

u u u
1 2  3

The maximum possible luminance (L ) for a colour with
mp

the red, green and blue gun components in the specified 
ratio is:

u u u

mp
(u +u +u ) 

1 2  3

V 1 ’ + 
1

(u +u +u ) 
1 2  3

(u +u +u ) 
1 2  3

V ' •
3

where

V * • =
1

u
/ max [ ---- ,

u

L L
2 3

u u
2 3

V ' » =
2

u
/ max I  ,

u

L L
2 3

u u
2 3

V * * =
3

u
/ max I  ,

u

L L
2 3

u u
2 3
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and while L is small or equal to L the colour can be 
c mp

produced.
Let L =y0L where 0 < A  < 1. 

s mp
Therefore

V ' = g V  ' »
1 ^ l

V ' =yQV "
2 2

V ' =/3v • f 
3 3

and the voltages to be applied to the RGB inputs to 
display a colour with chromaticity (x ,y , z ) and lumi-

c c c
nance L are: 

c
v = [V » ]r V 
1 1 (max)

V = [V ’ ]y V
J-v = [V ' ]y V

(max) 

(max)
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Appendix B: List of Figures

Chapter 1:
figure 1.0 cross sectional diagram of the eyeball
figure 1.1 the spectral density curves of the human

crystalline lens for ages 21 and 63 years 
figure 1.2 human macular pigment densities at different

part of the visible spectrum 
figure 1.3 total transmission of the ocular media
figure l.A cross sectional diagram of the retina
figure 1.5 structure of a rod and a cone
figure 1.6 absorption spectrums of human visual pigments
figure 1.7 voltage changes in turtle rod associated with

brief flashes of varying intensity 
figure 1.8 biochemical cycle of phototransduction
figure 1.9 comparison of electrical responses of rod and

cone
figure 1.10 distribution of photoreceptors as a function 

of retinal eccentricity 
figure 1.11 visual field mapping
Chapter 2:
figure 2.0
f igure 2.1
figure 2.2
figure 2.3
figure 2. A
figure 2.5
figure 2.6
figure 2.7
figure 2.8

typical spectral tristimulus values 
example of a (r ,g )-chromaticity diagram 
schematic diagram of Wright colorimeter 
1931 CIE (R,G,B)-system 
1931 CIE (X,Y,Z)-system
MacAdam ellipes on 1931 CIE XYZ chromaticity 
diagram
isochromatic lines for protanopes in the CIE 
chromaticity diagram
isochromatic lines for deuteranopes in the 
CIE chromaticity diagram
isochromatic lines for tritanopes in the CIE 
chromaticity diagram

Chapter 3:
figure 3.0 
figure 3.1 
figure 3.2

optic nerves and visual field mapping 
glaucomatous optic nerve cupping 
glaucomatous visual field damage

Chapter A:
figure A.O 
figure A.l 
figure A.2

shadow mask colour CRT
colour triangle of the colour monitor
illuminance funcion of the CRT
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figure 
figure 
f igure

4.3
4.4
4.5

Chapter• 5:
figure
figure

5.0
5.1

figure
figure

5.2
5.3

figure 
f igure

5.4
5.5

figure 5.6
figure 5.7
Chapter• 6:
figure 6.0
figure 6.1
figure 6.2
figure 6.3
figure 6.4
figure 6.5
figure 6.6
figure 
f igure

6.7
6.8

f igure 6.9
figure 6.10

CRT gamma function 
colour confusion lines 
test sequence example

tritan test-retest results of the ’’Ring" test 
effect of age on peripheral colour contrast 
threshold
indivudual tritan results of normals 
effect of refractive error on protan and 
tritan thresholds 
effect of eccentricity
effect of reduced pupil size on tritan 
threshold
contrast thresholds for sinusoidal gratings 
at peripheral retina
comparison between tritan and B/W thresholds

frequency distribution of tritan contrast 
threshold of normals
frequency distribution of peripheral tritan 
contrast threshold of glaucoma patients 
frequency distribution of peripheral tritan 
threshold of low risk ocular hypertensives 
frequency distribution of peripheral tritan 
threshold of medium risk ocular hypertensives 
frequency distribution of peripheral tritan 
threshold of high risk ocular hypertensives 
peripheral tritan results of normals and 
patients
combined thresholds of protan, deutan and 
tritan
individual tritan/protan ratios of all groups 
correlation between tritan threshold and 
perimetric defects
correlation between tritan thresholds and 
PERG results
correlation between MDT threshold and tritan 
threshold
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Appendix C: List of Tables

Tables:
table 2
table 4 
table 4
table 4
table 4 
table 5 
table 5
table 5
table 5

table 5

table 5

table 6
table 6
table 6
table 6
table 6 
table 6
table 6 
table 6 
table 6
table 6
table 6
table 6
table 7

.0 upper limit of 100 hue error scores of normal 
trichromates of different ages 

.0 data of phosphor illuminance function 

.1 data of phosphor illuminance function in log 
scale

.2 calibration data of the colour monitor at 5 
month interval 

.3 modified binary sequence example 

.0 test-retest variability of the "Ring” test 

.1 linear regression analysis outputs of the 
’’Ring” results against age 

.2 effect of illumination level on tritan colour 
contrast threshold of the "Ring” test 

.3 comparison between B/W contrast and tritan 
colour contrast thresholds using the "Ring” 
stimuli

.4 effect of diturbances from equiluminance on 
contrast threshold measurement of the "Ring” 
test

.5 effect of luminance contrast changes on the
tritan colour contrast threshold of the "Ring” 
test

.0 classification criteria of glaucoma and ocular 
hypertensives 

.1 individual peripheral colour contrast 
thresholds of normals 

.2 upper confidence limits of peripheral colour
contrast thresholds of control group 

.3 regression analysis of normal results against
age

.4 age matched upper limits of normal

.5 glaucoma peripheral colour contrast threshold
data

.6 results of ocular hypertension

.7 summary of results

.8 differences between mean thresholds in various 
groups tested: t-values 

.9 results of Humphrey field test and peripheral
tritan contrast threshold 

.10 results of PERG and peripheral tritan contrast 
threshold

.11 results of MDT threshold and peripheral tritan 
contrast threshold 

.0 effect of screening criteria on patient
management
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Appendix D: List of Selected Software Programs

Program: mobserr.c

?include <stdio.h> 
?include <stdlib.h> 
?include <conio.h> 
?include <time.h> 
?include <limits.h>
?include 
?include 
?include 
?include 
? include 
?include 
?include 
?include 
?include 
?include 
?include 
?include 
?include 
? include 
? include 
?include 
?include

"local.h” 
"tick.h" 
"crt.h" 
"video.h" 
"window.h" 
"utildb.h" 
"system.h" 
"cavdial.h" 
"psycho.h" 
"record.h" 
"stats.h" 
"menu.h" 
"driver.h"
"testend.h" 
"const.h" 
"cavmenu.h" 
"mobsrr.h"

static boolean use_random_rings (uint 1, uint c); 
static boolean mobsrr_static (double *a); 
static boolean mobsrr_flash 

( double *a, 
double period, 
double duty_cycle, 
ulong cycles

) ;static void generate_random_ring (double a);
static boolean initialise_mobsrr_static (void);
static void reset_mobsrr_static (void);
static RESULT set_contrast_mobsrr_static (double a);
static boolean initialise_mobsrr_flash 

( double period, 
double duty_cycle, 
ulong cycles

);
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static void reset_mobsrr_flash (void); 
static RESULT set_contrast_mobsrr_flash (double a); 
static boolean mobsrr_pulse (double *a); 
static boolean initialise_mobsrr_pulse (void); 
static RESULT set_contrast_mobsrr_pulse (double a); 
static void reset_mobsrr_pulse (void); 
static void clean_up (void); 
double mobsrr_threshold;

static char non_ring_image[] = " Use the Image/Rings 
option to define the ring position and size ” ;
/* Modified binary search results structure definitions */
static WINDOW *results_window;
static char *mobsrr_results[ ] =
{ ’’CONTRAST SENSITIVITY”,

’’(MODIFIED BINARY SEARCH USING RANDOM RINGS)”,M M
9’’Current Ring Modulation Depth”,

ZDDDD? ZDDDDDDDDDDD? ”,
" 3 3  3 0.000 3 ”,

@DDDDY @DDDDDDDDDDDY ",
If ft

9"Peaks Troughs”,
"Mean S.E.M. Mean S.E.M.”,
"ZDDDDDDDDDDDBDDDDDDDDDDDBDDDDDDDDDDDBDDDDDDDDDDD?", 
"3 0.000 3 0.000 3 0.000 3 0.000 3”,
”@DDDDDDDDDDDADDDDDDDDDDDADDDDDDDDDDDADDDDDDDDDDDY”, 
NULL

};
/* Modified binary search (using random rings) results
page structure */
static PAGE mobsrr_results__page =

{ mobsrr__results,
CENTRED,
ATTRIB (BLACK, B0LD_0FF, CYAN, BLINK_OFF)

};
/* Rings */
static char *possible_rings[] ={ "UR" ,

"UL" ,
"LL" ,
"LR”

};
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Function******************************************************^
boolean random_rings (uint 1, uint c)

{ boolean ok; 
ok = FALSE; 
if

( sp.image_type != RING_IMAGE 
&&

sp.image type != INVERTED_RING_IMAGE
)
{ display_error (non_ring_image);
}else
{ WINDOW *w;

if (get_subject_info (&w, 1, c))
{ ok = use_random_rings (1 + DMLL, c + DMLC);
}

/* restore original screen text and deallocate 
the window */ 

remove_window (w);
}

return (ok);
}

/•k'k'kfck'k'k-k'k'k-k'icjckjck'kje-k-k'k'k-k-k'k-k-kicjfk'ick'k'kjck-k-k-k-kickick'k-k’k'jcick'k'k'k'k
Function

boolean do_random_rings ()
{ boolean ok; 

if
( sp.image_type != RING_IMAGE

Sc Sc
sp . image_type ! INVERTED_RING_IMAGE

)
{ display_error (non_ring_image); 

ok = FALSE;
}
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else
{

double a;
/* set the initial value */ 
a = sp.mobsrr_initial_value;
switch (sp.mobsrr_flashing_state)
{ case STATIC_IMAGE:

{ ok = mobsrr_static (&a);
/* Save the threshold */ 
mobsrr_threshold = a; 
break;

}
case SQUARE_FLASHING_IMAGE:

{ ok = mobsrr_flash 
( &a ,

sp.mobsrr_period, 
sp.mobsrr_duty_cycle, 
ULONG_MAX

);
/* Save the threshold */ 
mobsrr_threshold = a; 
break;

}
case SINE_FLASHING_IMAGE:

{ ok = mobsrr_pulse (&a);
/* Save the threshold */ 
mobsrr_threshold = a; 
break;

}
default:

{ ok = FALSE; 
break;

}
}}

return (ok);
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Function
******************************************************j

static boolean use_random_rings (uint 1, uint c)
{ boolean ok = FALSE; 

double a;
WINDOW *wl, *w2, *wf, *pulse_window, *vs;
/* default initial value (12 percent) */ 
if (get_initial_value (&wl, &sp.mobsrr_initial_value, 

1, c) )
{ /* set the initial value */ 

a = sp.mobsrr_initial_value;
if

( get_flash_type 
( &static_flash_menu,

&wf,
&sp.mobsrr_flashing_state,
1 + DMLL, 
c + DMLC

)
{ if

)

( sp.mobsrr_flashing_state == STATIC_IMAGEi i i iget_stimulus_type
( &ws,
&sp.mobsrr_type, 
1 + DMLL * 2, 
c + DMLC * 2

)

switch (sp.mobsrr_flashing_state)
{ case SQUARE_FLASHING_IMAGE:

{ if
( get_timing_parameters

( &w2,
&sp.mobsrr_period,
&sp.mobsrr_duty_cycle, 
1 + DMLL * 3, 
c + DMLC * 3

)
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)
{ ok = mobsrr_flash 

( &a,
sp.mobsrr_period, 
sp.mobsrr_duty_cycle, 
ULONG_MAX

);
/* Save the threshold */ 
mobsrr_threshold = a;

}
/* restore original screen text 
and deallocate the window */ 
remove_window (w2);
break;

case STATIC_IMAGE:
{ ok = mobsrr_static (&a);

/* Save the threshold */ 
mobsrr_threshold = a; 
break;

case SINE_FLASHING_IMAGE:
{ /* Input the period */ 

if
( get_pulse_period

( &pulse_window,
&sp.mobsrr_period,
1 + DMLL * 3, 
c + DMLC * 3

)
)
{ ok = mobsrr_pulse (&a); 
mobsrr_threshold = a;

}
remove_window (pulse_window); 
break;

}
}

}
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if (sp.mobsrr_flashing_state != STATIC_IMAGE)
{ /* restore original screen and deallocate 

window */ 
remove_window (ws);

}
}

/* restore original screen text and deallocate 
the window */ 

remove_window (wf);
}

/* restore original screen text and deallocate the 
window */ 

remove_window (wl);
return (ok);

}

Function******************************************************/
static boolean mobsrr_static (double *a)

{ WINDOW *wait_window; 
boolean ok;
wait_window = display_end_of_test (); 
initialise_mobsrr_static ();
/* do a binary search with a static image */ 
ok = mobs 

( process_peak, 
process_trough,
a,set_contrast_mobsrr_static

);
reset_mobsrr_static ();
remove_window (wait_window); 
return (ok);

}
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Function

static boolean mobsrr_flash 
( double *a, 
double period, 
double duty_cycle, 
ulong cycles

){ WINDOW *wait_window; 
boolean ok;
wait_window = display_end_of_test (); 
initialise_mobsrr_flash 

( period, 
duty_cycle, 
cycles

);
/* do binary search with a flashing image */ 
ok = mobs 

( process_peak, 
process_trough, 
a,
set_contrast_mobsrr_flash

);
reset_mobsrr_flash ();
remove_window (wait_window); 
return (ok);

}

Function******************************************************* j
static void generate_random_ring (double a)

{ int i ;
rings

( (sp.image_type == RING_IMAGE), 
sp.ring_xo, 
sp.ring_yo,
sp.ring_inner_diameter, 
sp.ring outer diameter

);
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if (sp.filtering_state == FILTERED)
{ filter_ring 

( sp.ring_xo, 
sp.ring_yo,
sp.ring_outer_diameter, 
sp.ring_outer_diameter, 
sp.filter_bandwidth, 
sp.filter_bandwidth

);}
/* Compute the random quadrant number from which to 

remove the section */ 
i = rand () % 4;
remove_section (i, sp.ring_xo, sp.ring_yo,

sp.ring_outer_diameter);
position_cursor (ML1L + 6, ML1C + 11); 
cprintf ("%2.2s", possible_rings[i]);
position_cursor (ML1L + 6, ML1C + 34); 
cprintf ("%7.31f", a * 100.0);}

Function

static boolean initialise_mobsrr_static ()
{ clear_peaks (); 

clear_troughs (); 
srand ((uint) clock ());

/* seed the random number generator */
results_window = make_vertical_window

( NULL,
&mobsrr_results_page, 
&results_outline,
ML1L,
ML 1C

);
toggle_window (results_window); 
return (mobsrr_static_initialise ());}
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/******************************************************
Function

******************************************************j

static void reset_mobsrr_static ()
{ clean_up (); 
mobsrr_static_reset ();

}

^******************************************************
Function

■kjckjck'k-ick'jck'ick'k'k-k'kic'k'k'k'Jck'k'jck'ick'klck'kjc'kicick'kic'k-k-k-k'k'kjck-k-tck-k'jck-ick J

static RESULT set_contrast_mobsrr_static (double a)
{ generate_random_ring (a);

return (mobsrr_static_set_contrast (a));}

Function***************************************************** j
static boolean initialise_mobsrr_flash 

( double period, 
double duty_cycle, 
ulong cycles

)
{ double period_ticks;

ulong mark_ticks, space_ticks;
period_ticks = period * (double) PI_RATE; 
mark_ticks = (ulong) (period_ticks * duty_cycle /

100.0);
space_ticks = (ulong) period_ticks - mark_ticks;
clear_peaks (); 
clear_troughs (); 
srand ((uint) clock ());

/* seed the random number generator */
results_window = make_vertical_window

( NULL,
&mobsrr_results_page, 
&results_outline,
ML1L,
ML 1C

);
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toggle_window (results_window);
return (mobsrr_flash_initialise (space_ticks, 

mark_ticks, cycles));
}

Function
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * /

static void reset_mobsrr_flash ()
{ clean_up {); 

mobsrr_flash_reset ();}

Function
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  ̂

static RESULT set_contrast_mobsrr_flash (double a)
{ generate_random_ring (a);

return
( mobsrr_flash_set_contrast 

(
a,sp.mobsrr_type == CONTRAST_REVERSAL_TEST

)
);}

^*****************************************************
Function*****************************************************^

static boolean mobsrr_pulse (double *a){ WINDOW *wait_window; 
boolean ok;
wait_window = display_end_of_test (); 
initialise_mobsrr_pulse ();
/* Do binary search with a pulsing image */ 
ok = mobs (process_peak, process_trough, a, 

set_contrast_mobsrr_pulse);
reset_mobsrr_pulse ();
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remove_window (wait_window); 
return (ok);}

^***************************************************
Function****************************************************/

static boolean initialise_mobsrr_pulse ()
{ clear_peaks (); 

clear_troughs (); 
srand ((uint) clock ());

/* seed the random number generator */
results_window = make_vertical_window

( NULL,
&mobsrr_results_page, 
&results_outline,
ML1L,
ML 1C

);
toggle_window (results_window); 
return (mobs_pulse_initialise ());

}
/****************************************************

Function*****************************************************/

static RESULT set_contrast_mobsrr_pulse (double a)
{ generate_random_ring (a);

return
( mobs_pulse_set_contrast

(
a,
sp.mobsrr_period,
sp.mobsrr_type == CONTRAST_REVERSAL_TEST

)
);}

/*****************************************************
Function*****************************************************/ 

static void reset_mobsrr_pulse ()
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{ clean_up ();
return (mobs_pulse_reset ());

}

Function

static void clean_up (){ rings
(

(sp.image_type == RING_IMAGE), 
sp.ring_xo, 
sp.ring_yo,
sp.ring_inner_diameter, 
sp.ring_outer_diameter

);

if (sp.filtering_state == FILTERED){ filter_ring 
( sp.ring_xo, 
sp.ring_yo,
sp.ring_outer_diameter, 
sp.ring_outer_diameter, 
sp.filter_bandwidth, 
sp.filter_bandwidth

);}
/* restore original screen text and deallocate the 

window */ 
remove_window (results_window);}
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