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ABSTRACT

* Spatial and temporal response characteristics have been 
determined psychophysically for a group of 24 amblyopes and an 
albino. The experimental data were obtained by measurement of 
thresholds for detection of a target moving across a modulated 
background, and by appropriate choice of background, two classes 
of spatial response and one temporal response characteristic were 
investigated. With a spatially periodic background (Barbur and 
Ruddock, 1980̂  spatial response characteristics, called the ST1 
spatial response, are obtained and it is shown that for amblyopes, 
this response is coarser than for subjects with normal vision. 
Further, in subjects who have received patching,coarser ST1 
spatial responses are found in the non-amblyopic as well as in 
the amblyopic eyes. In contrast, a second spatial response, the

* ST2 spatial response, obtained with a spatio-temporal modulated 
background is, with certain exceptions, the same in amplyopic as 
in normal vision. Further, the temporal response characteristics 
obtained with a flickering spatially uniform background (Barbur 
and Ruddock, 1980a)are unaffected by amblyopia. The changes in 
the ST1 spatial response observed in amblyopic subjects is examined 
in relation to their visual acuity and it is shown that in untreated 
cases, there is a good correlation between the visual acuity and 
the ST1 spatial response. The influence of eccentric fixation and 
age of onset of amblyopia on the ST1 spatial response are also 
analysed and the results of this study are discussed in relation
to changes in X- and Y-type neural responses observed in cats with 
surgically induced squint (Ikeda, 1980).

*

*
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Anatomy and Physiology of the Eye and Visual Pathways
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1.1 Anatomical Introduction

Fig. 1.1 Horizontal section of the eye.
P.P = Posterior Pole
A.P = Anterior Pole
V.A = Visual Axis (Wolff, 1968)

The globe of the eye has three coats which enclose 
the transparent refractive media. The outermost tunic is made 
up of the sclera and cornea, the latter being transparent.
The middle coat is mainly vascular and comprises the choroid, 
ciliary body and iris. The innermost layer is the retina, which 
contains the essential nervous elements responsible for vision.

The refractive elements of the eye are the following 
transparent structures - the cornea, occupying the anterior 
sixth of the surface of the globe, the lens which is supported 
by zonules, and by the aqueous humour which fills the anterior 
and posterior chambers, and the vitreous body which occupies 
the large space behind the lens and ciliary body.



The iris works like a diaphram, limiting the amount of light 
entering the eye, whilst the ciliary body contains muscle fibres 
which, on contraction, increase the refractive power of the lens 
(accommodation). The refractive elements form an image on the 
retina which is largely made up of nervous tissue, and is an 
outgrowth of the central nervous system. Nerve fibres, which form 
the optic nerve, carry electrical impulses elicited by light 
stimulation from the eye. These visual impulses pass from the 
optic nerve along the optic tract to the lateral geniculate body 
or to the mid brain. Fibres from the L.G.B. form the optic 
radiation which leads to the cortex (fig. 1.10). The fibres 
carrying messages from the medial, or nasal half of the retina 
decussate in the optic chiasma, so that the L.G.B. of the left 
side receives fibres from the temporal half of the left retina 
and the nasal half of the right. The partial decussation may be 
considered as an essential development for binocular vision. In 
albinism, more complete decussation occurs so each eye is handled 
largely by either the right or left hemispheres, hence no bino
cular vision is possible.

1.2 The Retinal Zones
The retina is divided morphologically into the central and 

peripheral zones. Region one is the fovea which is a small 
depression with a concave floor, on the vitreal face of the retina. 
This depression is formed by the bending away of layers 5-9 and 
a thickening of the bacillary and outer nuclear layers, see 
Fig.1 . 2 .  The diameter of the depression is about 1 , 5 0 0 / jl 
across and subtends about 5° at the nodal point of the eye.
The floor of the fovea is about 400^ across and convex in shape



9

♦

%

♦

*

»

*

because of lengthening of the cones in the bacillary layer. The 
rod free area extends some 500-600/4. across and contains some 

, OOOcones. Beyond this limit rods begin to appear, 
increasing in proportion to the cones with greater eccentricity.

Fig. 1.2 Schematic representation of a microscopic 
section of the central portion of a human 
retina. The diagram covers about 2 degrees, 
or about 2/3 millimetres, (from Polyak, 1941)

The second and third regions are- called the para and 
peri fo veal regions respectively, the outer edge of the former 
being 1 ,250/ufrom the foveal centre, the latter 2,750/U» The 
total diameter of the whole central area is some 5,000-6,000^.
The cone density in the outer two regions is greatly reduced 
whilst the rod density is increased such that in region three there 
are some twelve cones per 1 00/s compared to some fifty rods per 
100/a- The peripheral region is associated with a further decrease 
in cone density while rods continue to increase in number out to 
some 16° from the fovea, beyond this eccentricity a gradual fall 
off in rod density occurs out to the periphery.

1.3 Structure and Function of the Retina
The retina is a complex nervous structure made up of a 

number of layers (Fig. 1.3). It possesses a layer of receptors, 
(rods and cones), two layers of cell bodies, the inner nuclear



layer which contains bipolar cells, and the ganglion cell layer.
The rods and cones are highly differentiated cells and their 
orderly arrangement gives rise to a bacillary layer, which consists 
of the photoreceptor outer segments and an outer plexiform layer 
consisting of their fibres and synapses with the bipolar cells.
The inner plexiform layer is the region of synapses between the 

bipolar and ganglion cells. Two other types of nerve cell are 
present in the retina, namely the horizontal and amacrine cells, with 
their bodies in the inner nuclear) layer; the ramifications of 
their dendritic and axonal processes contribute to the outer and 

inner plexiform layers respectively. The largely horizontal 
organisation of these layers allows them to mediate connections 
between receptors, blpolars and ganglion cells. As well as the 
nerve cells there are numerous neuroglial cells, an example being 
those that give rise to the radial fibres of Muller, which act 
as supporting and insulating structures.



11

Optic nerve fibers . 

-Ganglion c e lls ______

Inner synaptic .layer

Amacrine cells 
Bipolar cells 
Horizontal cells - 
Outer synaptic layer.

Receptor nuclei

Receptors pigmented layer 
epithelium cells

Fig. 1 .3 Schematic diagram of the neural interconnections 
amofl.$ receptors and bipolars, ganglion, 
horizontal, and amacrine cells, (from Dowling 
and Boycott, 1966)

The main organisation of the retina is on a vertical basis, 
that is activity in the rods and cones is transmitted to the 

bipolar cells and then to the ganglion cells and out of the eye 
via the optic nerve to higher neural centres. However, one 
receptor may activate many bipolar cells, and likewise a single 

bipolar cell may activate many ganglion cells, so that the 
effect of a light-stimulus may also spread horizontally as it 
moves vertically. Also, the connections brought about by the 
horizontal and amacrine cells further increases the possibilities 

of horizontal spread and interaction. This leads to a highly 
complex retinal pathway. A basic picture of retinal organisa
tion in primates was given by Polyak (Fig. 1.4). According
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to this, there are two main classes of bipolar cells, namely 

midget bipolars, h, which connect to one cone only, and the 
diffuse type, which has synaptic connections with many receptors, 

d, e and f. The ganglion cells similarly fall into two classes, 
the midget ganglion cell, connecting to only one midget bipolar 

cell, and the diffuse ganglion cell which connects with groups 
of bipolar cells. Based on this, convergence of receptors on 
to ganglion cells is achieved predominantly by the diffuse types 

of bipolar and ganglion cells, whilst a virtual one-to-one 
relationship is achieved by those receptors which connect to a 
midget ganglion cell via a midget bipolar cell. This, however, 
is not strictly true since a receptor which connects to a midget 
bipolar also connects to the diffuse bipolar, so giving a possible 
lateral spreading effect. Polyak’s view has more recently been 

updated by Boycott and Dowling, 1969, who have largely confirmed 

the earlier work.

Fig. 1.4. Some receptor-bipolar synapses in the retina a, rod;
b, cone; d,e, and f, bipolars; h,midget bipolar; s, 
midget ganglion cell, m, parasol cell (which makes 
several synaptic relationships with bipolars) (Polyak 1941 )
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1.3-1- The Rods and Cones
The rods and cones are the photosensitive cells in the primate 

and most other vertebrate retinae. The rods are generally much 

thinner than the cones, but both are similar in overall construction, 
see Fig. 1.5. The light-sensitive pigment is contained in the 
outer segment, which rests on the pigment epithelium, the <naer 
end, the synaptic body, is known as the spherule and the pedicle 

in rods and cones respectively. In humans the rods are some 2 / a. 

thick and 60/* long, but the cones vary greatly in size and shape 

with their retinal location, being thus long and rather rod-li(<@ in 
appearance in the most central part (region one), see Fig. 1.6.

There are about 120 million rods and 7 million cones, the 
distribution of which is illustrated in Fig. 1.7.

Each receptor connects to a bipolar cell via a synapse.
The foveal cones are usually connected to a midget bipolar, 

whereas in the periphery many receptors connect to a diffuse 
bipolar. This produces convergence of hundreds of rods onto one 
bipolar at eccentricities greater than 20 degrees, giving a 
larger receptive field size in the periphery because an 

individual bipolar will net be able to distinguish which of its 
many connecting receptors was stimulated.
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Fig. 1.5 Diagramatic representation of retinal photoreceptor cells.
A, is a schematic drawing of a vertebrate photoreceptor, 
illustrates the compartmentation of organelles as shown 
by the electron microscope. The following subdivisions
of the cell may be distinguished'outer segment o, connect
ing tissue c, ellipsoid e, and myoid m, which comprise 
the inner segment fibre f, nucleus n, and synaptic bod> s. 
The scleral end of the cell is at the top in this diagram.
B, is a rod from the rat retina. (Young, 1967)
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Fig. 1.6 Human cones,1, near ora serrata;
2, at equator; 3, at macular*a, outer 
segment; b, inner segment; c, cone 
fibre; d, cell body and nucleus; e, cone 
foot; f, ellipsoid; g, myoid. 
(Duke-Elder, 1949)

*

*
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Fig. 1.7 Density distribution of rods and cones 
receptors across the retinal surface, 
(from Pirenne, 1967).

1.3.2. Bipolar Cells

Polyak’s study showed three different classes of bipolar 

cells, two of which connect to cones and one to rods. The 

midget bipolar connects to one cone only, while the flat cone bipolar 

makes connections with several cones. Their synapses are 

characteristically different; the dendritic process from the 

midget bipolar cell penetrates an invagination of the cone 

pedicle, the flat bipolar makes a simple contact and the diffuse 

bipolar, connects to up to about fifty rods with an invaginating 

synaptic contact similar to that of the midget bipolar. Kolb (1970), 

showed that a single bipolar may make some twenty-five 

connections with a single cone pedicle, providing single central 

dendritic processes for the twenty-five invaginations. Since 
twevvVvj - Y\\>©' o<\.M̂ ĉ vAbV\.o<vs cjC'As'CvWk2<Y. ft'e. 'Ccfcal Yot a. cofie
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shows that the bipolar cell made synapses with just one cone.
In the peripheral retina she found some branched midgets, which 
probably make contact with two cones. Kolb also noticed that 
there was also a flat bipolar, these only make a superficial 

contact with the base. Thus a cone pedicle contained 
twenty-five invaginating contacts and some forty-eight superficial 

contac ts. Like the invaginating midget, the flat midget makes 
contact with only a single cone pedicle (see Fig. 1.8).

*

Fig. 1.8 The organisation of the outer plexiform layer 
of the primate retina^R.B. = Rod Bipolar; 
I.M.B. = Invaginating Midget Bipolar; F.M.B.= 
Flat Midget Bipolar; H.A. = Horizontal Axon 
terminal; F.B. = Flat Bipolar; H.C. = Hori
zontal Cells; R. = Rod; C. = Cone.
(Kolb, 1970).

1.3-3- Horizontal Cells
The dentritic processes of these cells make synaptic contacts 

with the cone pedicles as lateral processes of the triads. Kolb
(1970) has shown that these make dendritic connection only with 
cones but there are two variations. The differentiation consists 

in the number of cones with which a single horizontal cell makes 
contact; the "small-field" contacting about seven cones and the
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"large-field" about twelve. The axons of the horizontal cells 
terminate exclusively in rod spherules, according to Kolb, 

constituting lateral elements in triads; each rod spherule 
thereby receives input from two horizontal cells. Hori

zontal cells, therefore, mix the rod and cone messages.

1.3-1*- The Outer Plexiform Layer (see Fig. 1.8)
Kolb (1970) has shown the appearance of the outer 

plexiform layer. The structure of the cone triad, see 

Fig. 1.9, is much more complex than previously thought. It 
contains in addition to the invaginating midget bipolar process 

(I.M.B.) and the lateral horizontal processes (H.C^ and H.C.^), 
more superficially placed processes from flat midget bipolars 

(F.M.B.) and from flat cone bipolars (F.B.). Consequently 
there is a considerable capacity for the spread of information.

*

4
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Fig. 1.9 Illustrating synaptic arrangements in rod spherule (left) 
and cone pedicle (right) as deduced from electron-micro- 

^ scopy.
LeftiThe lobed lateral elements are horizontal cell axon 
terminals, each from a different horizontal cell (HA^ and 
HA^). The central elements are rod bipolar dendrites 
from different rod bipolars RB^ and RB̂ ).- 
Right:The horizontal cell dendrites, usually farm differ
ent horizontal cells (HC^ and HC ) from the lateral 

+  elements of the invagination. Tne invaginating midget
bipolar (I.M.B.) pushes up into the invagination to lie 
between the two lateral elements. The synaptic ribbon 
and synaptic vesicles point into the junction of the three 
processes. The flat midget bipolar (F.M.B.) dendrites 
lie alongside the invaginating midget bipolar dendrite 
and push part of the way up into the triad, but are in 

* contact with the cone pedicle base. The flat bipolar
(F.B.) terminals are also clustered around the invagina
ting bipolar dendrite and make superficial contact on the 
cone pedicle base. (Kolb, 1970).

1-3-5. Inner Plexiform Layer
The process of vertical and horizontal connections is 

repeated in the inner plexiform layer, which consists of axons and 
* terminals of bipolar cells, processes of amacrine cells, and

dendrites of ganglion cells. Ganglion cells fall into two main 
types, the midget ganglion cell which in turn connects with a 
midget bipolar and one cone, thus providing an exclusive pathway 
as far as the inner plexiform layer; the other type of ganglion



cell is the diffuse, which connects with many bipolar cells; this 
type falls into many categories dependent on the manner of their 
dendritic branching. Physiological evidence shows that so<v\e 
ganglion cell may respond to both rod and cone stimulation, 
whilst .othersmay respond exclusively to cone stimulation (the 
latter is probably a midget ganglion cell). Certain ganglion 

cells have extremely wide receptive fields, (in the peripheral 
retina) in the sense that they may respond to light falling on 

diverse retinal points, hence information is collected from a 
wide area of rods and cones.

1.3*6. The Amacrine Cells

The amacrine cells are c\3AS>0n.e<k Into several types 
regarding the nature and extent of their ramification. These 
cells receive influences from bipolar cells as well as other 
amacrine cells, whilst they transmit influences to other 
bipolar terminals and to ganglion cells. The convergence, 

mentioned in the previous section, of the retinal messages 
are also assisted by the diffuse type of bipolar and ganglion 

cells. It is therefore not surprising that there are a total of 
1 million nerve fibres leaving the eye via the optic nerve, which 
is far less than the total number of receptors (7 million cones 
and ^  120 million rods). It should be noted, however, that in 
the central retina, there are three times as many bipolar cells as
cones.
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1.3.7. Centrifugal Pathways

1.4. The Visual Pathways to the Brain (see Fig. 1.10)
There are about 1 million fibres in the optic nerve and these 

are separated anatomically according to the area of the retina from 
which they originate. All the ganglion cells connected to receptors 
from the temporal side of each retina pass to the L.G.N. on the same 
side as that eye, whilst the nasal fibres pass to the L.G.N. on the 

opposite side, hence, on viewing an object which falls to the left, 
the nasal receptors of the left eye and the temporal receptors of 

the right will receive the image. The output from both sets of 
receptors will then pass to the right L.G.N. and hence to the right 
hemisphere only. If the object is viewed centrally, then the image 

will fall on both sides of each retina, and consequently will be 
projected into both brain hemispheres, but still in two halves.
The optical radiation leaves the L.G.N. and passes to the striate 
cortex, known as area 17, which is the primary visual cortex.
Despite decussation of optic nerve fibres there is still an 
approximate point-to-point representation between the retinal 
ganglion cells, the L.G.N. and the striate cortex.

There is no evidence of centrifugal pathways in cats or

primates .(Oc*oLva<£ ,\%>b A  \A.-3jcv\?£>̂ >ax

Both the L.G.N. and the striate cortex have their cells 

arranged in layers and columns. The striate cortex projects to the 
association cortex, areas 18 and 19. The two hemispheres are also inter
connected via the corpus callosum.
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THE HUMAN VISUAL SYSTEM

E- Eye 
R -  Retina 
o-optic nerve 
C -Chiasrna

L -  Lateral geniculate nucleus 
SC -  Superior Colliculi 

r-o p ric  Radiation

V -V isu a l Cortex

Fig. I .10 Diagram of  the v i sua l  pathways (as seen from below 
the b ra in )  (from Polyak, 1957)
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1.4.1. The Optic Nerve and Tract
Retinal ganglion cells are the second order neurones in the 

transmission of retinal impulses to the cerebral cortex and their 
axons form the optic nerves and tracts, passing predominantly to the 

L.G.N.. The fibres pass to the pretectal centre of the
midbrain. A visual impulse, arising from the right half field, is 
conveyed in the left optic nerve and tract to the left cerebral 
hermisphere.

Binocular vision requires hemi-decussation of the afferent 
optic nerve fibres at the optic chiasma. As a result, nerve 

fibres from corresponding retinal areas in the two eyes associate 

with one another in the visual cortex. Fibres from the temporal 
half' of the retina, including the temporal half of the fovea, 
pass through the optic chiasma without any decussation and enter 

the ipsilateral optic tract (see Fig. 1.10). The fibres arising 
from the nasal half of the retina decussate in the chiasma and pass 
to the contralateral optic tract. From this it follows that 
corresponding retinal points travel in the same optic tract to the 
lateral geniculate body from there they relay in the optic 

radiations to the striate area of the visual cortex. If the optic 
tract is severed then a homonymous hemianopia or half-field 
blindness results. The degree of decussation varies from species 

to species and is a function of binocular vision; in man and primate 
approximately half the fibres are crossed, the others uncrossed.

The fibres are grouped in three bundles according to the 
retinal fields from which they originate as follows:-
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a) Macular fibres

b) Uncrossed temporal fibres
c) Crossed nasal fibres
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The ma.cular fibres decussate in the chiasma so that half
pass to each optic tract. The relative positions of the bundles 

in the optic nerve and tract are shown in Fig. 1.11. There are 
two different thicknesses, coarse and fine; the speed of 
conduction increases with increasing diameter, thus impulses 

carried by the coarse fibres arrive before those carried by the 
fine fibres. So great is the difference in conduction speed, 

that a visual impulse can be transmitted to the L.G.B., relayed to 
the cortex, and the cortial response may pass to the mid-brain 

before the impulse in the fine fibres has arrived. It is there
fore possible for the mid-brain’s reflex activities to be

anticipated and modified by cortical influences induced by the 
same stimulus. Doty (1961) showed that the evoked potential 
recorded from the mid-brain, in response to a light stimulus,
comes some 12mSec. after that recorded at the cerebral cortex
of the cat

Fig. 1.11
A,.In the
o f ,i i § t § i r v e

/outic. . 
{ proximal

Distribution of the fibres in the optic nerve, optic 
tract and lateral geniculate body. A, in the optic 
nerve (distal); B, in the optic nerve (proximal);
C, in the optic tract; D, in the lateral geniculate 
body; U.T., upper temporal; U.N., upper nasal; L.N., 
lower nasal; L.T., lower temporal; U.P., upper 
peripheral. (Wolff, 1968 )
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1.4.2. Non-Geniculate Pathways
The fibres within the optic tract travel via two different 

roots. The small mesencephalic root goes to the superior 

colliculus, while the large, diencephalic root runs to the lateral 
geniculate body. Dependent on the animal's position in the 
phylogenetic scale, the proportion of optic fibres travelling 

to the midbrain station changes; in birds there is very little 
cortical representation of retinal impulses, most fibres running 
to the superior colliculus whereas in higher animals the number 

of fibres to the superior colliculus declines, and in Man is 
estimated at 20% of the t o t a l .  ,A5n2J).

1.4.3. The Lateral Geniculate Body (L.G.B.)

In Man the cells of the dorsal nucleus of the L.G.B. are 
arranged in six laminae. The optic tract fibres synapse with 
these cells such that the crossed optic fibres relay in layers 
1, 4 and 6 while the uncrossed fibres relay in layers 2, 3 and 
5 (Glees and Le Gros-Clark 1941). Thus, there is a rigid 
separation of the fibres arriving from the two eyes, and 
binocular fusion does not take place in the L.G.B.. The L.G.B. 

acts as a sorting centre which rearranges the crossed and 
uncrossed fibres which have been mixed in the optic tract. In

i

degeneration studies Penman (1934) found a virtual point-to-
i

point representation of the retina in the L.G.B.. Each optic 
tract fibre entering a lamina splits into a number of terminals. 
These terminals end in "boutons" connection to up to 30 L.G.B. 
cells but there is no overlap from different retinal receptors.
The function of the L.G.B. is mainly to relay messages to the
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cortex, but there is evidence of centrifugal control of geniculate 

neurones (Guillary, 1967). By this feedback arrangement, the cor
tex is able to modify and control messages it receives.
According to Vastola,U9603$\2 cell (this refers to the cell

which is receiving the main stimulation), is activated by an 
optic tract fibre sending its messages to the cortex and also 

via a collateral fibre which activates a short axon neurone in 

the L.G.B.. This then inhibits the activity of surrounding 
geniculate cells (see Fig. 1.12). Vastola (I960) found that the 

most strongly inhibited cells were those which received a weak 
stimulation to the initial excitation. This type of response 

causes a "sharpening" of the retinal image.

*

♦

♦

*

Fig. 1.12 Illustrates the inhibition within the L.G.B. 
The middle one of the three geniculate cells relays an 
excitatory influence to the cerebral cortex and also to 
short-axon inhibitory cells which, as a result of this 
activation, inhibit the neighbouring geniculate cells, 
(from Davson, 1972, after Vastola, 1960).
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1.4.4. The Visual Cortex
From the L.G.N. (Lateral Geniculate Nucleus), the third 

order neurones pass as the optic radiations to the surface of 

the occipital pole, relaying with the cortical neurones in 
Brodmann's Area 17, or the striate area, so called because 
the axons of the optic radiations form a well defined white 

line on their way to their synapses in Layer IV.

#•

4

4

4

When small lesions are made in the striate cortex loss 
of vision occurs in a small well-defined area of the visual 

fields. A detailed study of people with gun-shot wounds has 
been (w^Ae and this has helped to map out the projections 
from the retina on the visual cortex. (Holmes, 1945 See 
Fig. 1.13)

Fig. 1.13 Diagram of the probable representation of the 
different portions of the visual fields in the 
calcarine cortex. (Holmes, 1945).



Anatomical and physiological investigation has confirmed 

this general plan of retinal projection and shows the existence 

of a virtual "point-to-point” relationship between retinal 

stimulus and cortical representation. This relationship 

is only true for the central foveal region and even here it 

is only functional owing to the lateral connections. Under 

deep anaesthesia this "point-to-point" relationship between 

light-stimulus and cortical evoked response can be elicited.

When implanted electrodes are used in different areas of the 

cortex, the evoked response is found to be highly localised.

The effects of discreet lesions in specific layers of 

the L.G.B. are revealed in degeneration of geniculate fibres 

and their terminal boutons in the striate cortex. This was 

discovered in studies of Hubei and Wiesel (1961 ).

When lesions in the cortex or optic radiations occur the 

macula function is frequently unimpaired. This "macula 

sparing" was thought to arise because some macula fibres 

crossed at the corpus callosum, or by mesencephalic 

connections, giving a bilateral cortical representation.

Studies have shown, however, that complete destruction of one 

occipital lobe is followed by complete cellular atrophy of the 

homolateral geniculate body, proving that projection is 

exclusively to the occipital cortex of the same side. Such 

damage also leads to loss of half the retinal fields including



half the macula. Macula sparing is probably the result of its

large cortical representation and of the location of this 

representation in the margins of the distribution of the 
middje and posterior cerebral arteries. Thus, if one 
artery or part of an artery is occluded, sufficient blood 
may still reach this region to allow function to continue.

1.4.5. The Lower Visual Centres
There is considerable projection of the optic tract on 

to the superior colliculus&Apter (1945), showed that this 

was essentially "point-to-point". Garey (1965) showed that 
the projection of the visual cortex on the superior colliculus 
has the same topological features as the retina, every point 
on the retina being related to a specific part of the 
colliculus, both directly and indirectly via the L.G.B. and 

cortex. Following studies of lesions in the colliculus 
Sprague and Meikle (1965) argue that it should be regarded 
as an integrating centre as opposed to a simple relay 
station for cortically directed eye movements. Damage to one 
side of the superior colliculus in cats, caused an obvious 
defect in the contralateral field of visual guided activity.
The receptive fields of single collicular neurones were studied 
by Mohler and Wurtz (1977) and were found to be similar to 

those observed in ganglion cells. As the colliculus is 
layered, he suggested that there might be a columnar ordering 
of cells with receptive fields analogous to the cortical 

arrangement described by Hubei and Wiesel,(j9£»yQsee sect, 1.5.4. 
Sprague (1966)?working on cats;found that large cortical
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lesions on one side cause a permanent loss of visually 
guided activity in the contralateral field. If, however, 
the superior-colliculus was removed on the opposite side, the 
visually directed responses returned. He decided that the 
opposite colliculus was inhibiting the other colliculus on 
the same side as the cortical lesion.

It is thought that the S.C. is responsible for guided 
ballistic eye movements. Also, in more recent investigations 
evidence has shown that a fair degree of residual vision may be 
associated with the S.C. (Pasik and Pasik, 1971; Weiskrantz 
et al, 1974, Barbur et al» (19&0).

1.4.6. The Corpus Callosum
This is an interhemispherical tract that connects between 

a given point on one hemisphere with a symmetrical point on 
the other. Studies by Myers (1962) and Ebner and Myers (1965) 
show that the great majority of the posterior callosal fibres 
project to the junction of Areas 18 and 17. Choudhury, 
Whitteridge and Wilson (1965) found that the receptive fields 
of cortical units in the medial edge of Area 1 8 , just 
adjacent to Area 17, were within a few degrees of the vertical 
meridian. These responses were recorded when the ipsilateral 
optic tract was severed, so a callosal route from the opposite 
hemisphere was probably involved, and this was confirmed by 
complete section of the callosum.
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When a pattern stimulus was presented close to the vertical 
meridian, callosal units were excited and could be detected 

by electrodes inserted in the posterior callosum of cats. Three 
out of seventeen units were found to be driven by both eyes 
by stimuli located in the same part of the visual field. Of the 
remainder, nine were driven by one eye, five with the other 

(Berlucchi et al, 1967).

1.5. Electrophysiology of the Visual Pathways
Extra-cellular and intra-cellular electrical recordings 

have been obtained from many classes of visual neurone and 
the principal results are now summarised. No data are 

available for pre-ganglionic neurones of the primate retina.

1.5.1. The Ganglion Cells
The basic receptive field organisation of these cells 

is circular, with central and surrounding regions responding 
in opponent fashions/kuWVê >*A9S3>)_ So-îe. c.eVV=>
response when the centre is stimulated by light and this is inhib

ited or suppressed when the surrounding annular area of the recep
tive field is stimulated. Conversely, some cells respond 
with an excitatory response when the annular surround is 
stimulated by light, but have a central inhibitory response.
Such cells can be regarded as selectively sensitive to either 
light or dark spots, a maximum response being achieved when 
the size of the excitatory spot matches the size and contrast 
polarity of the central area of the receptive field.
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Enroth-Cugell and Robson (1966) identified two classes 

of ganglion cells, in the cat retina^those which responded 
with continuous firing for as long as the stimulus was 
present called X-type neurones, and those which only 
responded by firing momentarily when the stimulus either 
first presented or just withdrawn, called the Y-type 

neurones. For the X-type cell, a position of the grating can 
be found such that it can be exchanged for a uniform field 
of the same mean luminance without evoking a response, uaWte-as. to* 
Y-type cells, no such position can be found. (This 

technique is known as the "null" test of Enroth-Cugell and 

Robson, 1966). These experiments show that the X-type 
cells sum the signals about illumination over the receptive 
field, and that these signals are proportional to the 

illumination of the retinal region in which they arise (see 
Fig. 1.14). Since then, many researchers have reported 

finding these X- and Y- type neurones. Cleland et al (1971) 
classified cat retinal ganglion cells on the basis of their 
temporal properties as "sustained" or "transient" which 
correspond to X- and Y- cells also demonstrated a

difference in the response of these two types of cell to a 
grating pattern moving across the receptive field. L See 
Fig. 1.15.j.Here, sustained cells responded to higher spatial 
frequencies while the transient cells responded to movement.
They found the optimum target size of the X cell to be ^-1° 
in diameter, whereas for transient cells it was 1° upwards.
This indicates a smaller receptive field central zone for 
sustained cells. A similar classification can be applied to 
the primate visual system. Gouras (1969) found that



"transient” retinal ganglion cells in the monkey have faster 
conduction axons than sustained cells. De Monasterio (1978 a, 
and b, ) working on Macaqu ganglion cells o&vovg 
test of Enroth-Cugell and Robson (1966) classified the ganglion 
cells as X- or Y- cells on the basis of the linearity or non
linearity of their spatial summation to alternating contrast 
of drifting gratings. In contrast to the work c# Gouras 
(1969), de Monasterio found colour-opponency in Y- as well as 
X- cells.

So far, discussion has been restricted to X- and Y-type 
ganglion cells which are well documented. Another group of 
cells has been found in the retina and these may also have some 
role to play in amblyopia. Stone and Hoffmann (1972) found

about 15% of retinal ganglion cells which were neither X- 
nor Y-type and these are known as "W" cells. They have axons 
which conduct more slowly than X- or Y-axons. Their receptive 
fields fall into two broad groups; i) each unit has a 
considerable spontaneous activity which is suppressed by 
contrast; ii) where this spontaneous activity is excited by 
contrast, they have a very low rate of spontaneous discharge 
and are excited by high contrast. Furthermore, these units were 
responsive only to velocities below 50°Sec-1. Ikeda and 
Wright (1974b!also studied "W" cells and found they had small 
receptive fields and terminated in the superior colliculus.
They thought these slow-conducting nerve fibres may be involved 
in the control of slow tracking eye-movement, and may also be 
concerned with the maintenance of fixation and thus may function
abnormally in strabismus.
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Electrophysiological measurements of ganglion cell 

responses in cat and primate have shown that the level of 

light adaptation affects primarily the surround region of 
the receptive field (Barlow et al, 1957). Further, the 

activity of the surround appears to regulate the centre 

response, thus maintaining a contrast average discharge over 
a wide range of luminances (Barlow and Levick, 1965). In 

contrast, the activity of the centre region is unchanged by the 
level of light adaptation. Maffei et al, 1971, found that 

for low light levels, the surround activity was absent and the 
average discharge level of the centre region increased with 
increasing background illumination until the surround activity 
became measurable. The surround response is maximum at high 

illumination levels, while the centre discharge under these 
conditions decreases. Over the middle illumination ranges the 
centre activity remains approximately constant and the gain 

transfer characteristics show practically no significant
2dependence on background luminance, (in range 0.5 - 0.05cd/M ). 

These results suggest that the coding of stimulus contrast 
appears largely independent of background luminance at .scotopic 
levels of illumination.

In general, the findings are as follows; transient cells 
♦ in both cats and primates have larger receptive field sizes,

shorter conduction latencies, preferred peripheral distribution, 

less prominent inhibitory surrounds and non-linear spatial 
summation. Sustained cells respond with sustained fashion to 
an intensity gradient in their receptive field, are distribu
ted predominantly in the foveal region, have more pronounced 
antagonistic surrounds, respond best to slower target speeds
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and show linearity of spatial summation. The smaller sustained 
neurones predominate in or near the area centralis, the larger 

transient neurones being found mainly in the peripheral retina.
« (Enroth-Cugell and Robson, 1966; Cleland et al, 1971; Stone

and Hoffmann, 1972; Ikeda and Wright, 1974 b; de Monastery,
1978 a).
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Fig. 1.14 Response of an off-centre X-cell (A) and an off- 
centre Y-cell (B) to the introduction and with
drawal of a stationary sinusoidal grating pattern. 
Grating phase angle in relation to receptive field 
of cell is shown on right. In each example 
illustrated the total length of the trace corres
ponds to 2s. (After Enroth-Cugell and Robson, 1966).
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'TRANSIENT TYPE- 
ON-CENTRE 1.5° SPOT 
2 CD/Mx

Fig. 1.15 Sustained and transient responses to standing 
stimulus. Duration of target spot is given by 
bar beneath each record. (After Cleland et al. 
(197D.)

1.5.2. Cell Classification in The Lateral Geniculate Nucleus
The centre and surround antagonistic organisation of the 

majority of retinal ganglion cells is also observed at the 
L.G.N. and cortical levels. However, the temporal properties 

of receptive field organisation at the ganglion cell level 
are different to those of L.G.N. or cortical neurones, (Maffei 
et al, 1970, Maffei et al, 1971). For ganglion cells,the 

maximum temporal frequency for which no modulation of a 
discharge pattern can be detected is in the range 25-45Hz 
for the centre and some 10-20Hz for the surround. In the 

L.G.N. however, the responses are up to some 45Hz for the 

centre and surround. This is attributed to the 
of many ganglion cells to the surround receptive field of a 
single L.G.N. neurone. Hubei and Wiesel (1961) found L.G.N. 

neurones have essentially the basic retinal organisation ofy
receptive fields characterised by ON-centre OFF-surround, 
or vice-versa. A given geniculate cell is generally, 

however, influenced by many hundreds of ganglion cell inputs.

Cleland et al (1971) examined L.G.B. neurones and discovered



that these were excited by retinal ganglion cells of the same 
functional types, that is, X-ganglion cells excited X-type 
L.G.B. cells and Y-type ganglion cells excited Y-type L.G.B. 
neurones. Measurement of the geniculo-cortical latencies 
were longer for sustained cells than for transient cells. 
Ikeda and Wright (1974a) argued that information transmitted 
by the transient cells will therefore reach the visual cortex 
first.

Dreh«r et al (1976) studied lateral geniculate nuclei 

of primates with micro-electrode recordings. They found both 
X and Y-type cells within the L.G.N., and showed that the 
X-type cells were encountered first during an electrode 
penetration of the L.G.B., with Y-cells located deeper.

Ikeda and Tremain (1978a) studied the development of 
spatial resolving power in L.G.N. neurones of kittens. They 
found that the basic concentric organisation of the receptive 
fields of X-type L.G.N. cells which receive inputs from the 
area centralis appear to be established by 3 weeks of age.
The spatial resolving power of the cells developed gradually 
to the level of adult L.G.N. cells during the period from 
3-12 weeks (the sensitive period), see Fig. 1.16. This 
development is dependent on the enhancement of distinct in
hibitory surround mechanisms taking place during the 6th - 
1 1th week, as is shown by the gradual loss of sensitivity to 
low spatial frequencies and shift towards high spatial 
frequencies. Ikeda and Tremain (1978a) compared their



38

findings with those of Freeman and Marg (1975), and Mitchell et al 
(1976), see Figs. 1.17, 1.18 and 1.19.

---------------- 16wks ---------- —  —  16wks

Fig. 1.16 Contrast sensitivity curves obtained from sustained 
L.G.N. cells driven from the area centralis of the 
retina recorded from kittens aged 3, 5, 7, 10, and 
16 weeks. The curves were obtained by measurements 
of threshold contrast (the weakest contrast of 
sinusoidal grating, mean luminance: 10, cd/m* drift 
speed: 1Hz, to which the cell gave just discernable 
modulation of firing in post stimulus histograms 
(16 stimulation cycles). The relative log contrast 
sensitivity is the reciprocal of the threshold 

# contrast. A) the curves obtained from cells recorded
from the 3 weeks and 5 weeks old kittens are compared 
with that obtained from a cell in the 16 week old 
kitten (dashed curve). B) the curves obtained from 
cells recorded from the 7 weeks and 10 weeks old 
kittens are compared with that obtained from a cell in 
the 16 week old kitten (dashed curve) (after Ikeda and 
Tremain, 1978a).
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Development of resolution of sustained cells from A.C.

2 4 6 8 10 12 14 16
A g e (  w e e k s )

Fig. 1.17 Spatial frequency threshold the highest spatial frequ
ency of a sinusoidal grating (contrast; 0.4, mean 
luminance: lOcd/ba1 , drift speed: 1Hz) to which a 
cell responded with modulation firing of sustained 
L.G.N. cells driven from the area centralis of the 
retina obtained in kittens of different ages. The 
measurements of spatial frequency threshold were 
carried out using post stimulus histograms (16 
stimulation cycles) in all cells, (from Ikeda and 
Tremain, 1978a).
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♦

Fig. 1.18 Comparisons of visual acuity developmental
curves for kittens obtained by three different 
methods. The spatial frequency thresholds of 
sustained L.G.N. cells from kittens of different 
ages are plotted as filled circles (mean 
including +_1 S.E. of the points shown in Fig. 1* VI ) 
For comparison, the developmental curves for 
visual acuity obtained by a behavioural 
technique (Mitchell et al., 1976) and the visual 
evoked response (V.E.R.) method (Freeman and 
Marg, 1975) are plotted on the same scale.
(from Ikeda and Tremain, 1978a).
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Comparison of developmental curves.
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Fig. 1.19 Comparison of visual acuity developmental curves 
for kittens obtained by three different methods. 
In order to compare the relative visual acuity, 
the curves of ( F i g . ) have been re-plotted 
to make the visual acuity at 16 weeks equal to 
100 . Note the similarity between the three
curves. The data of Mitchell et al. (1976) and 
those of Freeman and Marg (1975) have been re
calculated for the purpose, (from Ikeda and 
Tremain, 1978a).

+
1.5.3. The Striate Cortex

The most striking differences between the receptive field 
organisation in the striate cortex and the pre-cortical areas, 

is that of linear rather than circular receptive field and 
binocular rather than monocular control. Fig. 1.20 (c-g) 
shows receptive fields of simple cortical neurones. Hubei and 

Wiesel (1962), found that the slit orientation for maximum 
response was quite critical and changes of 5 - 10° had a



significant effect. It is assumed that cortical neurones 
receive their inputs from a number of geniculate cells, each 
with concentric organisation, the combination of these cells 
giving a linear array of their receptive fields which 
behave effectively as a unit with a linear receptive field as 
shown in Fig. 1.21. By appropriate arrangement of geniculate 
cells the different types of receptive fields shown in 
Fig. 1.20 can be constructed. With all these "simple" units 
a moving stimulus was always very effective, but it is 
important that the correct orientation of the slit be main
tained, the movement being executed at right-angles to the 
slit direction. In general, the response was the same with 
forward or backward movement.

In some units such as G in Fig. 1.20, however, the 
response is very unequal, due to asymmetry in the flanking 
regions. These units were all described as simple because, 
like retinal and geniculate fields, they have distinct 
excitatory and inhibitory regions with summation occurring 
in each area, also antagonism between each region. The 
responses for stationary or moving stimuli can be predicted 
from a map of the excitatory areas (Fig. 1.21).

Another class of units was termed complex because their 
responses to different stimuli could not be predicted from a 
map made with circular spot-stimuli. Four different complex 
units were found by Hubei and Wiesel in the cat ( 1962).These 
units were affected by orientation rather than position of
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the stimulation. Movement of a slit does not have the phasic 
effects seen with the simple unit, a continuous discharge 
throughout the movement is apparent. One of the unit types 
is an "edge detector", illustrated in Fig. 1.22. When an 
edge is projected onto the retina, that is half the field 
is light and the other half being dark, a strong ON 
response is observed. The response falls as the orienta
tion is changed from the preferred direction and replacement 
of the stimulus by its mirror image reverse the response, 
that is, giving inhibition to stimulus ON and excitation 
to stimulus OFF.

Simple cells can be edfrver "sustained"transient" 
(Ikeda and Wright, 1975),&recordings from cortical cells 
have shown that simple cells may possess pure X or Y 
inputs, or mixed X-Y inputs (Lee et al, 1977). Complex 
cells are probably mixed input cells, however, they may be 
derived from simple cell outputs (Hubei and Wiesel, 1962).

A third class of cells, the hypercomplex, also exist 
and these seem to respond to the length of an edge or a bar 
stimulus.

Fig. 1.23 shows how a group of simple cortical neurones 
could be connected to a higher order neurone to give a complex 
field. Similar complex fields could be built up from 
different groups of simple cortical cells. For these 
relationships to occur the latencies of complex cells would be 
longer than for simple cells.
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Ikeda and Wright (1974a) classified cells in area 17 of 
the cat’s visual cortex as either "sustained", X-cells, or 
"transient" Y-cells. They found that the receptive field 
organisation of "sustained" cells makes them very sensitive 
to fine details, whereas "transient" cells are sensitive to 
temporal changes in light distribution and therefore transmit 
information about the temporal properties of visual 
stimulation. Ikeda et al (1974a) found that spatial frequency 
tuning curves for the sustained cells peak at higher spatial 
frequencies than do those of the transient cells. Further, 
the spatial frequency bandwidth of sustained cells is narrower 
than those for transient cells. Orientation selectivity was 
also observed in cat’s cortical cells, the mean spike-frequency 
changing with the change in direction of the grating.
(Campbell, Cleland, Cooper and Enroth-Cugell 1968).Hubei and 
Wiesel (1962), showed that about 80% of cortical neurones 
respond to stimulation of either eye, that is, they are 
binocularly driven. Further, the receptive fields in the two 
eyes that stimulated a single cortical neurone were similar 
in both shape and orientation, occupying symmetrical positions 
in the two retinae. Summation and antagonism occurred 
between the two receptive fields, thus should the ON area 
of one eye be simultaneously stimulated with the OFF area of 
the other eye, the responses are cancelled out. Hubei and 
Wiesel (1963), found that with visual deprivation from birth, 
only 1% of cortical cells were driven binocularly. It 
appears,therefore, that disruption of connections present at 
birth subsequently occurs, suggesting that the site of the 
abnormality is in the region of the synapses between the axon
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terminals of geniculate cells and cortical cells on which they 
terminate. Similar results in normal and visually deprived 
cats were found by Yinon et al (1976).

Fig. 1.20 Typical receptive fields, crosses indicate excitatory 
or ON-responses, triangles indicate inhibitory or 
OFF-responses. A, ON-centre typical of the ganglion 
and L.G.B. cells. B, OFF-centre type, otherwise as 
A. C-G, various arrangements of "simple" cortical 
fields (Hubei and Wiesel, 1962).
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Fig. 1.21 Scheme to explain the organisation of the linear
cortical receptive field on the basis of summation 
of circular fields at the geniculate level (Hubei and Wiesel, 1 9 6 2 ).
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COMPLEX CELLS

Fig. 1.22 Responses of a cell with a large complex receptive 
field to an edge projection on the ipsilateral 
retina so as to cross the recepftvjs field in various 
directions. (Hubei and Wiesel, 1962).
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^ Fig. 1.23 Possible explanation for the organisation of complex
receptive fields. A number of cells with simple fields 
are imagined to project to a single cortical cell of 
higher order. The receptive field arrangement of the 
simple cells are shown on the left. The boundaries 
of the fields are staggered within an area outlined by 
the interrupted lines. Any vertical-edge stimulus 

* Failing : across this rectangle, regardless of its
position, will cause excitation of the simple cells 
and thus excitation of the higher-order cells.
(Hubei and Wiesel, 1962).

1.5.4. Cortical Architecture
It was shown by Mountcastle (1957) that the Somatosensory 

cortex of the was divided by a system of vertical columns
extending from surface to white matter. Hubei and Wiesel (1963) 
found that in the kitten's visual cortex units which respond 
to a given slit orientation are also located in columns. Hubei
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and Wiesel (1 9 6 8 ) showed that in the monkey cortex, an oblique 
microelectrode gives a step-by-step change in orientation of 
the receptive fields as the electrode penetrated deeper through 
adjacent columnŝ  (See Fig. 1.24). Further, horizontal 
organisation became apparent, showing simple cells to be 
concentrated in the deep part of layer III and in layer IV, 
which is where geniculate fibres relay with the cortical cells, 
and these simple cells were predominantly monocularly driven.
The layers above and below contain high proportions of complex 
and hypercomplex cells. It was also shown in this study that 
area 17 as well as 18 and 19 contain complex cells. Hubei and 
Wiesel (1 9 6 8 ) found that the dominant eye is more strongly 
represented than the fellow eye.

Hubei and Wiesel (1965) found projections from area 17 
proceeding to areas 18 and 19. The receptive fields of the 
neurones within these areas were exclusively complex cells, 
further, a new class of cell known as the hypercomplex cell, 
was discovered. Within this hypercomplex grouping, both "higher 
order" and "lower order" cells were found. Area 18 contained 
predominantly complex cells, as does area 1 7 , plus a few 
hypercomplex cells, while area 1 8 , contains predominantly 
hypercomplex cells with a few complex cells. Hypercomplex 
cells show a size and orientation specificity and no response 
is achieved if a line of similar orientation is detected by an 
adjacent antagonistic region. If this occurs, then the 
hypercomplex cell behaves like two complex cells, one 
excitatory with its receptive field in the activating retinal



50

portion, the other inhibitory with its receptive field in the 
antagonistic portion. It was found that the majority of the 
neurones in areas 18 and 19, were binocularly driven, with a

• similar distribution of dominance for all three visual areas.

There is evidence that in the extrastriate cortical areas 
^ there are other retinotoftcmaps, each specialised for a specific

stimulus attribute. Zeki (1978), found in area cells with 
irregular receptive fields, which appeared to be specialised for 
the analysis of colour contrast, and in the superior temporal

♦ sulcus a map specialised for movement analysis (Zeki, 1974 a 
and b).

* It might be revealed that the two pathways seen in the
retina and L.G.N., embodied in the X- and Y-type cell classes, 
retain their separate identities in these regions to a degree 

i* not seen in the primary visual cortex. However, Levick (1980)
hypothesised that Y-type cells are confined to pre-cortical 
levels, and exist to regulate the X-cell activity in the cortex.

%

a
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^ Fig. 1.24 Penetration through the striate cortex about 1mm from
the border of areas 17 and 1 8 , near the occipital 
pole of the spider monkey. On the left are shown the 
orientation as the column is traversed. (Hubei and 
Wiesel, 1968).
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Chapter Two Psychophysical Techniques used in the Investigation
of Normal Human Visual Pathways.

2.1 Psychophysical Investigation in Normal Vision. PAGE 53
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2.1 . Psychophysical Investigation in Normal Vision
In the previous chapter the electrophysiological work was 

discussed. Two distinct channels were demonstrated, the X-type 
which was characterised by "sustained" firing for the duration 
of the presence of a stimulus and the Y-type characterised by 
"transient" firing to both stimulus ON or stimulus OFF.
Discussion will now be given to psychophysical experiments which 
demonstrate the activity of these two channels in human vision.

Kulikowski and Tolhurst (1973) measured sensitivity to 
temporally-modulated sinusoidal gratings and found that tvJo 
thresholds could be distinguished. These were the threshold 
of perceived flicker and that at which spatial structure was 
detectable. These two thresholds vary independently with 
temporal or spatial frequency,which indicates two independent 
systems. The one which detects flicker responds selectively 
to low and medium spatial frequency, the other,responsible for 
the discrimination of spatial structure;responds at medium and 
high spatial frequencies. Thus, flicker detection was mediated 
by a movement analyser, which gives transient responses, and 
spatial detection was mediated by a form analyser which yields 
sustained responses.

Breitmeyer and Julesz(1975) investigated contrast 
sensitivity to sinusoidal gratings of variable spatial 
frequency where the onset and offset of their 500ms 
presentation were either abrupt or gradual. When abrupt 
onset and offset is used contrast sensitivity at low spatial fre
quencies increases; no such change occurred with high spatial Preĉûo-c-ves
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, indicating that temporally transient stimulation is 
preferentially tuned for low spatial frequencies. Legge (1978) 
also found the same effects using a masking technique.

Harwerth et al (1980) demonstrated by psychophysical ex

periments on monkeys, functions similar to those found in human 
observers and the results were compaxeA with electrophysiological 
evidence for neurones with sustained and transient properties.

♦

*

*

m

Tolhurst (1975) used sub-threshold gratings exposed for a 

long duration, and then measured the sensitivity to short flashes 
of the same spatial frequency present during the sub-threshold 
flash presentation. In the sustained response, the sensitivity 

to the short flash increased after the onset and then remained 
until the flash finished. In the transient response however, 
the sensitivity increased at the onset but then dropped and 
remained further unaffected. Purely transient responses were 
obtained at a spatial frequency of 0.2 c/deg, but at 7.6 c/deg 
or above, the gratings appeared to be detected with sustained 
responses.

Tolhurst (1973) postulated the existence of two 
different channels for movement and form detection, the channel 
dependent on movement of an image having units possessing a 

low spatial frequency range of < 2  c a  and the form channel, 
independent of movement, with units generally tuned to 

spatial frequencies greater than 2 Cl carrying no temporal 
information. Further, he identified these two channel types with 
the electrophysiological classification of Y and X-type cells of
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the retina and L.G.N. (Enroth-Cugell and Robson, 1966), respectively.

In summary, it is generally found that two response channels
♦  exist. One having a spatial frequency response confined to the

lower end, peaking at about 1 c\° and being specialised for 

movement and flicker detection; the other responding to higher 

spatial frequency, with a peak at aboot 4 cl^and specific for 
pattern and form detection (Tolhurst, 1973, Kulikowski and 
King-Smith, 1973, Holliday and Ruddock, 1983 ). Most
agree that these two systems correspond to the X and Y-type

♦
classifications respectively.

Some researchers have demonstrated narrow bandwidth 

spatial frequency channels which gave rise to the hypothesis 
that the visual system performs a Fourier analysis of a visual 
scene^ Howe/er, recordings from single units can be obtained 
with non-periodic stimuli at all levels of the visual pathway. 

Burton, Ma^hineh and Ruddock (1977) provided evidence that 
the positive and negative contrast components of a grating are 
processed independently, which is contrary to the spatial 
frequency model. Further, the results of Campbell and Robson 
(1968) and Sachs, Nachmias and Robson (1971), which compared 
the contrast thresholds for square, sinusoidal and composite 
gratings and gave evidence for the Fourier theory, can be 
explained by observed receptive field properties (Legendy, 

1975).

2.2. Two Spatio-temporal Filters in Normal Vision
Recently, two different spatio-temporal filters have 

been identified in normal observers and the bulk of the



present study is concerned with the measurement of these filter 
functions in amblyopia and albinism. Details of these 
experimental methods and results will be given later in the 
text, but the methods developed by Barbur and Ruddock (1980) 
and Holliday (19B2) (see also Ruddock 19̂ 2) are described 
briefly here.

2.2.1. Spatio-temporal Filter Type 1
Barbur and Ruddock (1980) described a spatial response 

known initially as the I.M.G. function, which stands for 
Interaction between Motion perception and background Grating.
This function has more recently been called ST spatial 
response and is associated with a visual spatio-temporal filter, 
type 1. In this thesis the underlying mechanism will be called 
the ST filter. In their experiments a circular target moved at 
constant velocity across a spatially modulated background 
grating of square waveform with bar width d, giving a funda
mental spatial frequency fs = The subject adjusted the
illumination of the circular target, I , in order to obtain 
threshold illumination for its detection. I was measured as aU
function of the background grating periodicity fs, and 
measurements were made for a number of different mean 
illumination levels of the background gratings. It was found 
that for constant mean background illumination the threshold 
detection illumination, 1̂., varies with the background 
periodicity, fs (Fig. 2.1.). Two characteristic response 
curves were observed; for mean background illumination below 
2 .01og trolands, the response curve peaks at fs equal to 4 to 
5 cycles deg ^, whereas at higher background illuminations it 
peaks at 8 to 10 cycles deg"1. Thus there appear to be two



57

spatial response functions, one of which mediates detection at low 

(<2.01og trolands) illuminations levels , the other at high (>2.01og 
trolands) illumination levels. This response is essentially 
independent of stimulus parameters such as target size and velocity 
and importantly, the orientation of the background grating. For 

viewing at a non-foveal location, 30deg. off-axis, there is a shift 
to lower spatial frequencies in the response, with peak values of 
1 to 2 cycles/deg for low illumination levels and up to 4 cycle/deg 

at higher illumination levels. The spatial distribution 
associated with these responses is circularly symmetric, with 
centre and surround regions of opposite response polarity, thus it 
is similar in form to the receptive fields of retinal ganglion 

cells (Fig. 2.2a and b). (Barbun^computer receptive field for 
foveal and 30° off axis).

Barbur, Holliday and Ruddock (1981) measured the 
temporal frequency response of the STI filter and found that it is 
low-pass in nature, with bandwidth which increases as the mean 
illumination increases (Fig. 2.3).
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Fig. A.*"l The spatial responses obtained with a target 
moving over an unmodulated grating. (The IMG response) Two 
response types are found: a)one peaking at -5c/o for 
background field illuminations, 1^,below some 2.0 log 
Trolands; b)one peaking at =8 c/o for 1^ above 2.5 log 
Trolands. The figure shows both response types. In each case 
target threshold illumination, log It, is plotted against 
the fundamental spatial frequency of the background. The 
target was a 3.5° diameter white circle moving at 15°/S 
horizontally over the central 8° of a 17° diameter circular 
vertically oriented 90% contrast background grating. The 
background field illuminations used were a) 1.4 log Trolands 
(circles) b)3.4 log Trolands (triangles). Results for 
subjects JB (full symbols) and V W (open symbols). Mean 
standard deviation=0.03 log units (•jrom iciSo )
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Fig. 2.2a Computed point spread functions for the mean background 
light level. ST1 spatial response mechanism at 1.4 log 
trolands. The X-Y plane is the spatial extent of the 
filter and the Z-co-ordinate is the sensitivity of the 
filter. The overall shape is of a sharply peaked central 
lobe surrounded by a shallow negative trough.
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Fig. 2.2b Computed point spread function for the ST1 spatial
response mechanisms at 3-^ log trolands mean background 
illumination level. The X-Y plane is the spatial 
extent of the filter and the Z-co-ordinate is the 
sensitivity of the filter. The overall shape is of a 
sharply peaked central lobe surrounded by a shallow 
negative trough.
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Fig.3L»2> Temporal response of the IMG response. Target 
threshold is plotted against the background modulation 
frequency for a circular test presented flashed stationary 
in the centre of two 17° diameter circular 4.3 c/° square 
waveform gratings in spatial and temporal anti-phase (fig 
2.16.For subject IEH t) the test was 1.4° in diameter and 
was red (600nm). The background was broad band red light 
from two l.e.d's driven by the counterphase modulator 
(sec.2.3.7). For subject PS® the test was 1.4°in diameter 
and was white. The background was also white, th e 
modulation being provided by a sectored disc driven by a 
servo-motor chopping beams 2 and 3 (fig 2.1b) in antiphase. 
For both subjects the mean background field illumination was 
1.7 log Trolands, and the test presentation was irvpv ls/3s 
cycle. Mean standard deviation =0.05 log units.
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Fig. 2.4. The background field consists of alternate steady 
and flickering bars of equal bar width. The mean 
illumination level of the modulated bar is equal 
to the luminance of the unmodulated bar, that is 
2.7 log trolands.

♦

2.2.2. A Second Spatio-Temporal Filter, ST2

In addition to the ST1 filter characteristics 
described in the previous section a second set of filter 
characteristics attributed to the so-called ST2 filter, were 

revealed (Holliday and Ruddock, 1983 and Ruddock 1983). The 
experimental method used was similar to that applied in the 

case of the ST1 filter, namely threshold illumination I , for 
detection of a circular target moving across a modulated background 
fteVA The different filter characteristics were
revealed by choosing different background field

sVuxcWsS (see Chapter 4, section 2.3. for details). The ST2 
spatial response was found by measuring I as a function of the

v
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periodicity, f , of a background grating, constructed of alternate 

steady and flickering bars (Fig. 2.4.). The mean illumination of 
the steady and flickering bars was the same, so this background 
field provides spatial modulation which depends on the (transient) 
flicker of alternate grating bars. The spatial response obtained 
is shown in Fig. 2.5. and as is clear, it differs from the ST1 

spatial response in that it peaks at 1 cycle/deg. and it does not 
change as the background illumination increases to 2.7 log 

Trolands. The parametric properties of this response can be 
summarised as follows:- it is invariant under change in 
orientation of the background grating and for eccentric fixation 
of the target less than 30° off axis along the horizontal meridian. 
It is also independent of target size for circular targets of 
diameter greater than 1 degree diameter and for target velocities 
greater than 5 deg./sec.-1. For targets of lower velocities and 
smaller diameter, however, the response peak shifts to 4 cycles/ 
deg. 1 and the curve becomes similar to the ST1 spatial response.

*

The temporal response corresponding to the low-frequency 
ST2 spatial response can be determined by using a fixed spatial 
frequency for the background grating and finding threshold 
detection illumination, , as a function of the temporal 
frequency, f , of the flickering bars. In practice, however, 
similar results can be obtained, more readily, by using a 
spatially uniform, flickering background field. Results obtained 
in this way are shown in Fig. 2.6., and it can be seen that the 

temporal response is bandpass in nature quite different from the 
lowpass response found for the ST1 filter (Barbur, Holliday and 
Ruddock, 1981). Further, as the background illumination
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increases, both the frequency,^, for peak response and the cut-off 
frequency increase, in a manner similar to that observed in 
measurements of critical fusion frequency (de Lange, 1958) The 
other important parametric properties of this temporal response 
are that its amplitude increases rapidly as the modulation depth 
of the flickering bars increases to 25% but then saturates, and as 

the target velocity falls to 1 cycle/deg. or less, the response 
disappears. As in the case of the ST2 spatial response, the 
temporal response is essentially invarient for measurements 

up to 30 deg. eccentricity in the horizontal meridian and for 
circular targets of diameter greater than about 1 deg.

*
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Fig. 2.5. The ST2 spatial response curve is shown. Illumination 
1̂ ., for detection of the moving target is plotted 
against the spatial frequency, f , of the background 
grating. The target was a 1.5 deg.^diameter white 
light spot, moving at 15 deg./sec." along the 
horizontal meridian. The background consisted of 
alternate steady and flickering bars of equal width, 
forming a vertically orientated background grating 
of fundamental spatial frequency, f , See Fig. 2.4.
The background field was of mean illumination level 
2.7 log trolands, and the alternate flickering bars 
were 100% modulated at 20Hz around this average value.
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target threshold illumination (log I ) is plotted 
against background field modulation frequency for a 
1.4 target moving horizontally at 15 /s across the 
central 8 of a 17 diameter, spatially uniform 25% 
modulated flickering background field, for 8 values of I 
which are shown in units of log Trolands to the right 
of each curve. For clarity, the different sets of data 
have been shifted arbitarily along the log I axis. 
Transfoveal presentation.* OBSERVER IEH. Mean standard 
deviation = 0.05 log units.
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2.2.3. The Organisation of Two Spatio-Temporal Filters
The experiments reviewed in the previous Sections 2.2.1 

and 2.2.2, provide spatial and temporal response data for 
two filters which contribute to the detection of moving targets.
The first, ST1, has bandpass spatial response with relatively 

high frequency peaks at 4 cycles/deg. or 8 cycles/deg. 
depending on whether average background illumination is below or 

above 2.0 log trolands respectively, and has lowpass temporal 
response, the bandwidth of which increases with i>N,cre<u-fc >►* 
background illumination. The second filter, ST2, has passband 

spatial response with relatively low frequency peak at 1 cycle/deg. 
and passband temporal response, the peak frequency A \^ \s> csA .

to Wynnes -a.s. background illumination increases.
These two filters have been modelled by a two-stage network 

(Holliday, 1982, Ruddock, 1983; Holliday and Ruddock, 1983) 
in which the ST1 filter preceeds and provides the input to the 
ST2 filter (Fig. 2.7a and b). Two spatially distinct ST1 
filters connect with each ST2 filter, where their inputs are 
subtracted algebraically to provide the ST2 output. In order to 

predict the temporal response of the ST2 filter a delay, Y , is 
introduced between the two ST1 inputs to ST2, and by choosing 
'Y in the range 100mSec. for very low illumination levels, rising 
to 20mSec. for high levels, the experimental data is accurately 
predicted. The spatial responses of the two filters are 

considered to be independent of each other, with the finely 
tuned ST1 responses summed at the input stage of the ST2 filter 
to give its coarser spatial response
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The two filters revealed by the background modulation method 
provide finely tuned spatial responses, combined with a sustained 

temporal response (filter ST1) and a coarser spatial response com - 
bined with a transient temporal response (filter ST2). The 
existence of two parallel pathways possessing this general type of 
response characteristic has been suggested by other psychophysical 
data (see Table 2.1.), but previously, no precise data for the 

response characteristics of the two filters has been given.
Reference has already been made to the properties of the X- and 
Y-type ganglion cells, with sustained and transient temporal 
responses respectively (Chapter 2 Section2-l ). In the 
case of the macaque retina the X-type receptive fields are small, 

with centres of diameter 0.04 to 0.09 degrees for cells with red or 
green cone driven receptive field centres, and of diameter 0.16 deg. 

for those with less frequent blue cone driven centres. These values 
are constant for retinal eccentricities up to 20 degrees. The Y-type 

cells have larger receptive fields, those with colour opponent 
responses increase from about 0.9 degrees diameter at the fovea to 
o.24 degrees diameter at an eccentricity of 10 degrees. Y-type 
responses decay more rapidly than X-type and exhibit conspicuous "on" 
and "off" transients, while X-type have very few transients, (t>e 
Correspondingly, the ST1 filter possesses sustained (low-pass) 
temporal responses and have small receptive field centres of 0.04 to 
0.08 degrees diameter (Barbur and Ruddock, 1980a). The ST2 

filter appears to correlate with the Y-type mechanisms as they 
respond to transient stimuli and have larger receptive fields 

as indicated by the lower spatial frequency responses of the
ST2 filter.
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effect for spatial freq
uencies above 4 c\. .
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above 4 c\° . Low pass 
temporal response.
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Cut-off at 16 H z .

Spatial response peak at 
5 c\° low pass temporal 
response.
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response. Peak 
shift with back
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an illumination.

Increased thresholds 
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with 5Hz flicker.

Bandpass temporal 
response for low 
sptial frequencies 
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Bandpass mechanism 
for large spots.
Non-linear dependence 
on contrast (motion 
after effect .

Spatial 1 .5 cN? peak. 
Temporal bandpass 
response.
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The recent work of Barbur and Ruddock, (1980), Barbur, 

Holliday and Ruddock, (1981), and Holliday and Ruddock, (1983) 
has provided new psychological techniques which can be applied
in the study of visual defects. In general, visual defects which 
change visual spatial resolution change the ST1 filter. Recent 
electrophysiological findings in cats with surgically induced 

squints show that there is a deficit in the X-cells spatial 
response while the Y-cells show little change, thus it was 
decided to use the techniques reviewed in this section to assess 

the changes in psychophysical filters corresponding to the 
electrophysiological X- and Y-systems in human amblyopic 
subjects.

*

#

#
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Fig. 2.7. a) The model network proposed for linking the ST1 and
ST2 psychophysically determined filter mechanisms. The 

* small rectangles enclosing the symbols ST1 and ST2
represent individual filter mechanisms. These filters are 
in two rows, and the full vertical single arrowed lines 
show the signal direction is from the ST1 filters down
wards. The ST2 filters have horizontal linkages to the 
ST1 filter outputs and these perform a subtraction 
operation, their outputs being labelled with double arrows. 
Below the rows of ST1 and ST2 filters the general form of 
their temporal (R(f )) and spatial (R(v )) responses are 
shown, the position of the dotted boxes and the sign 
indicating such responses obtain for each individual 
mechanism. \Ao\Vvtav) .
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Fig. 2.7 b) The detailed operation of the ST2 filter mechanism.
The ST2 filters perform a subtraction operation on 
two ST1 outputs, one of which is subject to a time 
delay - f -  The input/output relationship is shown 
explicitly on the f igure; CAVfe.r WoVVid.̂  fcuMpdc
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poorer than normal resolving power. There are many causes of 
such a loss of resolution but in this study we confine ourselves 
to the functional amblyopia. A definition given by Lyle and 
Wybar (1962) is, "A condition of diminished visual form which is 
not associated with any structural abnormality or disease of 
the media, fundi or visual pathways, and which is not overcome 
by correction of any refractive error." Adaptations to the 
presence of a squint are variable between subjects. A 
manifest squint which is present from birth results in a failure 
of development of the normal binocular reflexes so that the 
adaptations which occur are different from those which take 
place when a squint arises in a young child whose binocular 
system is partly or fully established; in such a child active 
suppression must result to prevent diplopia. This process 
of suppression, is the result of a cerebral inhibition designed 
to give complete dominance to the non-deviant eye. There are 
two main types of inhibition', faculative and obligatory, the 
latter type often being followed by an eccentric fixation (use 
of a non-foveal point for both monocular and binocular fixation). 
Faculative inhibition occurs in the squinting eye only during 
the time when it is squinting and disappears when the eye takes 
up fixation, and thus it does not result in a permanent loss of 
vision. Obligatory inhibition, occurs in the squinting eye 
whether it is fixating or not and occurs commonly in uniocular 
convergent squints. r&cx>l-a>tw<2 inhibition is generally a 
sequel of the inhibitory type.

3.1. Amblyopia

Amblyopia is the term to ce.cta.wi. co-aA vVtvoas \e2Avy\cytb
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Eccentric fixation is the term applied to an alteration 
which may occur in the fixation of the squinting eye following 
the development of an obligatory inhibition,and is normally 
preceded by a condition known as abnormal retinal correspondence 
(A.R.C.). It is a sensory adaptation which eliminates diplopia 
and confusion by reorientation of the image of the squinting eye 
relative to the non-squinting eye, a phenomenon dependent on an 
altered sensoral relationship between the two eyes. Thus the 
point on the retina which receives the same input in the 
squinting eye as the fovea of the normal eye, correspond with 
each other under binocular conditions. This gives, in some cases, 
a rudimentary binocular vision and eliminates diplopia and 
confusion. However, the anomalous "fovea" of the squinting eye 
is only used under binocular conditions, the normal fovea 
being used under monocular conditions. If the abnormal retinal 
correspondence (A.R.C.), is not eliminated it will eventually 
progress to eccentric fixation and under this condition, the 
"false fovea" is also used under monocular viewing conditions, 
hence both abnormal retinal correspondence and eccentric 
fixation are forms of sensory retinal reorganisation.

3.1.1. Theories concerning Amblyopia, Eccentric Fixation
and Motor Anomalies
Over the years many theories have been put forward in 

an attempt to explain the subnormal level of visual acuity 
found in amblyopic eyes, whether of strabismic or anisometropic 
(unequal refractive errors in each eye) origin. The classical 
sensory theory developed by Worth (1903) and ChavaSSfc (1939) 
states that amblyopia is a loss of central visual acuity which
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is the result of suppression of a deviating eye in strabismus, or 
due to a blurred image in anisometropia, see Fig. 3.1.. Eccentric 
fixation is often found in amblyopic eyes and was believed by 
Worth (1903) to occur where the central loss is so great that 
foveal acuity is less than that of the surrounding area. The 
amblyopic eye then fixates at a more sensitive site to enhance 
visual resolution. The classical theory is supported by the work 
of Shapero (1971) who argues that the reduction of central acuity 
can be attributed to relatively long-standing suppression, 
inhibition, disuse or non-Vaseof the central impulses from one 
eye. Impulses arriving at the visual cortex from the foveal 
area of the amblyopic eye provide information which is either 
in conflict with, or inferior to, the information from the normal 
eye. The cortical response to such bilateral input is to respond 
only to the impulses from the normal eye, suppressing those from 
the other.

An alternative theory is the motor theory, in which acuity 
is related directly to the eccentric part used. Weymouth (1958) 
found that in nine eccentrically fixating strabismics the acuity was 
analogous to the peripheral acuity at the same distance from the 
fovea in untrained normal observers. Flom and Weymouth (1961) 
thought that at least some amblyopias could be the result of 
eccentric fixation - a motor anomaly - without resorting to an 
inhibition of acuity. Mallet (1969) argues that the vast majority 
of strabismic amblyopes have some degree of eccentric fixation, 
and that the amount of eccentricity is predictable from their 
acuity with some accuracy. Hess (1977) compared ten strabismic 
amblyopes' acuity at their eccentric fixation position with that
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of normal subjects viewing eccentrically. Both the Llandolt C and 
gratings,were used to assess acuity. Hess found two types of amblyopia; 
in some he found that the acuity was predictable by the region used 

t for fixation, whereas the remainder showed a further reduction in
acuity beyond that expected at the retinal locus used for 
fixation. Kirshen and Flom (1978), measured the acuity in 
eccentrically fixating subjects across the retina. Acuities were 
determined at various eccentricities in the visual field. In all 
cases they showed that maximum acuity was at the fovea and not at 
the eccentric point. They also noted a uniform drop in acuity

•> both nasally and temporally on leaving the fovea. They 
concluded that the acuity loss exhibited by the amblyopic eyes 
have a sensory (inhibition) component and a motor (retinal-locus)

«. component, the sensory component being greater for small degrees
of eccentric fixation, while a motor component was greater for 
large amounts of eccentric fixation.

♦

♦
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Fig. 3.1. Chavasse’s notation of acuity in an amblyopic 
eye. Upper curve shows acuity in the normal 
eye. The lower curves show the results of 
different degrees of central retinal 
inhibition in amblyopic eyes. (After Chavasse, 
1939) .

*

*

3.2. Electrophysiological Studies on Amblyopia
In recent years many researchers have investigated various

stages along the visual pathways by microelectrode recordings, anA a 
/brief resume of some of their work follows.

3.2.1. Electrophysiology of the Amblyopic Retina
Acuity in amblyopia is largely related to the foveal 

region. In cats, Ikeda and Wright (1974b) found that small sustained 
neurones predominate in or near the area centralis* , the larger 
transient neurones being found mainly in the peripheral retina.



The sustained cell has a well defined inhibitory surround where the

cell becomes more sensitive to stimulus "off" than to "on". Beyond 
this inhibitory surround is a region known as "disinhibitory" 
where the cell becomes again sensitive to stimulus "on". These 
properties give a capacity for fine spatial discrimination, thus 
allowing high visual acuity. Transient cells have a lower 
sensitivity at the receptive field centre than sustained cells, the 
sensitivity gradient is shallow and never drops to zero or 
exhibits a distinctive surround region. Peripheral transient 
cells, therefore, have large receptive field centres and weak 
surrounds so they have poor spatial discrimination. In contrast, 
they are very sensitive to largethigh-contrast flickering targets.

Ikeda and Wright (1974b, 1975) investigated the effects 
of defocus on both X and Y ganglion cells,^see Fig. 3.2.}. As can 
be seen, the Y-cells under defocussed conditions act as light- 
catching devices, the activity of the field edges becoming 
greater than in the focussed condition. The receptive field of 
the X-cells on the other hand, does not expand, but retains its 
symmetrical response profile to the point where response fails; 
this is when light was defocussed dioptrically to a value 
greater than 8 dioptres, High visual acuity is therefore 
dependent on sustained retinal ganglion cells in the foveal area, 
which require a sharply-focussed, small, temporally-stable 
object for optimum stimulation.

Ikeda and Wright (1972a^examined the relationship between 
refractive error and the spread of the image on the cat’s retina. 
Having measured the retinal image under different blurred



conditions they confirmed that the changes noted in different 
ganglion cell behaviour cannot be due to optical differences 
between the central and peripheral retina, but arise from 
differences in the receptive field organisation of central and 
peripheral ganglion cells.

Abnormal visual experience during the sensitive period 
of development produces physiological abnormalities in the visual 
system. (Wiesel and Hubei, 1963; Blakemore and Cooper, 1970).
Wiesel and Hubei (1963)  proposed that a neural connection must 
receive adequate stimulation during the sensitive period in 
order to remain effective Ikeda and Wright (197^b) have suggested 
amblyopia may be the result of lack of adequate foveal stimulation 
during the sensitive period of development and that functional de
generation in the sustained pathways could therefore occur at the 
retinal ganglion cell level. Ikeda and Wright, 1976,  Ikeda et a l ,1 9 7 8  

& Ikeda and Tremain 1979,  showed that regardless of the type of 
squint, the number of binocularly driven cortical cells is reduced, 
while loss of visual acuity only occurs in mono-fixational 
strabismus. Hubei and Wiesel (1965)  used cats reared with 
surgically produced divergence but found no amblyopia, only loss 
of binocularly driven cortical cells. Blakemore and Eggers (1977)  

found the same results with convergent squiftters, but in both of 
these studies alternating strabismus was produced. Ikeda and 
Tremain (1979)  argue that the surgical technique used in the other 
studies tended to produce alternation, so in their study on eleven 
cats, they used their own method to produce convergent strabismus, 
which involves removing the lateral rectus and the superior 
oblique muscles and all the connective tissue from the lateral side 
of the eyeball. A further two cats had convergent squint produced
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by removal of the lateral rectus muscle only and the connective 
tissue, and one cat was raised with a divergent squint produced 
by removing the medial rectus. The results of the different 
surgical procedures were as follows: cats with oblique and
rectus muscle plus connective tissue removed produced large angle 
squints with a degree of hypertropia; those with rectus muscle removal 
only, generally had a smaller angle squint but no vertical tropia; 
all these cats had amblyopia and a reduction of binocularly driven 
cortical cells. The one cat with lateral rectus disinsertion and 
also the divergent squinter proved to be alternators and were not 
amblyopiCjbut did show a reduction of binocularly driven cells.

The spatial resolution of a cell was determined by the
# sinusoidal grating with the highest frequency to which the cell

gave a modulated response to grating movement ( Ikeda and Tremainj 1979) 

Recordings were taken from four of the cats, including one control 
cat, the two alternators, and one of the monofixational 
convergent squinters. The results are shown in Fig. 3-3- and as 
can be seen^only the monofixational squinter shows amblyopia.
The resolving power of the amblyopic eye was poorer, with a mean

^ o o1.4c/ , the normal eye averaging at about 4.5c/ . The other
three cats showed mean peaks for both eyes at around 4.5c/°.
Transient cells 2° from the area centralis were examined (Y-cells);

♦ these cells have very little spontaneous activity and their 
responses decreased for gratings of higher spatial frequencies.
The resolving power from the normal eye was about 2c/° whereas 
in the amblyopic eye it was about 1.5c/°. Fig. 3-4. shows the 
spatial resolution of 71 X-cells from normal eyes and 83 from
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amblyopic eyes. The lower graph shows the spatial resolution 
of 47 Y-cells from normal eyes and 44 from amblyopic eyes, these 
data being plotted against retinal eccentricity. The acuity of 
the sustained retinal ganglion cells of normal eyes resembles 
that of sustained L.G.N. cells of normal eyes (Ikeda and 
Wright, 1976; Ikeda and Tremain, 1978b). It was found that, 
strabismus has no effect on the acuity of peripheral cells 
beyond 10° of the area centralis. A minor degree of amblyopia 
is found in transient cells of the L.G.N.. (Ikeda and Wright, 
1976).

*

♦

Figs. 3-5. and 3.6. show the contrast sensitivity curves 
for "sustained" and "transient" cells of a normal control cat 
and of a monofixational squinter respectively. The sustained 
responses of the amblyopic eye is generally reduced in amplitude 
and shows a particularly noticeable high spatial frequency cut off. 
The transient cell for the amblyopic eye shows a slight general 
reduction for all frequencies. The receptive field sensitivity 
gradient of both sustained and transient retinal ganglion cells 
in the area centralis of a normal eye and of an amblyopic eye are 
shown in Fig. 3-7- The centre-surround responses in amblyopia 
are less pronounced, particularly in sustained cells, the effect 
being less marked for transient cells.

The work of Ikeda and co-workers has therefore provided 
evidence for changes in retinal ganglion cells in amblyopic eyes. 
The X-cells, as has been seen are predominantly affected.
Additional evidence for Ikeda's work on retinal ganglion cells has 
been provided by Chino, Shansky and Hamasaki, 1980.



In a recent study (Cleland et al, 1982) the findings of 
Ikeda et al and Chino et al, 1980, were not confirmed. Although 
the cats were behaviourally amblyopic, recordings from retinal 
ganglion cells were said to be normal, but, in a poster 
presented by these authors at the Fifth European Conference on 
Visual Perception they state that the acuities of brisk- 
sustained, X-type, ganglion cells were slightly lower than 
normal for cats with convergent strabismus caused by removal of 
the muscle bodies of the lateral rectus and superior oblique 
muscles, a technique similar to that used by Ikeda and co-workers. 
Yino-> et al, (1976), found that even when three extra-ocular 
muscles are sectioned a few cats ended up with almost straight 
eyes and tended^therefore, to alternate. It was thought that 
sectioned muscles might have grown back}as was found by 
WickeJgren-Gordon,(1972), in cats operated on to induce strabismus. 
Further evidence for sectioning causing low angle strabismus 
with a tendency for alternating fixation was given by Ikeda and 
Tremain, 1979, when they reproduced the sectioning techniques 
of Hubei and Wiesel, 1965, and Blakeraore and Eggers, 1977, and 
produced alternating strabismus. Cleland et al, 1982, also found 
a distinction between the two different surgical techniques when 
examining the response of the L.G.N.. Thus, when the whole muscle 
is removed - myectomy - a reduced soma size in the laminae of the 
nucleus receiving input from the strabismic eye is noticed, 
whereas the sectioning technique,̂ tenotomy-gave little measureable 
changes in the soma size. Hence, their results differ from those 
of Ikeda and co-workers, but they used a different surgical 
technique, one which has already been shown to be ineffectual in 
producing monofixational strabismic cats. (Yinon et al, 1976>
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and Wickelgren-Gordon 1972). The absence of changes in X-cell 
recordings would be easily explained if their cats were 
alternators, but such animals would not show behavioural 
amblyopia as the VA of the two eyes would only differ very 
slightly if at all.

4

4'

*

♦

♦ Fig. 3-2 Effect of defocusing on transient cell
response and sustained cell responses. 
(Ikeda and Wright (1974b).)
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Fig. 3*3 Spatial resolution of sustained retinal 
ganglion cells in the area centralis 
of each eye of four cats. Spatial 
resolution is the highest spatial 
frequency of a sinusoidal grating 2 
(contrast 0.4 mean luminance, 10cd/m , 
drift speed 1Hz). (Ikeda and Tremain, 
1979).
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Visual acuity of Retinal Ganglion Cells 
at Different Distances from Area 
Centralis (AC).
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Fig. 3.̂  Plots of spatial resolution of sustained and transient 
retinal ganglion cells against retinal eccentricity, 
for cells in the normal and squinting eye of the cats 
left convergent squint without alternating fixation. 
(Ikeda and Tremain, 1979).
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C O N TR A ST S E N S IT IV IT Y  CU RVED

*

Fig. 3.5 Comparison of contrast sensitivity curves obtained from 
two sustained cells in the area centralis of the left 
and right eyes of a control cat (A), and from two 
transient cells near the area centralis of the left and 
right eyes of the same cat. The curves were constructed 
by measurements of threshold contrast (the weakest 
contrast <̂f a sinusoidal grating with mean luminance 
of 10cd/m ) to which the cell gave just discernable 
modulation of firing in post stimulus histograms (16 
stimulation cycles). The relative log contrast 
sensitivity is the reciprocal of the threshold contrast. 
Note the similarity of thQ two curves in A and B. (After 
Ikeda and Tremain, 1979).

*
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CONTRAST SENSITIVITY CURVES.

#■ Spatial frequency c/° Spatial frequency c/°

Fig. 3.6 Comparison of contrast sensitivity curves obtained from 
two sustained cells in the area centralis of the normal 
and the squinting eye of a cat (Cat Is) with a left 
convergent squint without alternating fixation (A) and 

% that of the curves obtained from two transient cells
near the area centralis of each eye of the same cat (B). 
The stimulus conditions were exactly the same as those 
used for the cells from the control cat illustrated 
in the previous Figure. Note that the curve for the 
sustained cell from the squinting eye in A and that for 
the transient cell from the squinting eye in B are 

♦ displaced to the left and downwards compared with the
curves for the cells from the normal eye. (After Ikeda 
and Tremain, 1979).

eyeM
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HP SENSITIVITY GRADIENT

Fig. 3.7 Receptive field sensitivity gradient of sustained 
retinal ganglion cell in the area centralis of the 
squinting eye compared with that of a sustained cell 

^ of the area centralis of the normal eye obtained
from a cat (Is) with convergent squint without 
alternating fixation. The sensitivity values are the 
reciprocals of threshold contrast of a single bar 
generated at different positions along the radius of 
the receptive field. The bar stimulus was 0.2 in 
size and was changed from Jight to dark above and below 

# the mean luminance (10cd/m ) of background, at the rate
of 1Hz. Centre response indicates response of the cells 
to the "on" of the light phase of the bar and surround 
response, to the "on" of the dark phase of the bar.
Note that the sensitivity profile of the receptive field 
of the normal eye cell shows a steep sensitivity 
gradient and widely spread centre and surround. B 
Comparison of the sensitivity gradients of the receptive 
fields of two transient cells near the area centralis of 
the normal and the squinting eye of the same cat (Is). 
(After Ikeda and Tremain, 1979).



3.2.2. Electrophysiology of the L.G.N.

Ikeda et al (1978 ) studied the spatial resolution of
L.G.N. neurones in cats raised with strabismus surgically 
induced at different ages from 3 weeks to 16 weeks. The earliest 
point of the sensitive period of development in kittens has been 
shown to be at 3 weeks of age, (Hubei and Wiesel, 1970;
Blakemore, 197̂ ), hence the choice of 3 weeks for the earliest 
operation to be performed. Yinon (1976) in his work on cortical 
cells, also showed that age of onset of strabismus was important.

Recordings from the cat’s L.G.N. for normal and squinting 
eyes at a series of ages are shown here in Fig. 3«8^with the 
mean of the data plotted against age in Fig. 3-9 and the best J-'vWeA 
line oir reĉ rê ijOr* \e> .

Fig. 3*10 is a plot of the relative spatial resolution 
of "sustained" cells driven by the area centralis against age 
at which squint was induced and the broken lines represent data 
taken from Ikeda and Tremain (1978 a). Fig. 3*11 compares the 
contrast sensitivity curves of "sustained" L.G.N. cells driven by 
the area centralis of the normal and amblyopic eyes of these 
cats, with the similar curves obtained from untreated normal cats.

Ikeda et al (1978 ) found close agreement between the
sensitivity curve of cells driven by the squinting eye of the 
young adult, with that of normal cats whose true age corresponds 
with the age at which a squint was induced. Comparison of the 
data from the squinting eye of young adult cats, whose squint was
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m

m

m

♦

♦

m

induced at 3 weeks of age, with those of a normal 3-week old kitten, 
revealed some sign of low cut in the sensitivity curve of the 
squinting eye. It is suggested that this low spatial frequency 
loss in contrast sensitivity indicates the presence of an 
inhibiting surround in the receptive field. So, despite the 
squint;some inhibitory surround development occurs after 3 weeks 
of age, although high spatial frequency sensitivity does not 
develop in these early onset squints. In general, the contrast 
sensitivity curve of a "sustained" cell from a squinting eye 
has a lower spatial frequency peak, and exhibits a gross loss of 
sensitivity to higher spatial frequencies. Ikeda also found 
that both retinal ganglion cells and L.G.N. cells showed severe 
loss in and around the area centralis.

9

o_c«s>0)

3"
C<D
Dcr • <u

o
oa(/)

Fig. 3.8. Spatial resolution of "sustained" L.G.N. cells
receiving inputs from the area centralis of normal 
eyes and amblyDpic eye. (Ikeda et al, 1978' ).



R
el

at
iv

e 
S

p
at

ia
l 

R
es

o
lu

ti
o

n
 

S
R

a
ti

a
l 

f"
K

«u
en

cV
 

th
re

sh
ol

d
 

C/
'

92

~ 0 -  N orm al

ig. 3-9. Mean highest spatial frequency of "sustained" cells as in 
Fig. 3-8. (Ikeda et al 1978 ).

So

Ase(w«eks )

Fig. 3-10. The relative spatial resolution of "sustained" cellsdriven by the area centralis of the squinting eye as a function of age of squint production.TYvsdashed line is 
the normal development curve of spatial resolution of 
"sustained" L.G.N. cells(from Ikeda and Tremain 1978a 
and Ikeda et al 1978 ).
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C o n t r a a t  S e n s i t i v i t y  C u r v e s ^

Fig. 3.11. Comparisons of contrast sensitivity curves of "sustained" 
L.G.N. cells driven from the area centralis of the 
normal eye and the squinting eye of young adult cats 
and those of "sustained" L.G.N. cells driven by the area 
centralis of normal kittens. A, compares curves for 
cells driven by the normal eye and the squinting eye 
of a young adult cat whose squint was produced at 
3 weeks of age and a cell from a three week old normal 
kitten. B, compares curves for a cell driven by the 
squinting eye of a young adult cat whose squint was 
produced at 8 weeks of age, with cells from the normal 

# eye of kittens of different ages (7 , 10 and 28 weeks).
The relative log contrast sensitivity is the reciprocal 
of the threshold contrast of a sinusoidal grating 
(mean luminance, 10cd/m, drift speed, 1Hz) determined 
in post stimulus histograms (16 stimulation cycles) show
ing just discernable modulation of firing. (Ikeda et al 
1978 ).
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3.2.2.1 Histological Studies on the L.G.N. in Ambl/cpic Cats 
Ikeda et al (1977)> found on histological

examination of the L.G.N. that there was a reduced soma size of 
# the layers receiving inputs from the amblyopic eye. These

findings were also found by Cleland et al, (poster for ECVP) in 
cats which were myectomised, although they did not find any changes 
in somal dimensions in tenotomised cats.

♦

*

3.2.3. Electrophysiological Investigation of the Visual Cortex 
Yinon et al (1976) recorded from neurones in the visual 

cortex of cats raised with divergent and convergent squint.
Their results showed that in five normal cats 70.7% of the 
neurones responded to binocular stimulation. They studied 
twelve cats with convergent squints and four divergent squints; 
27.2% of neurones responded binocularly in the convergent cats 
and 63.6% in divergent cats. Furthermore, 65.2% of the monocular 
neurones were found to react through the normal eye the 
remainder through the strabismic eye. Their results show very 
little difference in the recordings of monocularly driven 
neurones in normal eyes and those studied with divergent 
strabismus.

Wiesel and Hubei ( 1963)} working on kittens with one 
# eye deprived of visual stimulus from birth for two or more

months, found that only 1% of cortical cells were driven binocu
larly, whereas in normal eyes, 80% of cells in the striate cortex 
are driven binocularly. The cortical cells of the very young, 
visually inexperienced kittens had previously been found to be 
normal and it appears, therefore, that disruption of connections 
present at birth subsequently occurs. They suggested that the
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abnormality was in the region of the synapse between the axon 
terminals of geniculate cells and the cortical cells on which 
these terminals end. Eggers and Blakemore (1978), recording 
from the visual cortex of kittens which received their only 
visual experience whilst wearing goggles containing a high- 
power lens before one eye, thereby creating a defocus effect, 
found that most neurones are dominated by input from the 
normal eye, with X-cell type units receiving inputs from the 
ambyopic eye having poorer resolving power and contrast 
sensitivity.

A study on kittens following lid suture was carried 
out by Tsumodo and Suda (19 ”IS), who found that almost all 
neurones in the visual cortex became unresponsive to visual 
stimuli presented to the deprived eye. Investigations had 
shown that if the normal eye were removed after the critical period 
of development, the deprived eye was capable of some recovery 
particularly after the application of bicuculline, an antagonist 
of GABA-mediated inhibition in the visual cortex. This 
suggests that some excitatory connections from the geniculo-cortical 
afferents of the deprived side remain after monocular deprivation. 
They therefore studied the V.C. neurones of such connections 
more directly by recording intra-and extracellularly following 
electrical stimulation of both optic nerves, as well as after 
visual stimulation. The existence of excitatory connections to a 
significant number of cortical neurones from the deprived eye, and 
of inhibitory circuits operated mainly by the non-deprived eyej

was suggested.
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Hubei and Wiesel (1965) working on cats,and Baker, Grigg 
and Van Noorden (1974) jS'Crawford and Van Noorden (1979), working 
on primates, studied the effects of surgically induced strabis
mus on the development of the visual cortex, finding substantial 
deficits in binocular neurones and in those normally driven by 
the amblyopic eye.

Fox (1978) studied the effects of monocular lid
closure on the development of receptive-field properties in the 
superior colliculus in the rabbit. One eyelid was sutured, the 
other being left to developenormally. Recordings were taken 
from both the normal and abnormal colliculi. The units which 
respond to orientation selectivity are significantly affected 
by lack of visual input, resulting in only about a quarter of 
the normal number being present at about 4 weeks of age. A 
corresponding increase in the number of Videfinite cells is 
also found compared to the normal eye. In contrast, units 
which are not orientation specific remain unaffected.

3.2.4. Changes in the E.R.G. in Amblyopia
The E.R.G. was measured by Hamasaki and Pollack (1972) 

in cats deprived of light stimulation, who found that light 
deprivation caused a temporary depression of components of the
E.R.G., including the late receptor potential. These results 
were confirmed neither by Wiesel and Hubei (1963) nor by 
Van Noorden, Dowling and Ferguson (1970), who both reported 
that visual deprivation does not affect the E.R.G. Hamasaki 
and Pollack (1972) argue that lack of support for E.R.G.



depression was due to incomplete visual deprivation in the studies 
of other groups. They consider that the light deprivation alters 
the metabolism of the retina, thereby affecting the standing 
potential across the eye. Other workers who have reported 
evidence for light deprivation altering retinal metabolism are 
Brattgard (1952), Liberman (1962), Glow and Rose (1964), Maraini 
and Carta and Frangueli (1969). Weiskrantz (1958), examined 
retinas from kittens raised in the dark and found the inner 
plexiform layer was much thinner than in normal eyes.

Both Hubei and Wiesel (1963) and Hamasaki and Pollack 
(1972) found it difficult to isolate units from the L.G.N. of 
deprived cats,&Gx2tf\$yet al (1966a) argue the weak response of 
L.G.N. units may be related to the decrease in the b-wave of 
the E.R.G. of visually deprived eyes of cats. Thus, light 
deprivation can affect the initial part in the visual process.
The input to the cortex from the visually deprived layers 
of the L.G.N. is different from that of normal layers. If 
several L.G.N. cells are required to fire in a specific pattern 
to stimulate a simple cortical cell in area 17 (Hubei and Wiesel, 
1962) then the alteration at the cortical level may be partly due 
to changes at the L.G.N.

3-2.5. Psychophysical and Behavioural Studies in Amblyopia
In recent years psychophysical studies in human amblyopic 

subjects and behavioural studies on cats and primates have been re
ported. In the following sections, brief consideration will be 
given to some of this work.



3.2.5.1.Behavioural Studies in Animals with Induced Amblyopia

In behavioural studies on cats, the jump technique of 
Mitchell et al, 1976 and also. 1977 . , was used. This
involves each animal being trained to discriminate between a 
square-wave grating and an adjacent uniform field of the same 
space-average luminance situated beneath the animal on the 
jumping stand. The animals were trained to jump towards the 
grating by rewarding them with petting and food or drink. If 
the animals jumped towards the uniform field the reward was. 
denied. The grating spatial frequency was increased until on 
a number of trials, a certain percentage of correct responses 
was not achieved; this frequency was then deemed not resolved.

Cleland et al (1982), using a method similar to that 
described above, wor’e able to record the VA of both the normal 
and amblyopic eyes of their strabismic cats, finding on 
average a drop in VA of 1? octaves between the amblyopic and 
normal eyes. They did not, however, find a correlation between 
this VA drop and electrophysiological retinal ganglion X-cell 
recordings,as was found by Ikeda ( 1980) and Jacobson and Ikeda 
(1979), wVio using a similar assessment method, found that 
there is a close correlation between receptive field sizes of 
X-type retinal ganglion cells and behavioural VA recordings. 
Fig. 3.12 shows the results of the behaviourally determined 
visual acuity of normal cats (dashed line, triangles), and 
amblyopic adult eyes (full line, circles) plotted as a function 
of the age at which the squint was produced.
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Fig. 3-12 The behaviourally determined visual acuity of normal 
kittens (dashed line, triangles), and adult cats with 
induced squints (full line, circles) as a function of 
the age at which the squint was induced, (from Ikeda, 
1980).

3.2.5.2.Psychophysical Studies in Amblyopia
Harwerth and Levi (1978) measured the photopic-luminosity 

functions for two amblyopic subjects, using a CFF detection 
task. The results obtained were similar to those for normal 
observers, therefore indicating a normal transient response 
channel. Lavergne (1967) also found a normal CFF in amblyopic 
subjects, while Roth (1968) found that colour vision was normal 
in the amblyopic fovea. These results indicate that the 
amblyopic fovea as a whole, cannot be suppressed as some visual 
functions are intact. Harwerth and Levi (1978) also performed 
experiments on increment threshold spectral sensitivity and
showed that very much higher background intensities were required



to show colour apponency of the amblyopic eye. This indicates a 
functional anomaly of the sustained channels of the visual 
system, Harwerth ̂ leAiLjl̂ n̂ also reported that contrast sensitivity 
at all spatial frequencies is abnormally low in amblyopia, and 
peaks at a lower spatial frequency than normal. They found that 
the extent to which sensitivity is depressed for low spatial 
frequencies is related to visual acuity. Tests of reaction time 
for detection of suprathreshold stimuli indicate that there may 
be deficits in both transient and sustained systems, but that 
the sustained cells are more severely affected than the transient 
cells.

Hess and Howell (1977), using a contrast sensitivity 
technique, postulated two types of amblyopia; one type showing 
a general depression at all spatial frequencies, the other 
having predominantly high spatial frequency cut off (see 
Fig- 3-13 and 3-1^) -  On close inspection of their subject 
data ( VaHe 3>'\ . ), however, it seems that those showing a 
general depression at all spatial frequencies have the following 
characteristics; they are early onset squinters, have responded 
less well to treatment, showing higher levels of eccentric 
fixation and poor VA. The selective high spatial frequency 
loss is present in those subjects with predominantly later onset 
strabismus, better VA and lower eccentric fixation ( taV>\e 3'̂  ).

It appears, therefore, that the overall sensitivity loss type is 
a simple extension in severity of the high spatial frequency loss 
type. An exception to the afore mentioned seems apparent in 
subject JP, who was 7 years of age when unilateral blur was
first noticed. However, if we consider the refractive error of
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Fig. 3.13 The contrast sensitivity results for subject K.S. are 
# plotted as contrast sensitivity, which is the reciprocal

of the contrast threshold (log scale) against spatial 
frequency in cycles per degree (log scale). Contrast is 
defined as (Lmax - Lmin)/(Lmax + Lmin) where Lmax and 
Lmin are the maximum and minimum luminances of the light 
and dark bars respectively. In the lower, the "normal" 
eyes response (open circles) is compared with the fellow 
amblyopic eye’s response (closed circles) at each spatial 
frequency. The departure of the normal from the amblyopic 
response is plotted in the upper figure as log threshold 
elevation with probability levels indicated. This subject had abnormal contrast sensitivity for only high spatial 
frequencies. (After Hess & Howell, 1977).
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Fig. 3-1^ The contrast sensitivity result for subject (J.L) 

are plotted as described for Fig.3 *13 When 
the’hormal" eye’s response (open circles) is 
compared with the amblyopic eye's response (closed 
circles), at each spatial frequency (lower circles), 
the contrast sensitivity abnormality is seen to 
affect all spatial frequencies tested. The upper 
curve (log threshold elevation curve) which 
represents the departure of the normal from the 
amblyopic eye’s response shows the form of the 
abnormality with probability levels indicated.
(After Hess & Howell, 1977).
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Monocular
Angle and Type 
of Duration

*

Age

%

Fixation (6m photography) First Details of Amblyojiiâ
(deg) (deg) Noticed Strabismic (therapy) 

Decreased vision in R.F.R Central 

L Central

2R.exotropia 9 yrs. detected at age 9 years. R̂  
worn until age 12. Squint 
detected at age 16. No 
therapy undertaken.

R 1.8°
L Central

4r.esotropia 5 yrs. Total direct occlusion at 5i yrs. 
for 2 6-week periods. Therapy 
discontinued at age 6 yrs.

R Central 
L 1.3°

3L.esotropia 3 yrs. Total direct occlusion at 3 yrs. 
for 1 yr. followed by R worn 
with one lens for 2 yrs. 
Minimal improvement.

R Central 6R.exotropia 6 yrs. Rx worn from age 6-13 yrs. 
No other treatment.

L Central

R 0.86°

L Central

4r.esotropia 7 yrs. exercises and total 
direct occlusion for 2 yrs. 
Therapy discontinued at age 
12 yrs.

R Central 
L 2.5°

3R.exotropia
3L.hypertropia

18 Months Large exotropia - total occlusion 
at age 2 yrs. for 6 months.
Squint op. at age 5 yrs. followed 
by occlusion, etc.

R Central IlL.exotropia 7 yrs. Unilateral blur. Age 11 yrs. Squint 
op. No other therapy.

L 2.6°

R Central 

L Central

4R.exotropia 3 yrs. Total direct occlusion at age 3 yrs. 
for 6 to 8 months., ,At age 10 yrs.
5 esotropia with 
till age 12 yrs.

R Central 

L 3°

21L.esotropia 9 Months Squint op. at age 1 yr. R worn 
for 4 yrs. Occlusion for 5 weeks 
at age 8 yrs. etc.

R Central 5L.exotropia 3 yrs. Amblyopia detected at age 3 yrs. 
No thorn) or etc.
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this subject we find an anisometropia of around 12 diopters. 

Although it is not impossible for one eye to develop this 

difference in refraction>it is unlikely and it is more probable 

that this level of anisometropia was always present, but was 

not appreciated by the subject until the age of 7 years. If 

this.is indeed the case, then the squint is probably not the 

primary effect but secondary to a refractive amblyopia, a view 

which is supported by the fact that the squint is divergent.

*

%

♦

In a series of experiments involving contrast sensi
tivity, Hess and Howell andL 14wbct dLjl^TBfound the following.
When contrast sensitivity is measured for sine-wave profile gratings 
as a function of the length and number of bars, they found that 
an effect on the thresholds only occurred when the resultant 
height or width was less than a size which was equivalent to 
ten periods of the grating at all spatial frequencies. This 
suggests the presence of a functional summation of responses 
for detecting elements at threshold over an area, the size of 
which is reciprocally related to the spatial frequencŷ

In their third paper, they checked the luminance 
dependent nature of strabismic amblyopia. A clinical test 
known as the 2 neutral density check has been used in the past 
to quickly distinguish strabismic amblyopia from other forms.
When a 2 ND filter is placed in front of an amblyopic eye,
Snellen acuity will stay the same or improve in strabismic 
amblyopia, while in refractive amblyopia and in normal eyes,
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the acuity will generally drop by about 2 lines. When contrast 
sensitivity is checked under progressively lower background 
luminances, it is found that in strabismic subjects there is a 
point at which responses become normal under mesopic or 
scotopic conditions (normalisation) and this point is 
frequency dependent, see Fig. 3.15. They postulate three 
possible explanations for the luminance - dependent nature of 
amblyopia. Firstly, the amblyopic abnormality may be 
pre-ganglionic and involve only cone-disfunction. Secondly, 
the results may be explained in terms of a visual loss centred 
in the fovea, having greater effect on the central cone-only 
projection as compared with the extrafoveal rod-cone projections; 
thirdly, amblyopic detectors may themselves exhibit a 
luminance-dependent saturation effect at photopic levels.
In Fig.3.15,the results of two subjects are shown, one who has 
an overall sensitivity loss for all spatial frequencies, the 
other having only a sensitivity ln%ô V\!û spatial frequencies.
It is note-worthy that the "normalisation” occurs at higher 
illumination levels in the subject K.S. who has a high 
frequency loss only;than in subject S.C. who has an overall 
sensitivity loss at all frequencies. The VA of K.S.’s 
amblyopic eye is and eccentric fixation was reported as 
being 1.8°, while S.C.'s VA is ̂  with an eccentric fixation 
of 3°, the other main difference between the two subjects 
is age of onset of squint being 5 years in the case of K.S. and 
9 months for S.C. As "normalisation" only occurs in strabismic 
amblyopes and eccentric fixation occurs in strabismic amblyopia, 
then perhaps the level of eccentric fixations is responsible 
for the luminance dependence of the "normalisation" point.



Hess, Campbell and Zimmerman (1980) found that the "normalisation” 
observed in strabismic amblyopia does not occur in anisometropic 
amblyopia. They hypothesised that in normal vision,reduction of 
luminance biases detection progressively towards more peripheral 
receptors, thus normal and amblyopic responses should converge. 
The/.measured contrast sensitivity functions in a normal eye with 
an artificial central scotoma and found tyvoJca "normalisation"
occurs under reduced background luminance. Consequently, it 
was proposed that the visual abnormalities in strabismic amblyopia 
are largely restricted to the central visual field. Thus, 
anisometropia amblyopia seems consistent with the notion of 
deprivation due to restricted input, while strabismic amblyopia 
with its visual field specificity must involve a different 
process»

Hess and Bradley (1980) showed that the threshold 
deficits measured in amblyopia are not related to what happens 
above threshold. They found no contrast coding abnormality 
in strabismic amblyopia oirfohigh-contrast range which is typical 
of everyday vision. Hess (1980) studied the contrast thresh
old elevation effect(G.ilinskyl968; F&ntle and Sekula:, 1968, and 
Blakemore and Campbell, (1969))in amblyopia. Subjects were 
adapted to a grating of fixed spatial frequency and the induced 
threshold elevation effect for a number of gratings of 
different spatial frequencies was measured. After adaptation 
to an equal number of log units above the individual (each eye) 
contrast threshold, he found similar size selective channels



in both the amblyopic and normal eyes.

Hess, Burr and Campbell (1980) examined frequency 
discrimination tests, and found that normal eyes can dis
criminate differences in spatial frequency to within 2-5%.
Such fine discrimination requires co-operation between a 
number of size channels. Amblyopes are able to 
discriminate normally for low spatial frequencies but 
abnormally for higher spatial frequencies. Hess and Campbell 
(1 9 8 0) found that spatial summation of sinusoidal gratings was 
normal in amblyopes and they infer from this that the number 
of detectors contributing at any one spatial frequency is 
normal. As a result of the afore-mentioned studies, Hess et al 
(1 9 8 0 ) concluded that size-selective channels exhibit normal 
spatial bandwidths, and normal spatial summation at threshold. 
There are, however, abnormalities in the ability to make size 
judgements in the abnormal frequency regions. They suggest 
that this could result from a reduction in the co-operative 
activity of the channels within this range, rather than from 
a decrease in sensitivity of individual detectors.

Hess, Howell and Kitchin (1978) checked the temporal 
properties of pattern and movement thresholds in amblyopia.
They find that "movement" is not abnormal in amblyopia, see 
Fig. 3-16, while "form" vision is. They argue that in order 
for an amblyope to have a form abnormality without a movement 
abnormality for the same low spatial frequency grating 
normal pre-ganglionic retinal function, and they conclude that
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this result provides evidence for a ganglionic or post-ganglionic 
site of strabismic amblyopia.

Levi et al (1979) have shown that humans deprived of 
normal binocular vision have binocular interactions tuned to 
both size and orientation. These subjects deprived of 

* binocular vision did, however, show a failure of binocular
summation at threshold or sub-threshold contrast levels. In 
contrast, strabismic and refractive amblyopia disrupted the 
normal excitatory interactions between the two eyes but 
cortical inhibitory binocular connections seem not to 
have been disrupted.

%

♦

+
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Fig. 5*1 S  The effect of luminance on contrast sensitivity for normal 
(o) and the fellow eye (•) of amb- 
lyope K.S. The retinal illumination 
is indicated to the left of each 
function. The average standard error 
for both eyes was equal to less than 
a symbol size. This amblyope has only 
high frequency photopic contrast 
sensitivity abnormality.

♦

m

The lower graph shows the results of 
amblyope S.C. with (o) normal eye and 
(•) the amblyopic eye. Retinal lumin
ance is again indicated to the left of 

♦ each function while standard error
was eaual to less than the symbol size 
for both eyes. This amblyope has a low 
as well as high frequency photopic 
abnormality. ( After Hess and Howell, 
1978 ).
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3.3 Summary
The research of Ikeda and co-workers has shown that in 

amblyopic cats a deficit in the X-cell system in the L.G.N. 
and retinal ganglion cells is observed, while the transient 
Y-cell system is only very minimally affected. Ikeda and 
Tremain (1977) suggest that the cause of amblyopia is retinal 
while binocular loss is central }as agreed by others (Hubei and 
Wiesel, 1965; Baker et al, 1974; Blakemore and Van Sluyters,
1974; Gordon and Gummows, 1975; Yinon et al, 1976; Van Noorden, 
1974). They therefore suggest that unwanted inputs from the 
squinting eye are suppressed to prevent diplopia, Plasticity 
is therefore necessary in the synaptic organisation of the brain.
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Fig. 3.16a) Temporal properties for form (0) and movement (A) thresholds for normal observer EHH. At the
movement thresholds only movement was perceived.The spatial frequency was 0.2c/deg3 Ĉ êt He£5 g-V'&V, /
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Fig. 3.16b) Temporal properties for form (0,0) and movement 
(A,A) thresholds for the normal (0,A) and 
amblyopic (0,A) eye of amblyope J.L. has a 
low as well as high frequency form abnormality. 
(After Hess, Howell and Kitchin.̂  1978).
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Chapter Four Details of the Equipment, General Techniques 

for Data Collection and the Clinical Data of 
the Subjects of this Study.

*

4
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Response.
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The equipment used for the experiments reported later, 

was originally designed and built by Dr. J.L. Barbur (1980) 

and modifications to the basic instrumentation wet-e subsequently 
made by Dr. I.E. Holliday (1982).

4

*

+

4.1 Description of the equipment (Fig. 4.1)

The instrument to be described has a four-channel 
Maxwellian view optical system designed for psychophysical 
studies of movement perception. The light source was a Quartz 
Halogen 100W/12V lamp (Atlas, 12V A1/45) driven by a Roband 
(Model 67-1019/12V) stabilised power supply. The lamp was 

positioned by moving the mount vertically and/or transversely 
on the optic axis of the instrument. Emmitted light was 
collimated by achromatic doublet lenses (L^) forming two beams. 
Beam 1 passed first through a neutral density filter holder (ND1) 

proceeding through a logarithmic neutral density wedge (W1) 
and then through a mechanical slide (0P1). The test 
transparency was mounted in this slide carrier and driven 
laterally across the back focal plane of the lens (L b y  a d.c. 
servo motor, giving constant speed in the range 0 .1deg/sec. to 

100deg/sec. The beam then passed through a series of beam

splitters and multi-element lenses (TAKUMAR) culminating with 
a 50mm f1.2 Pentax Camera lens (L^).  An image of area 1.5mm x 
0 .7 5mm of the source was produced in the exit pupil, which was 
adjusted to fall in the observer's pupil plane, an arrangement 
known as the Maxwellian viewing condition. The second beam was 
directed by a front silvered mirror and passed through a glass 
plate (GP); half of the light continued as beam 2, the other 

half forming beam 3, which provided a vutetovOn L$>° Axafttefe?
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Beam 2 passed through a glass plate (GP) half of the light 
passing straight through and continuing as Beam 2, the 
deflected half having formed Beam 3. Beam 2 passed, after 
deflection by a mirror (M), through a neutral density wedge 
(W^), positioned by a second d.c. servo motor (dc^), then 
through a second neutral density filter (ND^) and continued to 
provide a 17.5° background field. Beam 3 passed through a 

neutral density filter holder (ND^) providing yet another 
17-5° background field. This beam was used in some experiments 
to provide a fixation spot, in this case a red filter and a 

small hole were placed in(ND.̂ j. Beams 2 and 3 were deflected 
by 90° by mirrors and respectively. Beam 2 then 
passed through object plane (OP^) and on to the beam splitter 

(BS1). uhile Beam 3 passed through object plane (0P^) and then 
proceded to beam splitter (BS2). Both beams 2 and 3 then 
recombined with Beam 1, the target beam, which proceded through 

a system of lenses to the exit pupil. The eye piece consisted 
of a 3 .5mm artificial pupil in a hollow cylinder which had an 
eyecap fitted both to aid observer comfort and to minimise stray 
light.

The observer used a dental bite made from stents 
thermoplastic mounted on an aluminium blank. This was fixed to 
a rigid clamp which is adjusted for height, lateral movement 
and distance from the eye piece.

Three neutral density V^atten filters (NDF) provide 
coarse adjustment of the illumination level of beams 1 and 2 .
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Fine adjustment was achieved with the logarithmic attenuators 
(ŵ  and W^). These wedges were mounted in a vertical slider/ 
frame arrangement similar to that of the target carrier OP^, 
to be discussed later. was driven by a servo motor 

(Electrocraft S-586-5A) fitted with a 30:1 gearbox (McLennan 
Engineering AM5020). A precision 10 turn potentiometer 

supplied the command voltage which caused rotation of the 
shaft. This was connected by a string and pulley system to the 

slider, thus providing vertical movement. A second 10 turn 
potentiometer^driven by a rack and pinion system which was fixed 

to the frame, gave a slave signal to the servo-control unit.
This signal was compared to the command signal and appropriate 
shaft rotation returns the slider to the null position. Limit 

switches placed at the extremes of travel of the slider 
prevented overrun. The driving motor of the test wedge (W.̂ ) 
was controlled by the subject, by rotation of a wheel a.>r\A vv\

LVx\s threshold s e t t i n g s .

In the object plane of the target beam (OP^) 
transparencies produced by high contrast graphic arts film 

(Kodalith Ortho Film, Type 3) were placed in the-carrier and 
the transparency was mounted in twin glass slides which are fixed 
on the slider. The visual angle through which the target 
movement can be observed was controlled by a mask placed in front 
of the carrier. The carrier allows a lateral movement of 20cm 
and was driven via a rack and pinion system powered by an 
electric d.c. servo motor (Electrocraft 586-5A) fitted with a 
30:1 gearbox (McLennan Engineering, AM5020). The motor- 
carrier combination produces smooth, quiet movement with speeds
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trolled by a voltage, 
was derived from the setting

[î .'.r-yStabilised to 1% in the range 0.1 to 100 deg/sec. by a tacho

■‘ bv'1' :*K'* ' £  ̂ feedback mechanism. The soeed w a s con' 
V • f«;4'v»
y  ■v-v̂ l̂;j7 î-’''Provi<ied by a converter, whose input \

Sf*..̂ 5 ^ ^ ^  ‘three BCD (binary coded decimal) switches. The output w a s

4  i« ‘V/V-C L‘0# ^.Inverted and either polarity applied to the command line of the

0 4 servo-motor, by a 2-pole toggle ana.loque switch grating DG201.
, v:c• ̂ imiting switches were placed at the extremes of the slider

'i’ *" V. f

V"' ' {ravel to prevent overrun. The design of the.,controller/motor
' : / f- • . ‘.^combination was such as to allow start/ston times of about 40niSec*
• J s  f '1 , •< • i ■ *' *:vr'V&t full speed. The rotation of the motor and, therefore, the* • i•’ t*  I % ^  ' *

>t'V r; direction of the test object, was controlled by the polarity of
f  ' » , »  !• ».  . .  ' - ' i- r

jH’ '• ■ >‘ > . 'the command voltage. The toggle switch was controlled by the 
J  .. ../ ' ^observer and thus target movement and direction were controlled.

• f. f 1 iV-
A / ; ( ‘ ' in order to allow temporal modulation of one beam, an analysing

. ."Polaroid disc was placed perpendicular to the beam in front of.V . •• •... * . ‘ 1
*■ rotating oolaroid disc. The rotating disc received motion viaV'- ’ j

 ̂ •/. third d.c. servo-motor (Electrocraft S-586-5A). Command voltages
 ̂ : v'.; ,lv/ere supplied from a precision 10-turn potentiometer. Tacho-

♦  {
i

1. '■;

•v A-feedback provided stabilised rotation for a frequency range of 
; 0 . 0 5 to 1 0 0Hz.

} -  • ' ! 
v.s ; •‘'vi

•  *■ l vJ **- ■ 1 ;

\{

:Jr i

.
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Fig* Plan of the Maxwellian view optical system
used for all the experiments discussed 
later. A detailed description of this 
equipment appears in the text.



4.1.1. Calibration and Measurement Techniques

Experimental data were initially gathered by a purpose- 
built 8-channel data logging system (Barbur and Nunn, 197$),
All parameters were simultaneously recorded on paper tape, and 
were later analysed by a computer. A minicomputer has 
recently replaced the previous system for data aqcuisition and 
analysis. This has extensive facilities for input and output of 
analogue and digital signals which were under program control 
(Analog Devices, MACSYM II). Multi-turn potentiometers were 
coupled to the different sliders, carrying targets, and 
logarithmic attenuators (Ŵ , Ŵ ). Calibration of the 
attenuators in terms of their potentiometer voltages was used in 
the program to compute the illumination levels of the different 
beams. The target speed was set by BCD switches whose output 
was recorded directly. When the observer depressed a button to 
signal the completion of a set of results, the data was recorded 
on the tape.

4.1.2. Calibration of Neutral Density Attenuators (Figs. 4.2 
and 4.3)
The wedges were calibrated in white light and for 

spectral bands isolated by insertion of Balzer B40 interference 
filters into the appropriate beams in front of the wedges. A 
Mac&xn 3010 radiometer/photometer was used to measure the 
light flux at the exit pupil. The position of the wedges 
was translated as voltages by precision potentiometers. The 
radiometer was checked over a range of 5 log units and found to 
be linear to within 3% in comparison with a photomultiplier 
(EMI, Model 9558) which sampled the same beam via a beam splitter.
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Fig. 4.2 Calibration curves for the logarithmic attenuator 
in beam 1. (W^. fig. 4.1). Absorption is
plotted as a function of transducer output 
voltage for three stimulus wavelengths:
5 1 2nm (triangles), 446nm (crosses) and 6 l1nm 
(squares). A least squares line is fitted to 
each set of data.
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Fig. 4.3 Absorption of wedge W? is plotted against transducer 
output voltage for stimulus wavelengths of 446nm 
(squares), 512nm (crosses), and 6 l1nm (triangles). 
The data are fitted by least squares lines.
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Polaroid rotation produced temporal modulation of Beam 3. 
When the rotation frequency was below 2Hz a cardboard sector 
disc with 180° gap was fixed on the motor axis. Rotation of this 

disc interrupted light falling on a light activated switch, 
then registered on a timer. By starting and stopping the 

motor in the dark phase of the cycle, the duration of the cycle 
was measured accurately. When the speed was between 2Hz and 5Hz 
the sector rotated continually, with the timing triggering a 
pulse. These pulses were counted and by measuring the accumulated 

time the angular speed was calculated. For speeds in excess of 
5Hz, an oscilloscope was used to display the voltage waveform 
produced. The oscilloscope timebase was compared with the 
digitimer generated waveform in order to calibrate it. See

4.1.3. Calibration of the Temporal Modulation Frequency

Fig. 4.4 Calibration of polaroid rotation. The modulation
frequency of light transmitted by the polariser/rotating 
analyser combined in Beam 3 is plotted against the 
potentiometer setting the motor drive voltage. Triangles 
represent data points, which are fitted by a least 
squares line.
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The polaroid was calibrated for transmission against
angle of rotation by measuring the transmitted light level with
the Macam 3 0 10 photometer, the angle of the polaroid setting
being denoted by a pointer moving over a radial scale. The
transmission deviated by less than 1 .5% from the expected 

2cos distribution

4.1.4. Calibration of Transmission Through the Polaroid

*

4.1.5. Calibration of the Target Slider Speed
The calibration method was similar to that used for angular 

speed calibration; light emitted by L.E.D. was directed towards 
a light activated switch and was interrupted by a dark bar on a 
transparency fixed in the target slider. The length of this bar 

was accurately measured by a travelling microscope. By 
measuring the time for which the L.E.D. beam was interrupted, 
the traverse time was calculated to an accuracy of 1msec*
Different speeds were selected from the available range by setting 
three B.C.D. switches. The calibration data are fitted in two 
parts to give increased accuracy in the lower speed range 
(see Figs. 4.5. and 4.6.). The lower calibration was used for 
target speeds of less than 3-5°/sec. Calibration of the slider 
was performed on several occasions and the accuracy of the fit of 
the least squares approximation line to that data was better
than 3 per cent.
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Fig. 4.5. Target speed in deg/sec. is plotted against the 
motor drive voltage with a least squares line 
drawn through the data.

Fig. 4.6. For target speeds below 3.5deg/sec. the speed
calibration was separately fitted. Here target speed 
is plotted against the B.C.D. switch setting.



4.1.6. Square-Wave Grating Targets

These were produced by standard photographic techniques 
on Kodak "Kodalith Orthofilm". This film gives high density 
where exposed and almost zero density elsewhere. The transmission 
ratio between dark/light bars was approximately 4 log units. 
Square-wave gratings of various spatial frequencies were produced 
by this method.

4.2. Details of Stimulus Configuration used in the

Different Experiments
In all experiments threshold settings were made for a 

white circular target moving at 15°/Sec. Each of the three 
classes of response to be discussed in this thesis were 
obtained for target movement against a particular class of 
background field and these will now be discussed in detail. Before 
doing this I describe the principle of the threshold 
perturbation technique.

4.2.1. The Threshold Perturbation Technique

This is based on the hypothesis that the response of a 
psychophysical mechanism to a particular stimulus parameter can 
be studied by superimposing a constant test stimulus upon a 
background stimulus, and obtaining the threshold for detecting 
the test as a function of the background field parameter of 
interest. Its success is dependent upon choosing the correct 
background and target stimuli so the mechanism of interest can 
be isolated, otherwise intrusion of other mechanisms will 
occur. In order to make the correct choice, a parametric study 
was undertaken for a series of target sizes and speeds and
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background illumination and contrast, (Holliday, 1982). The choice 

of stimulus parameters for the work presented in this thesis was 
based on the results of that study.

4.2.2. General Experimental Design and Execution
The subject was seated comfortably in an adjustable 

chair a dental bite for each subject was mounted on an 
aluminium blank which was secured to a three-dimensional 

carriage at the exist pupil of the instrument. By suitable adjust
ment of the carriage for height and lateral positioning the 

subject’s eye pupil could be lined up with the optical axis of 
the equipment. The mouthpiece could then be moved backwards 
and forwards so that the pupil was filled with the illumination 
from the equipment light source. The visual fields in each of 
the experiments consisted of two components; the background field 
and the target or test field. Gratings of different spatial 
frequencies were placed in 0P2 in Beam 2, to provide the spatially 
structured component of the background field and focus for each 
subject was achieved by a backwards or forwards movement of OP^,
(see Fig. 4.1.), Beam 3 provided a uniform circular background 
field of diameter 1 7 -5deg. and was uniform spatially for two 

out of the three experimentsBeam 2 and Beam 3 were combined to 
give the full background stimulus. The mean background 

illumination of Beam 2 and Beam 3 were adjusted prior to a 
recording session to the required level (usually 1.4 log trolands) 
by means of neutral density filters. The target consisted of a 
single circular spot, and in most of the experiments to be 

described, it was of diameter 3 - 5 deg. and moved at 15 deg. sec  ̂

along the horizontal meridian. A mask was placed within the
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carrier 0P 1 which restricted the visibility of the target to 
the central 8° of the 17.5 deg. background field (see Fig. 4.7 
for a general view of the visual function). The subject had manual 

control of the neutral density wedge and by rotating a wheel 
controlling a pulley mechanism threshold settings for each 
grating could be taken. The subject also controlled the 

movement of the carrier with the target and by operating a 
rocker switch^the direction of the movement could be reversed, 
hence the target was moved laterally from side-to-side and the 

subject gradually reduced its illumination by setting the wedge 
until the target was just no longer detected. The subject then 
pressed a button and the computer recorded the neutral density 
and wedge position. The wedge was then reset to give a 
suprathreshold illumination level and the measurement was 
repeated five times fer^background and the computer worked out 
the average and standard error of each data point, which were 
printed out. These averaged threshold illumination levels 1̂. 
were plotted as a function of the background field parameter 
which formed the measurement parameter (see Section 4.2.3. 

below).

For non-foveal presentation the subject was asked to 
fixate a red spot which was provided by Beam 3 as described in 
Section 4.1 of this chapter^ this spot was placed in a suitable 
position to give the desired eLce.vOrt\clVvi .
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Fig. 4.7. Here is shown the spatio-temporal stimulus used to 
elicit the Type 1 response. It consists of a 
square-waveform grating superimposed on a uniform 
background field with the same mean luminance.

4.2.3. The Background Fields Used in Each Experiment

Several different background field configurations were 
used in the experiments and these will now be discussed.

*

%

4.2.3.1. Simple Spatial Modulation for Measurement of the 

ST\ Spatial Response

This was the background field used by Barbur and
Ruddock (1980) when investigating the spatial response of the
ST1 filter. Square-wave gratings with bar width d (Fig. 4.7)

giving a fundamental spatial frequency f were used.

The gratings were produced by placing a high contrast negative
into the object plane of Beam 23^its contrast was controlled

by superimposing the uniform field (Beam 3) on the grating

field, (see Fig. 4.7.'). Log threshold illumination, log 1̂ , for
the detection of the target was measured as a function f .s
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4.2.3.2. Simple-Temporal Modulation (Fig. 4.8) for Measurement 
of the ST2 Temporal Response 

A circular, spatially uniform background field of 17° 
diameter was temporally modulated by placing an analysing and a 
rotating polaroid in Beam 2. This beam was combined with a 

uniform field of 17° diameter (beam 3 ) in order to control the 

flicker modulation depth. If the modulated Beam 2 gives an 
output illumination

I = I (Cos^ot)
and Beam 3 has uniform illumination I2, then the modulation of 
the background is given by

M = I -I . max m m
I +1 .max m m 2I2+I3

( 1 )

and the average illumination of the background

J b =

therefore, from (1 ),
( 2 )

= 1-1 
I
2
b

The illumination levels of Beams 2 and 3 were controlled by
suitable adjustment of the neutral density filters, and that
of Beam 2 could also be varied continuously with the motorised
wedge W^. Therefore, the modulation M and the average
illumination lev'el could be set. Log threshold illumination,
log Î ., for detection of the circular target was measured as a
function of f .s
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Fig. 4.8. The spatio-temporal stimulus used to elicit the ST2 
type temporal response. The uniform field is 
modulated at different frequencies (Hz) by placing 
an analysing and a rotating polaroid in Beam 2.

♦

-*

♦

4.2.3•3.Spatio-Temporally Modulated Background for Measurement
of the ST2 Spatial Response
In this case, two identical square-waveform gratings, one 

located in Beam 2 and the other in Beam 3, were set to the same 
mean illumination and arranged in antiphase. One grating is 
sinusoidally modulated whilst the other remains unmodulated, 

giving the spatial and temporal distribution of illumination 
shown in Fig. 4.9. In order to achieve this, an analysing 
Polaroid disc is placed in Beam 2, and this is then combined 
with the unmodulated grating in Beam 3- Both gratings were 
placed in the object planes OP^ and OP^ and the components of 
the background fields were adjusted to the same mean illumination 
by neutral density filters and the motorised wedge in Beam 2. 

The output of the instrument was monitored at the exit pupil 
with a Macam 3 0 10 photometer.
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Fig. 4.9.

one grating appear in the light spaces of the other 
gratings. One grating is modulated, the other is 
unmodulated.

4.3. Factors which Influence the Type of Squint

Central mechanisms favouring the development of binocular 

vision are concerned with the act of fusion^which is a sensory 

phenomenon, and also with the cortical control of ocular 

movement which is a motor phenomenon .l\ae \ii<i.\xaV o 

built up of two separate halves with the object divided vertically.

composite picture of the whole object is built up by the 

activity of the striate areas of bothW'i-w^eces oVthe visual cortex. 

The final analysis is implemented by the higher visual centres 

in the adjacent parastriate and peristriate areas. When fusion 

is unable to take place a breakdown in binocular vision occurs.

The factor of age has an appreciable influence on the type of 

squint which may follow an upset in the AC/A (accommodative 

convergence versus accommodation) relationship. The signifi

cance of uncorrected hypermetropia becomes progressively less

Van object is
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after the early years of life because of the natural reduction 
in the amount of hypermetropia, resulting in a diminished need 

for accommodative effort. Conversely, the significance of un
corrected acquired myopia is seldom evident in the earlier part 

of life because, except in the relatively rare type of 
congenital or infantile myopia, it generally develops after 

fusion has occurred. The fusion reflexes acting as a barrier 
to the development of a divergent squint. Uncorrected 
astigmatism, particularly of myopic typejtends to result in a 
divergent squint either manifest or latent, due to lack of the 
normal exercise of the AC/A ratio.

Finally, anisometropia (that is a different refractive 
error of one eye relative to its fellow) can affect the 

accommodative-convergence/accommodative reflex. If the 
dominant eye has only a slight level of hypermetropia, the 
other eye tends to remain straight irrespective of its 
refractive error. If the dominant eye has a high degree of 
hypermetropia, the other eye will tend to converge irrespective 

of its own refractive error. When the dominant eye is myopic, 
the fellow eye will remain straight or may tend to diverge.
If neither eye is dominant and one eye is favoured for 
distance and the other for near, divergence may occur because 
there is no use for the AC/A relationship. Anisometropia of 
a marked degree even when corrected)tends to favour the development 

of a squint in certain cases due to different retinal image 
sizes (aniseikonia) which prevents fusion despite two clear 
images. This inability to fuse the images often leads to a 
positive attempt to prevent fusion by deviation. Finally, a



squint is frequently congenital. There is a strong familial 
tendency for squints and this is probably due to an inheritance 
factor which acts as an obstacle to the development of 
binocular function. This may take the form of an abnormality 

of one or more extrinsic ocular muscles, but more commonly if 
an abnormally high refractive error, generally hypermetropia 
is present.

4.4. Clinical Data for the Amblyopic Subjects

Firstly, I review the techniques used to obtain the 
relevant clinical data. The visual acuity was assessed by a 
Snellen chart at six metres, and each eye was checked 
individually. Stereopsis was checked with the random dot 
stereograms of Julesz. (1971). The amount of eccentric fixation 
was assessed with an ophthalmoscope with a macula fixation 
star. The observer was asked to look in the centre of the 
star and the fbveal reflex displacement was assessed. (See 
Fig. 4.10), The Linksz star graticule is used with a green 
(red free) filter, the concentric circles subtending angles of 
3° and 5° respectively. With this target;the presence of 

eccentric fixation and the degree of eccentricity may be 
determined quickly and accurately. The appropriate angle of 
squint was assessed visually by the cover test, but it should be 
noted that this value is that at the time of experiments and does 

not reflect the initial valuejwhich may have been changed 
surgically. Unfortunately, hospitals are reluctant to reveal 
clinical details of patients so I do not have any information 
on V.A. immediately after treatment which might have been very
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useful in the analysis of the results. The data on past history 
has therefore been gleaned from the subject’s own knowledge and 

their parents’ memory of what occurred and when, and has therefore 
to be considered as less than complete.

I shall start by considering the strabismic subjects fol 

lowed by the refractive’s and finally details will be given of 
an albino subject.

Fig. 4.10. The Linksz Star Graticule 1330E
This graticule is used with a projectoscope or 
suitable c^thalmoscope in conjunction with a green 
(red free^ filter. The concentric circles 
subtend 3 and 5 from the centre of the star. By 
projecting the star on to the retina, and instructing 
the patient to look directly at the centre of the 
star, the position of the foveal reflex in relation 
to target can be assessed.

4.4.1. Strabismic Amblyopes

Observer S.B., a male aged 20, has a small divergent 
strabismus of approximately 5° which was not detected until his 
late teens. Consequently no treatment was attempted and as 
spectacles are not required for the normal eye, none were issued.
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Snellen acuity at the time of the experiment was recorded as ■=■
D

in his normal eye and in the amblyopic eye. Ophthalmoscopy 
showed no abnormality and no eccentric fixation was found with 
the Linksz star; stereopsis was not present with the JuleST.

(1 9 7 1) stereograms.

Observer P.M., a male aged 24, has a small divergent/
strabismus of approximately 7°, detected at age 16 years. No 
treatment was attempted nor were spectacles prescribed. His 

VA is ^  in the normal eye and in the amblyopic eye. No abnorm' 
ality was found by o^Vthalmoscopy and eccentric fixation of 
approximately was shown with the Macula star. No stereopsis 
was present with the Julesz-stereograras.

Observer N.C., a male aged 20, has a moderate convergent 
strabismus approximately 1 2°, which was first noticed at age 18 

months. He was treated for many years orthoptically and received 

several long periods of patching. OpVvthalmoscopy showed no 
fundal abnormality and eccentric fixation of some 2° was found. 

The VA of the normal eye was recorded as % while that oif the
D

amblyopic eye was no stereopsis was found.

Observer G, a male in mid-fifties, has a large divergent
strabismus of about 35° with a 5° hypertropia. The squint
developed following a fall at age 9 months and no treatment
was attempted. OpY\thalmoscopy showed no abnormality and an

eccentric fixation of about 3° was present. The VA of the 
6 1normal eye was -jr a n d i n  the amblyopic eye, and no stereopsis
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was present. Spectacles are worn for hypermetropia.

Observer J.R., a male aged H2, has an alternating 

micro-exotropia of about 3°. It was not detected until his 
late teens when spectacles were prescribed for hypermetropia. 
Otherwise no treatment was given. The VA’s of the two eyes 

are -g- and ^  which indicates a slight fixation preference. 
Stereopsis was found up to the stereogram containing 50% 

binocular correlation (F) level with the Jules^ stereograms. 
D^thalmoscopy was normal and no eccentric fixation was found.

Observer R.W., a male aged 29, has a small alternating
o 6exotropia of approximately 6 . He displays equal VA's of —

in both eyes and no treatment has ever been given. The squint
was first detected at age 3 years, and spectacles have never
been worn. Ophthalmoscopy was normal and fixation central; nil
stereopsis was present.

Observer K.M., a male aged 20, has a moderate divergent 
squint of about 15° with a 3° hypertropia. The age of onset was 
about 1 year. He was treated for long periods, i.e. several 
months at a time, by patching of the normal eye and also 
received other orthoptic training on a synoptophore. His VA's 

are ^  in the normal eye and in the amblyopic eye. Ophthalmo

scopy was normal and eccentric fixation of 3° was present, no 
stereopsis was found.

Observer S.W., a female aged 20, has a convergent 
strabismus of 10°. The squint was first noticed at age 18



months and patching over several periods, each lasting for 
several months was undertaken. She had corrective surgery at 
ages 3 and 4 years to reduce the angle to the present 
cosmetically acceptable level. Orthoptic treatment, plus
patching of the normal eye continued to the age of 7 years. The

6 6VA of the normal eye is g- and the amblyopic eye is

O^thalmoscopy showed no apparent defect and an eccentric

fixation of 1j° was found; nil stereopsis was present. In this
case, there was a family history of strabismus as one Aunt, two
Cousins and a younger Sister all have convergent strabismus

with hypermetropia. Our subject wore spectacles constantly in
childhood but now only wears them for prolonged close work.

Observer C.L., a male aged approximately 40, has a
large convergent strabismus of about 25°, which was first
noticed at age 1 year. Patching was attempted but was not
successful in improving VA and it was therefore thought that
his amblyopia might have been of congenital origin. His VA in

6 1the normal eye is g- and gg-in the amblyopic eye. OpVvthalmoscopy 
showed- a macula disturbance in the amblyopic eye which is probably 
of congenital origin. Fixation was variable so a measurement was 
not possible, no stereopsis was present.

Observer S.Be., a female aged 20, who has a convergent 
squint of angle 8° with spectacles and 1 2° without spectacles.
She is moderately hypermetropic and has an accommodative 

strabismus or Dcnders squint. The squint was first noticed at 
age 18 months and received patching for several months at a 
time. She had two operations but the age at which these were
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performed is not known. Ophthalmoscopy was normal and eccentric
fixation of 2° was observed. No stereopsis was present and her

6 6Snellen acuity was -g- in the normal eye and in the amblyopic.

Observer D.F., a male aged 22, has a convergent squint
of 12° increasing to 15° without spectacles. He is moderately
hypermetropic, about 5 diopters, and as in the above case has an
accommodative element to the esotropia. The squint occurred at
about 2 years of age and he was treated with some patching.
He also had two operations to reduce the angle of the esotropia
plus other orthoptic treatment. Ophthalmoscopy showed no defect
and eccentric fixation is about 5°. The VA of the normal eye

6 6was -g- and the amblyopic eye was $ 0 1 0 stereopsis was found.

Observer J.F., a male aged 19, has a micro-esotropia 
of about 5° which was not detected until age 8 years. He was 
given part-time occlusion for only 1 hour a day for a few 
months. OpKthalraoscopy showed no defects and eccentric fixation 
was about 1°. The VA of the normal eye was -g- and the amblyopic 
eye was — ^stereopsis was not found.

Observer M.T., a male aged 21, has a convergent squint
/

of angle 10 . The esotropia was first noticed at age 18 months.
Three operations were performed between the ages of 2 and 5 years.
He received full-time occlusion for periods of several months
over a two-year span. Ophthalmoscopy showed a normal fundus,
with eccentric fixation between 1.5 - 2°. The VA of the normal 

6 6eyê was -g- and-̂ g-in the amblyopic0 .̂No stereopsis was present to 
the Jules* stereograms.
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Observer D.D., a male aged 45, has a convergent strabismus 
of 12°. This was detected at about 18 months and surgical 
correction was performed, but it is not known at what age or 
how many times. Occlusion was carried out for prolonged 
periods in early chindhood but no spectacles were worn.
OpKthalmoscopy was normal and eccentric fixation of about 1\° was 

% present. VA was ̂ -in the normal eye and in the amblyopic eye.
Stereopsis was not present with the Juleŝ  stereograms.

m

m

Observer C.C., a female aged 21, has a convergent squint 
of about 9°. This was first noticed at about 18 months.
Patching and orthoptic treatment was carried out up to age 7 
years. Two operations to reduce the angle of squint were 
performed between the ages of 3 and 5 years. Ophthalmoscopy 
showed no fundal defect and eccentric fixation was found to be 
about 2°. The normal eye has a VA of ̂  and the amblyopic eye 
Ĵ *no stereopsis was found.

Observer T.S., a male aged 19, has a micro-esotropia of 
about 5°. This was first detected at about 12 months of age 
and orthoptic treatment and patching was carried out until 
6 years of age. He had one operation at age 3. (tyVthalmoscopy 
showed no apparent defect and eccentric fixation was about 1°. 
The normal eye had a VA of ̂  with the amblyopic eye recording 

stereopsis was absent.

Observer J.B., a male aged 18, has a convergent squint 
of angle 8°. The age of onset is unknown but it was early. He 
received patching, orthoptic treatment and operations, but does
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not know at what age they were undertaken. 0|A\thalmoscopy showed
no defect and eccentric fixation was shown to be about 1°. The

6 6VA was -jr in the normal eye and ^  in the amblyopic; Stereopsis 
was absent.

♦
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Observer J.D., a male aged 19, has a convergent squint 
of angle 10°. The age of onset was about 2 years. He had 
patching and orthoptic treatment until age 6 years. Two 
operations were performed between ages 2.\ and 4 years.
(̂ thalmoscopy was normal and eccentric fixation was measured to

o 6 6be about 1£ . The VA was -g- in the normal eye and ^  in the
amblyopic; Stereopsis was absent.

4.4.2. Refractive Amblyopes
Observer M.J., a male aged 22, has refractive amblyopia

which was first detected at the age of 10 years, but no
treatment or refractive correction was attempted. C>?Vt halm os copy
was normal and fixation central, but no stereopsis was present.

6 6The VA of the normal eye was ■=• and — in the amblyopic.
o 1 2

Observer C.H., a male aged 19, is an unusual refractive 
amblyope. His amblyopic eye is of smaller dimensions 

than the normal eye, a condition known as microphthalmus. The 
amblyopia was first noticed at age 2\ and was originally 
thought to have been due to a microtropia. He received 
patching for several months at a time for approximately 1 year 
with no sign of improvement. After further specialist examination
the true condition was found and it was discovered that the



dimensions of the external eye were such that the lens had in'

sufficient room to change shape (accommodate) and thus alter
focus. This was considered to be the cause of the amblyopia and
no further treatment was attempted. Ô Hhalmoscopy shows a
normal fundal appearance. Neither eccentric fixation nor
stereopsis were found. The normal eye’s VA is 4, while the

z>
3amblyopic eye acuity is only ĝ .

Observer A.G., a female aged 28, has no deviation,
amblyopia being of refractive origin. This was first detected
at age 7 years but no treatment attempted except for spectacles
worn from about 5 years of age. Ophthalmoscopy showed no
apparent defect and no eccentric fixation was found. The VA of

6 6the better eye is -g- and -g in the weaker eye. At the age of 20 
part-time occlusion and orthoptic exercises were attempted which 
restored a reasonable level of stereopsis. On examination of 
stereopsis using the Jule^ stereograms depth was detected up 
to a 60% binocular correlation (E).

Observer J.Bo, a male aged 29, whose amblyopia was
first noticed at age 7 years. He wore spectacles from this
age but no other treatment was attempted. Ophthalmoscopy was
normal and no eccentric fixation was present. The VA of the

6 6normal eye is -g- and the amblyopic eye is Stereopsis was
checked by the Julesa, stereograms and depth was noticed up to 
the 40% binocular correlation level (G).

Observer V de A, a male aged 21, has no deviation. His 
refractive amblyopia was first noticed at the age of 11 years, 
and spectacles have been worn since that time. Ophthalmoscopy
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showedno defects and no eccentric fixation was present. The
6 6acuity was in the normal eye and ^  in the amblyopic; no 

stereopsis was found.

Observer RR, a female aged 23, whose refractive
amblyopia was first noticed at the age of 8 years. No treatment
other than spectacles was given and these were worn for a
two-year period and then discontinued. Ophthalmoscopy showed a
normal fundus and no eccentric fixation was present. Stereopsis
was checked with the Jules*, stereograms and depth was appreciated
up to the 40% binocular correlation level (G). Acuity was

6 6measured as in the normal eye and ^  in the amblyopic.

4.2.3. Albino Observer
Observer D.C., a male aged 37, who is a severe tyrosan

type albino. He also has an alternating strabismus with equal
3# VA's of ^  R and L and no stereopsis; no binocular vision

is present, presumably due to abnormal projections from each 
eye to the visual cortex. Ophthalmoscopy shows a typical 
albinoid fundus with prominent view of choroidal vessels, 
coarse nystagmus is also present.

A total of 25 subjects with abnormal vision took part 
in this study and comparison measurements were also made for 
7 normal subjects. The abnormal subjects included one albino, 
six refractive amblyopes and eighteen strabismic amblyopes of 
which six are divergent squinters, two of these having alternating 
exotopias.
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5.1. Introduction

It has been argued by Ikeda and her co-workers that for 

normal visual development to occur, a clearly focussed retinal 

image is required throughout the critical period of development 

and that image blur or eccentricity caused cessation of the 

normal development of the X-cell acuity, whereas the Y-type cell 

responses remain essentially unaltered. Behavioural, studies 

have confirmed the electrophysiological results both in 

demonstrating the relationship between age of onset and visual 

acuity (Fig. 3*12). Studies on the effect of image defocus 

have shown a drastic reduction in the firing of X-cells (Ikeda 

1980). The equivalence between the psychophysical ST1 and ST2 

response mechanisms and the X and Y-type electrophysiological 

mechanisms, respectively, have been noted in Chapter 3,

Section 3.25, thus the two psychophysical mechanisms have been 

studied in human subjects exhibiting amblyopic vision. 25 subjects 

were investigated; six have amblyopia of refractive origin, one 

was an albino and the remaining 18 were strabismic amblyopes. Of 

the strabismic amblyopes, two had alternating divergent strabis

mus, five had mono-fixational divergent strabismus and the 

remainder were convergent strabismics. A detailed description of 

each subject’s condition, including operations and attempted 

treatment appears in Chapter 4, Sections 4.4.1. and 4.4.2.. For 

ease of reference a table is presented containing the relevant 

details (Fig. 5.1.). The ST1 spatial response function of Barbur 
and Ruddock (1980), see also Section 2.2.1., has been measured 

for both eyes of 24 amblyopes and also for the amblyopic eye of 

one other subject. Comparison data are presented for a group of 
^ normal subjects.



Subjects
S.T.1 Spatial 
Peak Position Visual Acuity

Strabismics
tycD e s  

N K N A
S.B. 4.3 2.87 6/5 6 / 1 2

P.M. 4.3 1.73 6/5 6/24
S.W. 2.87 1.73 6 / 6 6/24
C.L. 1 . 0 0 1 . 0 0 6 / 6 1 / 6 0

J.R. 3 . 6 1 3 . 6 1 6 /6 6/9
R.W. 1.73 1.73 6 / 1 2 6 / 1 2

S.Be 2.87 1.73 6/5 6/24
D.F. 3 . 6 1 2.87 6 / 6 6/24
J.F. 3 . 6 1 1.73 6 / 6 6 / 1 2

M.T. 2.87 1.73 6/ 6 6 / 3 6

G. 4.3 0.75 6/5 1 / 6 0

D.D. 2.87 1.73 6 / 6 6/24
N.C. 2.87 1.73 6/5 6/24
C.C. 3 . 6 1 1.73 6/5 6/24
T.S. 1.73 1 . 0 0 6 /6 6 / 1 2

K.M. - 1 . 0 0 . 6 /6 6 / 3 6

J.B. 2.87 1 . 0 0 6/5 6/24
J.D. 2.87 1.73 6/ 6 6/24

♦ % #

Age of Onset or Eccentric Fixation
Age First Found In Degrees Treatment

Teens Nil Nil
16 0.5 Nil

18 Months 1.5 Patching
Birth Variable Patching

Unknown Nil Nil
3 Years Nil Nil
18 Months 2 . 0 Patching
2 Years 0.5 Brief
7 Years 1 . 0 Nil
18 Months oC\l1in Patching
9 Months 3 - Variable Nil
18 Months 1.5 Patching
18 Months 2 . 0 Patching
18 Months 2 . 0 Patching
12 Months 1 . 0 Patching
12 Months 3.0 Patching
Unknown 1 .0 Patching
2 Years 1 .5 Patching

CONTINUED

* * ♦m



Eccentric Fixation
Subjects Peak Position Visual Acuity Age First Found In Degrees Treatment

\o. csjcies cLeô '
Refractives N A N A
A.G. H.31 2.87 6/6 6/9 7 Years Nil Nil
J .Bo. 1J.31 2.87 6/6 6/12 7 Years Nil Nil
V de A. 3.61 2.87 6/6 6/12 .11 Years Nil Nil
R.R. H.31 1.73 6/5 6/12 8 Years Nil Nil
M.J. 4.31 2.87 6/5 6/12 10 Years Nil Nil
C.H. 2.87 1.73 6/5 3/60 18 Months Nil Patching

Albino
D.C. o.iio 0 . 1 1 0 3/60 3/60 Birth Nystagmus Nil

V/vswaV. fry -uaVva

Normal A U A
J

U WV\ev\ TeA?A Se<________________ N/ft

J.ft Vs 2.5 to

V vJ. V3>i V* % X X f “

X E H % fc/t Xlr to —

W-2>l V s V s XX F —
?>S>. tv-y v  it %\ M —
E:l. (t4\ W'3>l % % X X m

R̂ Gr. tfii k-3>i % v 5 3>i M

■ Fig. 5•1. .Table of the relevant details of air’ subjects included. in this study
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5.2. The Foveal ST1 Spatial Filter: Results for Mean
Background Illumination equal to 1.4 log Trolands 

The results of seven normal subjects and twenty-five 
amblyopic subjects , (one subject had only his amblyopic eye 
examined) were examined for a background light level of 1.4 logTct>Yax>As, 

Se&Vtitake&l. The method used to obtain the results has already 
been discussed in Chapter 4, Sections 4.2.2. and 4.2.3-1-, and 
each value of log threshold illumination for detection of the 

moving target, log I, , is the mean of five readings. Standard 
errors for these readings were typically 0.05 log units. In 

each figure, values of log I^, normalised to the same peak value, 
are plotted against fs, the spatial periodicity of the background 

grating expressed in cycles deg-1. Fig. 5.2. shows a multiple 
plot for all the normal subjects and shows a well-defined 

tuning curve, with log 1 .̂ peaking at background fundamental 
spatial frequency, fs, of about 4c\°for all subjects. Further, 
the shape of the tuning curve shows very little inter-subject 
variation, hence only very slight scatter is present between 
subjects. Fig’s. 5.3. and 5.4. refer to amblyopic subjects 
and show the collected plots for the normal eyes (A-N) and 
amblyopic eyes (A-A) of 12 strabismic amblyopes,£the 13th 

subject only had his amblyopic eye evaluated}. These data 
differ from the normal data in peaking at a lower spatial 
frequency value than the 4 cycle deg 1 value for normal vision, 
and there is considerably greater inter-observer spread in the 
response curve. It must be noted that these comments hold for 
both the normal and amblyopic eyes of the strabismic amblyopes.
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Average values taken from each of the sets of data 
(Fig’s. 5.2., 5.3. and 5.4.) are plotted in Fig. 5.5. with 
error bars showing the standard error associated with each point. 
The shift in the position of the peak response is clearly seen 
in this figure, which shows that the curves for the amblyopic 

eyes (A-A) peak at a lower spatial frequency than those of 
the normal eyes (A-N). The difference between data for the 

"normal” and amblyopic eyes of the strabismic subjects is shown 
in Fig. 5.6. with the error bars again denoting the standard 

errors in the points. This difference plot shows that the data 
for the amblyopic eyes are shifted to " lower spatial 

frequencies than those of the "normal" eyes. Data similar to 
those presented in Fig. 5-3. and 5.4. were obtained for a group 
of 6 refractive amblyopes and are presented in a similar way.
Thus, normalised values of log 1̂. are plotted against fs for the 
normal eyes (Fig. 5.7.) and amblyopic eyes (Fig. 5.8.) of each 
refractive amblyope. The response curves for all but two of the 
normal eyes peak at the same value of fs as those for the normal 
subjects (Fig. 5.2.), but the data still exhibit greater inter
subject scatter than do the normal data. In the case of the 
amblyopic eyes (Fig. 5.8.), the curves all peak at a lower 
frequency than do the curves for normal subjects. The average 
values taken from Fig.’s 5.2. (normal subjects) and 5.7. and 5.8. 
are plotted in Fig. 5.9.; these show both that the curves for the 
refractive amblyopic eyes are displaced to lower spatial 
frequencies relative to the normal data, and that there is little 
high frequency loss in the normal eyes of these subjects. The 
difference, A  , between the averaged log I values of the "normal"u
and amblyopic eyes of these refractive amblyopes are plotted
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against fs in Fig. 5.10. The relationship between fs and A ; 
differs from that found for the strabismic amblyopes (Fig. 5.6.), 

in that at low spatial frequencies, A approaches zero for the
*

refractive subjects but increases to a large value for the 
strabismic subjects. This may reflect fundamental differences 
between the mechanisms of the two types of amblyopia as suggested 

* in some previous studies (Hess and Bradley, 1980).

♦

♦

♦

%

«
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Fig. 5.2.
ST1 spatial response for 7 normal subjects. 
Threshold illumination 1̂ ., for detection of 
a circular white light target (diameter 
3 .5deg.) moving across the grating fundamental 
spatial frequency, fs. The curves all peak at
4.3 cycles deg and there is little subject 
variability. The mean illumination level of 
the background field was 1 .4 log^trolands and 
the target speed 15 deg. sec.

Fig. 5.3.
As for Fig. 5.2., but data for 12 strabismics 
who have amblyopic vision. The data were 
measured for the "normal" eyes of each 
subject. The significant inter-subject 
variability should be noted.

Fig. 5.4.
As for Fig. 5.2., but data for the amblyopic 
eyes of the same 12 strabismic subjects plus 
a further result from a 1 3th subject.



log
 I.

151

Fig. 5.5 This graph shows the 
average response 

measured from all the response 
curves of Fig’s. 5.2, 5.3 and
5.4 (•---- • Ambljopic subjects
amblyopic eyes, (A-A); 0-- 0
amblyopic subjects normal eyes
(A-N); +----■+ normal subjects
(N) ). The error bars show 
^(standard error associated with 
the average values.

+  0.2  —

♦ 0 . 1

a

0 .0

- 0.1
Fig. 5-6 The difference graph 

was obtained by 
subtracting the value of the 
average normal eye of the stra
bismic subjects (A-N) at each 
respective spatial frequency 
from the corresponding value 
obtained from the amblyopic 
subjects abnormal eyes (A-A). 
Thus ( (log (log I  ) 

snV aagives the response curve snown 
on this graph, with error bars 
denoting the standard errors + 
for each spatial frequency.
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1.5 -

Fig. 5.7.
The ST1 spatial responses for the normal 
eyes (A-N) of 6 refractive amblyopes.
When compared to the responses of the 
normal observers (see Fig. 5-2), it is 
seen that there is greater variability 
between observers, though not as great as 
for the "normal eyes" of the strabismic 
amblyopes. (See Fig. 5.3.)

CT»

■I-

Fig. 5.8.
The ST1 spatial responses for the "amblyopic" 
eyes of the amblyopes. Note that all th^ 
response curves peak below 4 cycles deg

Fig. 5.9.
The average (mean curves) from the data of 
the refractive amblyopes shown in Fig. 5.7. 
and 5 .8 . are drawn here together with the 
mean curve obtained from Fig. 5.2.,
(0---oi (A - AJ;(*-- t),(A - N}, and (+— +)̂ J).
Error bars denote +1 standard error.
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*

Fig. 5.10 The difference graph was obtained 
by the same method as Fig. 5.6., 
that is, ((log 1̂ .) AA - (log I^)AN) 
using the averaged results for the 
"normal" and amblyopic eyes of the 
refractive subjects shown in 
Fig. 5-9. Error bars denote 
standard error.
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5.3. The Foveal ST1 Spatial Filter. Results for Mean 

Background Illumination equal to 3.2 log Trolands 

In the original study on the ST1 spatial mechanism, it 

was found that two different responses are obtained, dependent 

on the average illumination I^of the background grating. For 

values of I^below 2 . 2  log trolands the response curve peaks 

for a background grating of spatial frequency f , equal to 43
cycles deg"1, whereas for higher values of 1 ,̂ the peak occurs 

for f of 8 - 1 0  cycle deg 1 (Barbur and Ruddock, 1980, see also
3

Chapter 2, Section 2.2.1.). In the previous section, data 

corresponding to the lower illumination level response were 

presented and in this section, restricted data for the higher 

illumination level are described. Data are presented for three 

amblyopic subjects and, for comparison purposes, for five 

subjects with normal vision. The first amblyopic subject, a 

refractive amblyope R.R, has a relatively normal response at lower 

illumination level for her normal eye (Fig. 5.11), and as the 

illumination level is increased to 3 -2 . log trolands, the curve 

remains essentially constant. For her amblyopic eye, the curve at 

low illumination level is shifted to the low frequency side of 

the normal eye (Fig. 5.11) with its peak at 1.7 cycles deg- 1  and 

as illumination level increases to 3 . 2  log trolands it is 
displaced to higher spatial frequencies with response peaks at

4.3 cycles deg”1. , For subject S.W, a strabismic amblyope, both 

the normal and amblyopic eyes give low frequency responses at low 

illumination level with the peak occurring at 1 . 7  cycles/deg for 

the amblyopic eye and at 3.6 cycle/deg for the normal eye. As 

illumination level increases to 3 . 2  log trolands, however, there 

is a marked upward shift in the frequency response for both eyes,
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ft.Gt.«— t Fig. 5.11 to 5.15
^bcbrv̂ cycopC) §T1 gpatial response curves are shown for 

3 amblyopic subjects, 1 refractive and 2 
strabismic. Figs. 5.11, 5.12 and 5.13 
and 5 normal subjects, Figs. 5.14 and 5.15. 
Threshold illumination I. , for detection of 
a white light spot stimulus of diameter 3 .5° 
moving across a background grating is plotted 
against the grating fundamental frequency, 
f . The mean illumination level of thegbackground field was 3 - 2  log trol^nds and 
the target speed was 15 deg. sec- .

E  (cycles deg" )



5.4. ST1 Spatial Responses for Two Subjects with Alternating

Divergent Strabismus
Strabismic subjects who alternate fixation between the two 

eyes should not penalise either eye in relation to the other, thus 
there should be no difference in the visual performance of the 
two eyes. Measurements of the ST1 spatial response confirms this 

conclusion for two subjects who exhibited alternating fixation 
(Figs. 5.16 and 5.17). Thus for observer J.R, who has relatively 
normal VA in each eye, -g-pt R& L the ST1 spatial response for each 
eye peaks at 3-6 cycle/deg. For observer R.W, who has lower VA's 

in both eyes, being ~¥R and L, the tuning curves for each peaks 
at 1.73 cycles deg-1. In the latter case, there appears to be some 
factor, perhaps congenital, which causes loss of visual acuity.

It should be noted that surgically induced strabismus which leads 
to an alternating squint fails to produce loss of visual acuity 
(Hubei and Wiesel, 1965; Blakemore and Eggers, 1976; Yinon et al, 

1976 and Ikeda et al,1977)- See Chapter 3.
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R  £ye
L  e»ye.

Fig's 5.16 & 5.17 The ST1 spatial responses for both eyes of two 
« alternating strabismic subjects J.R and R.W. Threshold

illumination I , for detection of a white light spot stimu
lus of diameter 3-5 moving across a background grating is 
plotted against the grating fundamental frequency, fs. The 
mean background illumination leve| was 1.4 log trolands and 
the target speed was 15 deg. sec . Note that both eyes 
of each respective observer peak at the same spatial 
f requency.
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(Fig. 5.18).
Observer D.C. is classified by the hair test as

Tyrosinase Negative (a severe form of Albinistn). He exhibits
a marked nystagmus and low spatial resolution, with Snellen 

3acuity of ̂  in each eye. (see also Section 4.2.3. of 
Chapter 4). His spatial response to the ST1 filter is shown in 
Fig. 5.18, and the peak is clearly shifted from that of the 
normal observer}with a peak position of 0.4c/°.

5.5. ST1 Spatial Response: Data for an Albino Subject D.C.

Fig. 5.18 The ST1 spatial response curve of an albino observer 
D.C., measured for mean background illumination of 
1.4 log trolands. Note the geak is shifted to a very 
low spatial frequency, 0.4c/°.
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It has been proposed that amblyopia represents visual 

function through non-foveal receptors, (see Chapter 3,

Section 3.1.1.), and in order to examine this proposition the 
spatial STl f«ŝcw\se. was measured for eccentric fixation of 
the moving target. This was achieved by placing in the visual 
field a red fixation spot, located either 10 deg. or 2 0 deg. 
from the centre of the background grating, that is, at the 
centre of the displacement path for the moving target (Fig. 5.19). 
The experimental procedure is otherwise the same as for the 
foveal measurements. In each case the fixation point was 
located along the horizontal meridian, such that the target was 
moved on the horizontal meridian in the temporal retina.

ST1 spatial responses for the normal subjects, R.G. 

and I.H. measured at different retinal locations are plotted in 

Fig. 5.20, and in the case of subject R.G., data are given 

for both eyes. It is apparent that as retinal eccentricity 

increases the peak of the ST1 spatial response curves shift 

to lower spatial frequencies, and the data for each eye of the 

subject R.G. are closely similar in this, as in all other 

respects. Electrophysiological findings (Ikeda et al,1911?;bu£<\cfc 

de Monasteno, 1 9 7 8a) have shown that receptive field sizes of 
X-cells increase with increasing eccentricity from the fovea, 

thus these results are consistent with the view that the ST1 

mechanisms correlate with X-type electrophysiological mechanisms. 

Similar data were also obtained for two refractive subjects and 
four strabismic amblyopes, and are plotted in Figs. 5.21, 5.22

5.6. ST1 Spatial Response: Data for Eccentric Vision
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and 5.23, with log threshold illumination 1̂. plotted against 
the spatial frequency, f , of the background grating. Data are

3

given for both the normal and amblyopic eyes of the refractive
«► amblyopes A.G. and C.H., and the strabismic amblyopes, P.S.,

J.F. and N.C., but only for the amblyopic eye of P.S. The 
plots show that in each case, the peak of the ST1 spatial response 

4  shifts to lower spatial frequencies as target eccentricity
increases, but for the amblyopes, the functions for the 
"abnormal" eyes are displaced to lower spatial frequencies than 
those for the "normal" eye at all retinal locations (Figs. 5.24,♦
5.25 and 5.26).

*

♦

Fig. 5.19 The visual field arrangement for non-foveal
measurements. The fixation point was located at 
the required angular distance from the centre of 
the 8 deg. path over which the target travelled. 
Other stimulus parameters as for Fig. 5.2.
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♦

♦

Fig. 5.20 ST1 spatial responses for two observers with normal 
vision measured foveally and at 10 and 20 
eccentricity in observer R.G. and foveally, at 10 , 
20° and 30° eccentricity in observer I.H. In the 
case of R.G., data are given for both eyes and there 
is little difference between the two eyes.

#



163

0

0

0

0

4

Fig. 5.21 As in Fig. 5.20 the plots for foveal, 10° and 20° 
eccentricity are shown for a group of amblyopic 
observers and data are given for both the "normal" 
and amblyopic eyes.
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Fig. 5.22 As in Fig. 5.20 the plots for foveal, 10° and 20° 
eccentricity are shown for a group of amblyopic 
observers and data are given for both the "normal" 
and amblyopic eyes.
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Fig. 5.23 As in Fig. 5.20 the plots for foveal, 10° and 20° 
eccentricity are shown for a group of amblyopic 
observers and data are given for both the "normal" 
and amblyopic eyes.
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for the different amblyopic subjects referring to a 
given retinal location are plotted on a single figure.

%

fs  (cycles deg."')

10°

—i___i 05 1.0 5.0

Fig. 5.25 The data of Fig. 5.2.0 to 5.23 replotted so that data 
for the different amblyopic subjects referring to a 
given retinal location are plotted on a single figure.
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Fig. 5.26 The data of Fig. 5.20 to 5.23 replotted so that data 
for the different amblyopic subjects referring to a 
given retinal location are plotted on a single figure.

5.7. General Discussion: Features of Amblyopic ST1 Responses
The experimental results show that in amblyopic eyes the 

ST1 spatial response is shifted to low spatial frequencies 
relative to the corresponding data for normal vision. Unexpectedly, 
this is also observed in the case of normal eyes in most of the 
strabismic amblyopes. Abnormally low spatial frequency response 
implies that the receptive field associated with the response 
mechanism is larger than the response mechanism for normal 
vision. A method for computation of the ST1 receptive field from 
the frequency response data is given by Barb ur and Ruddock 
(1980, Appendix) and can be applied to the amblyopic data. The 
cross-section through the receptive field corresponding to the 
average data for the amblyopic eyes of the strabismic subjects 
(Fig. 5.4.) is plotted in Fig. 5.27, together with the data for 
normal vision taken from Barbu r and Ruddock. The significant 
broadening of the receptive field in amblyopia is clearly
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illustrated by this figure. This result correlates with the 

electrophysiological finding, that in cats with surgically 
induced amblyopia, the X-type response mechanisms suffer loss 

* of spatial resolving power (Ikeda, 1980). In the remainder
of the discussion, several different aspects of this general 
result, a loss of acuity associated with amblyopia, will be 
discussed.
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Fig. 5.27 Cross-sections through the spatial responses
corresponding to the ST1 data for normal vision, 

♦  and for the average ST1 data for the amblyopic
eyes of the strabismic subjects (Fig. 5.5.). The 
receptive fields were obtained by the method 
described by Barbur and Ruddock (1980).



5.8. The Abnormal Responses Found in the "Normal" Eyes

of Strabismic Amblyopes.
The most unexpected aspect of the experimental data is 

that the ST1 spatial responses for the normal eyes of strabismic, 
but not refractive, amblyopes are displaced to low spatial 

frequencies relative to the normal data is similar to, but less 
marked, than that for the amblyopic eyes.

In attempting to interpret this finding it was noted 
that all strabismic amblyopes included in the study had received 
long-term patching of the normal eye during the critical 

development period. In contrast, none of the refractive 
amblyopes had received any treatment whatsoever, thus an 
obvious possibility is that the differences between the normal 
eyes' performance of the two types of amblyopia reflects the 
difference in treatment. Most of the subjects in this study and 
all those who had contributed to the data presented so far were 
students between 18 and 20 years ohoc-̂  at a time when long-term 

patching for the treatment of amblyopia was in vogue. More 
recently, however, such treatment has been considered 
unnecessary and by some opthalmologists, as possibly harmful.
The idea behind such treatment is that occlusion of the good eye 
for many months at a time, encourages use of the weakest eye.
Such treatment not uncommonly results in reversal amblyopia or 
transfer amblyopia, which refers to the situation when, following 
such occlusion, the amblyopic eye has improved to a near normal 

VA while the eye which previously had good VA becomes, amblyopic.
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arablyopes is similar to the averaged normal 
response curve from Fig. 5.5, which is drawn on 
this graph as a dashed line. The response curve of 
C.H (treated refractive amblyope) by contrast has a 
peak displaced to a lower spatial frequency. All 
stimulus parameters as for Fig. 5.2.



As occlusion therapy is carried out during the critical develop
ment period it seem inevitable that long-term occlusion will 
cause some detrimental effects on the occluded, normal, eye.
It is possible, therefore, that the better eyes of the 
treated subjects of this study may have suffered some deficit 
in development, resulting in the displacement of the ST1 
spatial response to lower frequencies relative to the function 
for normal eyes. In order to test this hypothesis strabismic 
amblyopes who had not received any treatment and refractive 
amblyopes who had received patching treatment, were sought.
Such subjects proved difficult to find, but eventually a few 
strabismic subjects, none of whom had received long-term 
patching, and one refractive who had been treated by such 
occlusion, were found. The ST1 spatial response was measured 
for those subjects and the data for the "normal11 eyes are plotted 
in Fig. 5.28. It is apparent that the responses for the un
treated strabismic subjects are closely similar to the normal 
average curve, whereas for the treated refractive amblyope 
the peak shifted to a lower spatial frequency, with a peak at 
2.89c/°.

In order to examine further this hypothesis, the data for 
all the amblyopes have been replotted, but divided into two 
groups, those treated and those un-treated. Fig. 5.29 shows 
the results VcK the amblyopic eyes (A-A) of the treated subjects 
and it is apparent that all the log I vs, fs curves peak at 
spatial frequencies below the normal peak of 4.3c/°. Fig. 5.30
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Fig. 5.29
ST1 spatial responses for the amblyopic 
eyes of 13 amblyopes (strabismic and 
refractive) treated by patching.

O)
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?ig. 5.30
3T1 spatial responses for the '’normal1’ 
ayes of 12 of the 13 strabismic amblyopes 
tfhose "abnormal" eye data are in Fig.5.29
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shows the multiple graph of the "normal" eyes of these subjects 
and again all the peaks are below 4.3c/<“ although the average 
peak position for the "normal" eyes (A-N) is closer to the 
position for normal subjects than that for the amblyopic (A-A) 
eyes. Fig. 5.31 shows a freouency histogram of all the peak 
positions of both the amblyopic (A-A) and "normal" (A-N) eyes 
of the treated subjects. An averaged normalised plot of all the 
"amblyopic" and "normal" eyes is plotted in Fig. 5»32 together 
with the normal curve from Fig 5»5* A difference graph, in which 
the difference of each subject's points are taken individually 
and then averaged are plotted in Fig. 5»33> in which the subjects 
"normal" eye results are represented by the line AB. It can be 
seen tha.t the deviation of the amblyopic eye from that of the 
"normal" eyes' response represented by AB, shows a significant 
difference.

Plots for nine untreated subjects are shown in Figs.
5.34 (for the amblyopic eyes) and 5- 35 (for the normal eyes).
Fig.5 .36a and b shows the frequency histograms of the peak 
positions. The A-A (amblyopic eyes) show a deviation of the 
peak position towards lower spatial freauencies whereas the A-N 
(normal eyes) are similar to the normal tuning curve.Fig.
5.37 shows the averaged normalised ST1 response curves for the 
amblyopic (A-A) and "normal (A-N) eyes of the untreated amblyopes 
and the average curve for the normal subjects. It is a.pparent 
on inspection that the responses for the normal eyes of the 
amblyopes are similar to those of the normal subject, whereas 
the amblyopic eyes, A-A, give significantly different results 
with the curves shifted to low spatial frequencies. In Fig.5.38» "tke
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Fs (cyclesFig. 5.31a) shows a frequency 

histogram of the peak positions 
of the response curves shown in 
Fig. 5.29.

x0*5 1 2.
fc, OcyAaS

Fig. 5.31b) shows a frequency histogram 
of the peak positions of the response 
curves shown in Fig. 5.28.
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The mean ST1 spatial response curves of the plots of 
the A-A eyes (0-0) from Fig. 5.29 and the A-N eyes 
(X-X) from Fig. 5.30, are plotted with the mean curve 
from the plots of normal observers shown in Fig. 5.2.
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Fig. 5.33 This shows the difference graphs of the amblyopic
and "normal" eyes of the treated amblyopic subjects. 
The response curve is derived from the equation 
d°g it)AA - dog it)AN



3T1 spatial responses for the amblyopic 
byes of nine untreated amblyopes 
(Strabismic and refractive).

?ig. 5.34
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4) Qt

*05Fig. 5.35
ST1 spatial responses for the normal eyes 
of the nine untreated amblyopes, with 
data for the "abnormal" eyes given in 
.Fig. 5.34.
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Fig*5*36a) A frequency histogram 
of the peak position oi the 
response curves shown in Fig.5.34*

, (fs) maxFig»5»3ob) Shows a similar histogram 
of the peaks of the response curves 
from Fig.5.35 (normal eyes)*
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Fig.. 5.3? Mean ST1 spatial response curves taken from the data
for the untreated amblyopes (amblyopic eyes, Fig.5•34) 
and normal eyes (Fig*5.35)* Also shown are the mean 
values for seven normal subjects (Fig.5.2)*
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&3tafor the "normalM and "abnormal" eyes are plotted 

and it can be seen that the A-A response deviates from the 

"normal" eyes response represented by line AB. By inspection of 

Figures 5.28 and 5.37 the experimental results seem consistent 

with the suggestion that the "normal" eyes are influenced by 

patching treatment.

i.
V

i.

i

Fig. 5.38 The difference graphs are determined by the
equation ((log ) - (log ) )
Fig. 5.33. t t

as for
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The Influence of A^e_of Onset ofAmblyopia on the 
Spatial Response
In studies of X-cell recording's and in behavioural 

tests on cats with surgically induced amblyopia (ikeda, 1 9 8 0), 
it has been shown tha t receptive field si:.', of ganglion cells 
is related to are of onset. Th~ frequency for peak fT1 spatial 
response for-each subject is therefore plotted against age of 

onset as shown in Fig. 5*39. A line of regression was drawn for 
e'-ch respective set of data and is shown on the figure. The 
following; features of this plot should be noted a), In 
untreated amblyopes, the amblyopic eyes have in the main lower 
peak frequencies than do the normal eyes, with a tendency that 
the earlier the a.re of onset the lower the peak frequency 
(symbol,*). In the case of the amblyopic eyes, the responses 
include data, for two subjects with congenital visua.l defects,

~ rod monochromat and an albino, both of which may be regarded 
as forms of amblyopia. Inclusion of their data provides a 
better distribution of points over the age range, as in most 
of the untreated subjects, amblyopia was not detected until 

after 7 years of age.
The correlation coefficient for the untreated amblyopic 

eyes is 0.80, significant at 0.01 lev,el.!>) For the untreated 

amblyope's "normal" eyes (symbol,+)> (fs ) max. is almost 
exclusively equal to 4* 3 cycles deg“\ the peak position for 
normal vision, thus there is no correlation with age as the 
values are essentially constant; c) In treated subjects the 
value (f«p) max. for the amblyopic eyes (sumbol,*), shows a 
progressively higher spatial frequency as the age of onset 
increases, and a strong linear correlation is found 
(coefficient r = 0.78 significant at 0 . 0 1 level.d) The"normal"

M , i >
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Fig.5•39 The peak positions of the ST1 spatial response 
curves of the amblyopic observers are plotted 
against age of onset/age first noticed,

* A. gives the responses of the treated subjects
(+),=the r normal ' eyes results ?($),= the 
amblyopic eyes responses,
B. gives the responses of the untreated subjects 
symbols as for A, On this diagram also appears 
the results of a rod monochromat (jt) f and an 
albino 00 .
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eyes of patch treated subjects (symbol,-^ show a change of (fig) max. 
with age of onset, similar to that of the amblyopic fellow. As 
for the amblyopic eye of the treated subject a strong linear 
correlation is found (coefficient r = 0.81, significant at 0 . 0 1  

level). In the treated subjects the data is restricted to the age 
range up to two years. Patching treatment commenced at the time 
when amblyopia w^s first noted, thus the age axis corresponds to 
the "age at which treatment commenced". It has been shown that in 
three out of four classes of eye there is a significant positive 
correlation between the age at which amblyopia was noted and the 
value of (fg) max. and such correlation implies that the younger 
the age at which amblyopia occurs, the greater is the low frequenc 
displacement of (f^) max. relative to the normal value. Ikeda and 
Tremain (1 9 7 8 ) showed that in cats with surgically produced squint 
amblyopia was more severe as the age of its induction decreases, 
corresponding to arrested visual development in the kittens. No 
data is presented for the ST1 responses in children between the 
ages of 1 to 7 years, therefore we do not know -whether the age 
changes in (f^) max. value-' correspond to arrested development in 
their amblyopic eyes. It should be noted when-considering the data 
present here that the ST1 spatial responses were determined only 
at discrete values of the spatial frequency variable, f_̂ , and that 
the age at which amblyopia was first noted does not necessarily 
correspond to the age of its onset.

#

*
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Visual Acuity

The ST1 spatial response is relatively finely tuned, and 
is therefore likely to "be involved in the task of spatial resolution, 
as are the X-type electrophysiological mechanisms to which they 
correspond. The observation that in amblyopic subjects, the ST1 
mechanism has abnormally coarse spatial response, is thus consistent 
with the reduced visual acuity associated with amblyopia. The peak 

frequencies (fs) max for the ST1 spatial responses of all the 
amblyopicsubjects, including two congenital defectives, have therefor 
been plotted against Snellen visual acuity (Fig. 5.40). The open 
circles denote the data for the amblyopic eyes aaa the full circles

those of the "normal" eyes. It is seen that (fs) max. increases 
significantly with visual acuity. The line of best fit for the 
data is plotted on the graph and the coefficient of correlation 
r= 0.65, is significant to the 0.01 level. In the normal eyes 
(full circles) the scatter in peak frequency values is not 
reflected in the visual acuity values.. The lack,, of-one to one 
correlation between visual acuity and (£3 ) max, may result from 
the choice of the Snellen chart for acuity measurement. The 
Snellen chart consists of high contrast figures which are familiar 
to the subject, thus "resolution." may involve mechanisms other 
than purely visual ones. In retrospect, it would have been 
advantageous to measure acuity with neutral targets such as gratings 
and perhaps to measure vernier acuity. Unfortunately it was 
impossible to undertake a further set of time-consuming experiments 
with the same subjects. Another factor which could affect acuity 
is the patching treatment discussed in the previous section. Thus, 
it was decided to re-plot the data of Fig. 5*40 excluding subjects

5*10 The Relationship Between the ST1 Spatial Response end



show a better linear correlation than between (f ) max. and V.A.s
in the data of Fig. 5.40. A stronger linear correlation is found
with the data of Fig. 5.4ljWith a coefficient of correlation
r = 0.1^, significant to the 0 ‘OAlevel. It should be noted
that in Fig. 5.4l;all values of V.A. of _6_ or below are recorded

60
at the value for _6_ , plotted on the graph as 0 . 1 , while

60
recorded Snellen acuities of 6 or better are recorded as J3,

6 6
plotted as unity on the graph,assists in producing the'
better correlation. The improved correlation between (f ) max.s
and V.A. which is observed in untreated amblyopes probably
reflects the disturbance of visual acuity development which
accompanies extensive patching treatment. The ST1 mechanism acts
as a general, early stage visual filter subserving high spatial
resolution (Holliday and Ruddock, 1983), thus its low frequency
response characteristics in amblyopia should result in reduced
spatial resolution. Similarly, low-frequency spatial response in
X-type ganglion cells of amblyopic cats leads to low visual
resolution (Ikeda, 1980). Some support to the above is given
by the data but considerable scatter is present particularly in
the "normal" eyes. Acuity cannot be uniquely defined by (f ) max.tinuSs

dfc&x than the ST1 spatial response must also influence 
visual resolution. This implies that acuity may be being altered 
by subsequent operations on the filter outputs, such as the 
extraction of "zero-crossings" as proposed by Marr and Hildreth 
(1980). The experimental data obtained requires that such operations 
are subject to variation in amblyopia, and so cause the observed 
variations in visual acuity for a given value of (f ) max.

who had received patching. The data is presented in Fig. 5.41, and
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Fig. 5.40 Spatial frequency for the peak of.the ST1 spatial 
response curves plotted against relative, visual 
acuity. Fil^circles denote data for normal 
eyes and open circles data for amblyopic eyes.
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Fig.5.41 Spatial frequency data for the peak of the ST 1 spatial 
response curves plotted against relative acuity. Full 
circles denote data for normal eyes and open circles 
data for amhlyopic eyes of untreated amblyopes. The 
responses of a rod monochromat ( + ), and for an albino
oo.
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Spatial Response
Nearly all the strabismic subjects had some degree of 

eccentric fixation, and it has been argued that accentric fixation 
is always present in strabismics (Mallet, 1969). As is seen 
from the table of Fig. 5.1,-all subjects with constant eccentric 
fixation, fixate at 3° or less from the fovea and two of the 
subjects have wandering fixation, averaging at 5°, due to very 
poor V.A. In the ST1 measurements the target moves over the 
central 8° of the visual field, (see Chapter 4, Section 4.2.2) 
which is a considerably larger angle than that associated with 
eccentric fixation as observed in our subjects, thus it is unlikely 
that the changes in the ST1 spatial responses caused by strabismic 
amblyopia can be the consequence of eccentric fixation. Further, 
the data recorded at different retinal eccentricities shows that 
for normal subjects, the ST1 spatial response for 20° eccentricity 
(Fig. 5.20) is displaced to higher spatial frequencies than the 
"foveal" responses of some amblyopes (Fig. 5i4.) and this, again, 
is consistent with the view that amblyopia cannot be explained 
simply in terms of eccentric fixation. A plot of the frequency, 
(f5) max., for the peak ST1 spatial response (data for amblyopic 
eyes) against the degree of eccentric fixation in degrees, does, 
nonetheless, produce a significant correlation (Fig. 5.42). The 
coefficients of correlation^, is equal to-0.60 , significant at 
0*01 level. It has been suggested that the reduction of visual 
acuity in amblyopia simply reflects the normal reduction in acuity 
associated with non-foveal stimulus presentation (Flomand 
Weymouth, 1961 and Mallet, 1969), however, this theory is not 
supported by quantitative analysis (Hess, 1977 and Kirshen and 
Flom 1978). It has clearly been shown that there is a

5.11 The Influence of Eccentric Fixation on the ST1
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correlation between the frequency at which the ST1 spatial 
response peaks and the age of onset of the squint (Fig. 5.39). 
Generally, subjects with higher levels of eccentric 

^ fixation have poorer visual acuity, and if eccentric fixation
is plotted against V.A. a reasonable correlation is again 
achieved, with r at-O. 5 3  , significant to 0-OX level. (Fig.

♦  5.43).

In general then, V.A. correlates with the ST1 spatial 
frequency peak position, which in turn is representative of the 
receptive field size, showing a similar relationship to that 
found in electrophysiological studies (Ikeda, 1980).

*

♦
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Fig* 5*42 Spatial frequency for the peak ST1 spatial response 
plotted against eccentric fixation angle. Data refer 
to the amblyopic eyes of strabismic subjects. Three 
results are shown with a horizontal line passing 
through the symbol. This line length denotes the 
variable fixation range of these subjects.
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Fig.5.43 The angle of eccentric fixation (in degrees) is plotted
against relative visual acuity. Data is for the amblyopic 

4 eyes of the strabismic subjects. As in Fig*5»42 three
responses have horizontal lines denoting the range of 
variability of eccentric fixation of these subjects.
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Chapter Six Characteristics of the Spatio-temporal Filter
Type 2 (ST2) in Abnormal Visual Systems.

* 6.1. Introduction. PAGE 191

%

6.2. The ST2 Temporal Response in Amblyopia.

6.3. The ST2 Spatial Response in Amblyopia.

191

195

*
6.4. ST2 Responses for an Albino Subject D.C. 201

6.5. Discussion of the Amblyopic ST2 Response Data. 2 0 1

*
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6.1. Introduction

The background modulation method for the isolation of 
spatio-temporal visual response mechanisms reveals, in 
addition to the ST1 filter examined in Chapter 5, a second 

filter designated ST2. The response characteristics of 
this filter suggest that it correlates with the Y-type 
psychophysical mechanisms. The temporal and spatial responses of 
the ST2 filter have been measured for 9 amblyopes, 7 strabismic 
and 2 refractive, taken from the larger group for which the 
ST1 spatial response was measured. Data were also obtained for 
a group of 6 subjects with normal vision.

6.2. The ST2 Temporal Response in Amblyopia

The ST2 temporal response was obtained as explained in 
Chapter 4, Section 4.2.3.2. and displayed as log 

illumination, log 1 .̂, for detection of the circular moving 
target, plotted against the temporal flicker frequency of 
the background field. ST2 temporal response curves for indivi
dual subjects, normalised to give the same peak value, are 
plotted in Fig. 6.1 and 6.2, the former referring to the "normal" 
and the latter to the amblyopic eyes of the 9 amblyopes. Each 
data point is the mean of five readings with standard error of 

the order +0.3 log units in log 1̂ .. The average values of the 
data points in Fig. 6.1 and 6.2, normalised to give the same 

peaky are plotted in Fig. 6.3a, with error bars denoting the 
standard errors of the data points. Also shown in Fig. 6.3a is 
the mean normal response curve for 6 normal subjects. The 
difference A  , between the mean curves for the normal and
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amblyopic eyes are plotted against fs, in Fig. 6.3b. The data 
shown in these three figures establish that the ST2 temporal 
response curves for each eye of the amblyopes and for the normal 

♦ subjects are all similar to each other. There appearsjhowever,
to be a greater spread between individual data curves for the 
"amblyopic" eyes than is observed for the "normal" eyes of the 
amblyopes (Fig. 6.1 and 6.2).

*

* ft (hzT)
Fig. 6.1 ST2 temporal responses for the normal eyes of 9

amblyopes. Log threshold illumination for detection 
of the moving circular target is plotted against the 
modulation frequency of the background field moving 
horizontally at 15 deg/Sec- . The target was of 
diameter 1.4 deg and the background field was of 
average illumination 2.7 log trolands.
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Fig. 6.2 As for Fig. 6.1 but for the amblyopic eyes of the 9 
amblyopes. Other parameters as for Fig. 6.1.

*

*

♦
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% Fig. 6.3a) Shows the mean ST2 temporal responses of 9 amblyopic
observers taken from Fig. 6.1 (normal eyes) and 
Fig. 6.2 (abnormal eyes) together with the average 
values for five normal subjects. Error bar denote 
+j standard error.

Fig. 6.3b) This gives the difference graph determined by the 
equation (log I. )AA - (log 1^.)^). Error bars 
denote standard error.



6.3. The ST2 Spatial Responses in Amblyopia

The spatial responses of the ST2 filter were measured in 

the same 9 amblyopes for whom the corresponding temporal 

responses are given in Fig. 6.1 and 6 . 2 & 6  normal eyes were also 

checked by way of comparison. Measurements were made by the 

techniques described earlier in the methods chapter (Chapter 4, 

Section 4.2.3.3.). Thus, a circular target of 1.4° diameter 

is moved laterally at 15°/sec. across a background grating, 
which consisted of inter-digitated alternate steady and 

flickering (at 20Hz) bars (see Fig. 4.9 ). The average 

luminance of the flickering bars was maintained at the same level 

as that of the steady bars^namely 2.7 log trolands. The 

threshold, 1 .̂, for detection of the moving target was measured 

as a function of the grating periodicity, fs. The spatial 
response data of the 6  normal subjects are plotted in Fig. 6.4, 

those for the normal eyes of the amblyopic eyes are plotted in 

Fig. 6.5 and those of their amblyopic eyes are plotted in 

Fig. 6 .6 , with all curves normalised to give the same peak 

value. Each point is the mean of five readings with typical 

standard deviation +0.03 log units. The mean values taken from 

each of Figs. 6.4 to 6 . 6 are plotted in Fig. 6.7a), and all 

three sets of data have been normalised to give the same peak 

value (the error bars are ^1 standard error). In Fig. 6 .6b), 

the difference A ,  between the mean (log I ) -(log I. ) .. 
log threshold values for the '‘normal" and the amblyopic eyes are 

plotted against fs. The results plotted in Figs. 6.4 to 6.7 

show that like the temporal responses, the ST2 spatial responses 

are similar for all three groups of eyes, i.e. those of normal
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subjects and the "normal” and amblyopic eyes of the amblyopes. 
Only in one case does the response curve for the amblyopic eye 
peak at a spatial frequency below 1 cycle deĝ ox̂ the peak for the 

* normal eyes and the data for this subject will be discussed
together with those for an albino subject, D.C, which are 
presented in the next section.

06 10 50 10 50
fs (cycles deg-1)

Fig. 6.4 Normalised ST2'spatial response curves measured for
6 subjects with normal vision. Illumination, 1̂ , for 
detection of the moving target is plotted against the 
spatial frequency fs, of the background grating. The 
target was a 1.5<̂ eg. diameter white light spot, moving 
at 15 deg. sec. along the horizontal meridian’. The 
background consisted of alternate steady and flickering 
bars of equal width, forming a vertically orientated 
background grating of fundamental spatial frequency, fs. 
The background field was of mean illumination level 
2.7 log trolands, and the alternate flickering bars 
were 100% modulated at 20Hz around this average value. 
O a iV v c A  \ w v e  g .  m e a n  c o ^ > e  o F  .
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Fig. 6.4.

Fig. 6 . 6 The ST2 spatial response curves for 9 amblyopic subjects, 
measured for the amblyopic eyes. Other parameters as for 
Fig. 6.4.
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Fig. 6.7a) Average ST2 spatial responses for the 6 normal subjects
(0--0), for the amblyopic eyes (•-•) and the "normal"
eyes (Q--Q) of the 9 amblyopes, taken respectively for 
Figs. 6.4, 6.5 and 6.6. Error bars denote +\ standard 
error.

Fig. 6.7b) The difference between log 1̂. for the abnormal and 
normal eyes of the 9 amblyopes, given by

(log It)AAplotted against fs. (log It)AN)
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Fig. 6.8 ST2 temporal response for'a normal observer I.H 
(‘fail circled and an albino D.C (dpen circles).♦ Threshoxd illumination log I , for detection oi
3.5 deg circular target is plotted against the 
background temporal modulation frequency, the 
target moved horizontally at 15 deg sec” and 
the mean background illumination was 2.7 log trolands.
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0.1 05 1 5 10 so
fs  (.cycles deg"1)

Fig. 6.9 The ST1 and ST2 spatial responses for the albino
subject D.C (open and closed circles respectively) 
and the corresponding average curves for normal 
subjects taken from Fig. 5.2 (open sq,uat-es ) and Fig. 6.8 (closed squares). The stimulus 
parameters for D.C were the same as those used in 
the corresponding measurements for the normal subjects.

0.1 0.5 1 5 10 50
t (cycl-es

Fig. 6.10 As for Fig. 6.9, but data for a strabismic amblyope G.
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6.4. ST2 Responses for an Albino Subject D.C
This subject is classified as tyrosinase negative on the 

basis of the hair test, and exhibits marked nystagmus coupled with 
very low spatial resolving power, corresponding to ̂  Snellen in 
each eye. His ST1 spatial response has already been measured 
by Barbur et al, 1980 (and discussed in Chapter 5, Section 5-5)̂  
who also showed that his poor resolution is post-receptoral in 
origin. His ST2 temporal response, measured for a 1.4 log Troland 
background, is plotted in Fig. 6.8 (open units) and is similar 
to the data recorded for a normal subject (closed circles). D.C's 
ST2 spatial response is plotted in Fig. 6.9 (full circles) 
together with his ST1 spatial response (open circles) and the 
normal ST1 and ST2 spatial responses (squares). It is clear 
that D.C’s ST2 and ST1 spatial responses are similar to each other 
and that both are displaced to low spatial frequencies relative 
to the normal ST2 spatial response curve.

6.5. Discussion of the Amblyopic ST2 Response Data
The experimental results show that the ST2 temporal 

results for amblyopic vision are essentially normal (Fig. 6.1 
to 6.3) which is consistent with the results of previous studies 
showing that critical fusion frequency is unaltered in amblyopia 
(Lavergne, 1967). The more significant result is that the ST2 
spatial response is, with the exception of the strabismic 
amblyope G, essentially normal in amblyopia, in marked contrast 
to the ST1 spatial response. Thus, it appears that the spatial 
response of the ST1 filter can be changed without affecting 
the ST2 spatial response. This is consistent with the network
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model of the two filter̂  proposed by Holliday and Ruddock (1982), 
(Chapter 2, Section 2.2.3.). The spatial response of the ST2 
filter is determined by the spatial array of its inputs from the 
ST1 filters, and should not depend on the spatial response of 
the ST1 filters themselves, except in the situation where the ST1 
spatial distribution exceeds that of the normal ST2 response.
This latter is the case for two of the subjects, the albino 
subject D.C (see Fig. 6.9) and the strabismic amblyope G, whose 
data are plotted separately in Fig. 6.10. For both these 
subjects, the ST1 response is shifted to a lower spatial 
frequency than the normal ST2 response, that is, it is spatially 
coarser. In both cases, the ST2 spatial response is also 
shifted to lower spatial frequencies than the normal counterparts, 
and is similar to the ST1 spatial responses. As explained 
previously, this is consistent with the sequential organisation 
of the ST1 and ST2 filters shown in Fig. 2 .7 a , and b.

The conclusions regarding the ST1 and ST2 spatial responses 
are entirely consistent with the results obtained by Ikeda and 
her co-workers in their electrophysiological studies on cats with 
surgically induced squints (see Chapter 3 , Section 3* 2* 1   ̂,
They concluded that squint induced during the critical period 
of development leads to broadening of the receptive fields of 
X-type neurones, which exhibit marked loss of visual acuity.
In contrast, the Y-type neurones remain essentially unchanged 
in their spatial properties. As was discussed in Chapter 3,
Section 3*2*1 the ST1 and ST2 psychophysical mechanisms 
correspond to the X and Y-type electrophysiological mechanisms, 
thus the present observations that the former become spatially 
coarser in amblyopia while the latter are in most cases unchanged,
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is consistent with the electrophysiological observations.
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CHAPTER 7

Principal Results and Conclusions
The principal results and conclusions of this study are 

summarised below.

^ The ST1 spatial responses of the amblyopic subjects
and one albino were measured for a mean background luminance of
1.4 log trolands. The response curves of both the amblyopic and, 
in many cases, the "normal" eyes are displaced to lower spatial 
frequencies than those obtained for "normal" subjectŝ  (see 
Figs. 5.5 and 5.9). The majority of strabismic amblyopes 
exhibit a low frequency shift in the "normal" eye, whereas the 
majority of refractive amblyopes do not.

After careful inspection of the data of each subject it 
was found that those subjects who had received long-term direct 
patching, whether refractive or strabismic, show a low frequency 
shift in the ST1 spatial response of the normal eye, although the 
shift is less than for the amblyopic eye. In contrast, the ST1 
spatial response ̂ measured for the normal eyes of untreated 
subjects, is similar to the normal response in normal subjects, 
although their amblyopic eyes show a characteristic shift towards 
lower spatial frequencies. (Figs. 5.27, 5.28, 5.30, 5.32, 5.33 
and 5.35).

It is postulated that the abnormal ST1 spatial responses 
of normal eyes in patch-treated subjects is the consequence of 
developmental impedance during the critical period, caused by
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long-term occlusion of the normal eye.

Q  The displacement of the ST1 response curve to lower
spatial frequencies implies that there is a loss of fine spatial 
tuning in amblyopia and this is shown by the computed "receptive 
field" profile for the amblyopic eyes of the strabismic subjects 
(Fig. 5.25).

*

Eccentric fixation is present in most of our 
strabismic subjects but it is not thought to be a significant 
factor in the changes found in the I.M.S. (ST1 spatial response) 
for the following reasons

%

#

*

d)None of the refractive amblyopes have eccentric fixation, 
yet they too exhibit a low spatial frequency response for 

the ST1 mechanism.

b̂ )The target used for these experiments was 3*5° in diameter 
and it remained visible whilst traversing 8° of visual angle. As 
the strabismic subjects with eccentric fixation suffered at worst 
5° angular displacement of fixation which obviously lies well 
within the area of retina being examined, it cannot be of any 
direct influence. As already discussed in the text, however, it 
may have some indirect relationship to the severity of the amblyopia 
and to the peak shift. (Chapter 5, Section 5.11, Fig. 5-4<2).

c)When the ST1 spatial function is measured at varying degrees 
of eccentricity in normal subjects, it is found that an eccentricity 
of at least 20° is required to produce a response function with its
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peak in the same position as tha.t found in the ST1 spa.tial responses 
of 12 strabismic subjects, and 20° is far greater than the degree 
of eccentric fixation present in the subjects (Fig’s 5*20— ^5.23 
inclusive).

4) When xhe ST1 spatial response is measured in the peripheral 
retina, nt progressively greater degrees of eccentricity, a gradual 
change in peak position towards progressively lower spatial 
frequencies is apparent (Fig’s. 5.18, 5*19, 5.20 and 5*21). 
Furthermore, the amblyopic eyes show the same effect, only in there 
case the peak position appears at a lower spatial frequency than 
that of the normal control eyes, at all retinal locations (Fig’s. 
5.22, 5.23 and 5.24).

5) The ST2 spatial response was measured for both eyes of 
9 amblyopic subjects (7 strabismic and 2 refractives). In all but 
one subject, the response curve was similar to that of 6 normal 
subjects (Fig’s. 6.4, 6.5, 6.6a and b).

6) The average ST2 temporal response for the same 9 amblyopes 
and that for an albino subject did not differ from the normal ST2 
temporal response. (Fig’s 6.1, 6.2 and 6.3a and b).

7) For the albino and for one severe divergent strabismic 
subject, G, both the ST1 and ST2 spatial responses are shifted to 
low spatial frequency relative to the normal ST2 spatial response 
curve. For each subject the ST1 and? ST2 curves are similar to each 
other, peaking at 0.3 to 0.4 cycles per degree for the albino, ana 
at O.56 to 0.75 cycles per degree in the sxrabismic amblyope G.
It is argued that the loss of fine spatial tuning which occurs in 
the ST1, but not generally in the ST2 spatial responses in the . 
amblyopes, is consistent with the sequential organisation of two 
classes of psychophysica.1 filter proposed by Holliday and Ruadock 
(1982).This model (see Fig’s. 2.7a and b) predicts that the peak 
of the ST2 spatial response will fall below its normal value when
the ST1 spatial response is shifted to lower spatial frequency than 
the normal ST2 spatial response. The ST1 spatial response of both
the albino (D.C.) and the strabismic £ CGr'') are shifted
to lower spatial frequencies than the normal ST2 curve ( Chapter 6 9 
section 6.5, fig1. 6.8 and 6.9 ).
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8) In conclusion the findings show that in amblyopic subjects
the ST1 function Is significantly shifted to lower spatial frequency 
whilst ST2 functions are largely unaffected.

It has been shown, (Chapter^, section 3*2.1 and Chapter 6, 
section 6.2 and 6.3 )» that the psychophysically- determined ST1 
function corres-ponds to the neurophysiologically- determined spatial 
frequency tuning of X-cells and the ST2 function, to that of Y-cells 
Thus our results are consistent with the findings of Ikeda and her 
co-workers, ( Ikeda et al,1978, Ikeda and Ts'emain, 1979» Ikeda, 1980), 
in the experimentally induced amblyopia in strabismic cats in which 
the spatial resolution of X- cells are significantly affected but 
that of Y- cells only to a minor degree.
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In this section all the individual response curves for each 
observer, for ST1 spatial and ST2 spatial and temporal filter 
classes are presented, and"the respective caption now follow.

Fig. D.A.1 shov/s the ST1 spatial responses of twelve treated 
strabismic amblyopes. Note that the peaks of the response curves 
are alT.shifted to lower spatial frequencies relative to the normal 
position which is indicated by the vertical dashed line. As can be 
seen, the amblyopic eyes (a) peak at lower fs than do the fellow 
normal eyes (N) .

The mean background light level was 1.4 log trolands and 
threshold settings were measured for a 3«5 ° white spot moving 
across a grating background at 15°/sec. (See Chapter 5» Section 5-2)

Fig. D.A.2a) showsthe ST1 spatial responses of six refractive 
amblyopes. It is noted that again, in most cases the response 
curve peaks are shifted to lower fs is than normal (dashed line). 
However, the displacement of the peak f5 is generally less marked 
and also the "normal" eye is only slightly displaced from the 
normal peak position. All other conditions are as above.

b) shows the ST1 spatial responses of four untreated stra
bismic amblyopes. Here it is noteworthy that only the amblyopic 
eyes (a ) show response curve peaks lower than the normal peak 
value of fg=4»3 - c/(shown as dashed line). The normal eyes here 
show no peak displacement from the normal position ( dashed line ).
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, All other conditions as in D.A.1. (see Chapter 5, Section 5*8).

Fig. D.A.3 shows the ST2 temporal response for nine 
amblyopic observers. Here the response curves of the two eyes, 
amblyopic (A) and the normal (N)> show very little difference.
Log- threshold illumination for the detection of a moving circular

V
target is plotted against the modulation frequency of the 

background field moving horizontally at 15 deg sec.~*. The target 
was diameter 1.4 deg. a.nd the background field was of average 
illumination level 2.7 log trolands. (See Chapter 6, Section "),

Fig. D.A.4. shows the response curve for the ST2 spatial
t
. filter of nine amblyopes (same observers a.s in Fig. L.A.3.).
i

,.;In all but one case (see Chapter 6, Section 6.3 ) the curves of 
; both the amblyopic (A) and the normal (N) eyes show little 
, variation in peak fc, position.

) Threshold illumination I^, for detection of a white circular
target of diameter 1.5 deg. moving at 15 deg. sec. \ are -clotted ii

.against the spatial frequency f̂  , of the background grating.
• The background consisted of alternate steady and flickering bars 
of equal width with a fundamental spatial frequency, fs . The 

; mean background illumination level was 2.7 log trolands and the 
flickering bars were 1005j modulated at 20Hz. (See Chapter 6,
Section 6.3 ).
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Abstract. 1. We have used the psychophysical methods 
described in the first paper of this series (Holliday and 
Ruddock, 1983) to determine selected spatial and 
temporal response characteristics of the ST1 and ST2 
filters for subjects suffering visual defects. Data are 
given for 19 amblyopes, an albino and a hemianope, 
and comparison data are also given for a number of 
subjects with normal vision. 2. The ST1 spatial re
sponses for both the “normal” and “amblyopic” eyes of 
12 convergent strabismic amblyopes are displaced to 
low spatial frequencies compared to the normal curve, 
which implies that there is a loss of fine spatial tuning. 
In all but one subject, the curve for the “amblyopic” 
eye peaks at a spatial frequency lower than that for the 
“normal” eye, thus the former deviates further from the 
normal pattern than the latter. 3. The ST1 spatial 
responses of 6 refractive amblyopes are also displaced 
to the low frequency side of the normal curve, although 
on average the shift is smaller than in the case of the 
strabismic amblyopes. For each subject, the response 
curve of the “amblyopic” eye peaks at a lower spatial 
frequency than does that for the “normal” eye. 4. ST1 
spatial responses were measured for targets located up 
to 30° off-axis along the horizontal meridian and 
sample data are given for one strabismic and one 
refractive amblyope and for two normal subjects. It is 
concluded from these data that the changes in the 
spatial responses associated with amblyopia do not 
simply reflect eccentric fixation of the target. 5. The 
ST2 spatial response was measured for the “normal” 
and “amblyopic” eyes of 9 amblyopes (7 strabismic and 
2 refractive). There is no significant difference between 
the average amblyopic response and that of normal 
subjects, and only in one case does the response for an 
“amblyopic” eye peak at a frequency lower than the 
peak frequency for normal vision. 6. The ST2 temporal 
response for 9 amblyopes shows no systematic de
viations from the normal response. 7. For the albino, 
both the ST1 and ST2 spatial responses peak at

around 0.3 cycles deg- J, and both curves are displaced 
considerably to the low spatial frequency side of the 
normal ST2 spatial response. The albino’s ST2 tem
poral response is essentially normal. 8. Measurements 
for the hemianope’s “blind” hemifield under conditions 
appropriate to the isolation of the ST1 and ST2 spatial 
responses reveal no tuning curves. The ST2 temporal 
response for the “blind” hemifield, however, is of large 
amplitude, with a peak at 2 Hz, well below the normal 
frequency response peak. 9. It is argued that the loss of 
fine spatial tuning which occurs in the ST1, but not the 
ST2, spatial responses of the amblyopes is consistent 
with the sequential organisation of these two filter 
classes proposed by Holliday and Ruddock (1983). 
Further, for the only two subjects whose ST2 spatial 
response curves are displaced to abnormally low 
frequencies (the albino and a strabismic amblyope) the 
ST1 spatial response is shifted to low spatial frequen
cies compared to the normal ST2 curve. This is also 
consistent with Holliday and Ruddock’s (1983) model.

Introduction
It has been shown that background field modulation 
produces well-defined changes in thresholds for detec
tion of moving targets (Holliday and Ruddock, 1983) 
and response characteristics of two spatio-temporal 
filters were derived from measurement of target thresh
old over a range of background field modulation 
frequencies. The experimental data were represented 
by a network which provides a basis for the analysis of 
visual mechanisms revealed by background field mo
dulation methods. In this paper, we examine the 
frequency response characteristics of the two filter 
classes in subjects suffering three kinds of visual defect, 
namely amblyopia, albinism and hemianopia.
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Fig. la-e. Data for the ST1 spatial response (the IMG function), for 12 strabismic 
amblyopes and 7 normal subjects. Stimulus conditions: Circular target, 3.5° diameter, 
moving at 15 degs-1 along the horizontal meridian. Target movement covered an 8° 
displacement at the centre of the background field. Circular background, 17° diameter, 
consisting of a vertically oriented, square-waveform grating of mean illumination 1.4 log 
Trolands, 70% contrast and fundamental spatial frequency, f s. /, is the threshold illumi
nation for detection of the moving target, and each point was measured four times, with 
average standard error 0.02 log units. Log/, is expressed in relative units, a Log/, plotted 
against f s for 7 normal subjects. The response curves have been displaced along the log/, 
axis so that each curve has the same peak value, b As a, for the “normal” eyes of the 12 
strabismic amblyopes. c As a, for the “amblyopic” eyes of the 12 strabismic amblyopes. d 
The normalised averaged response curves taken from a (full line, crosses), b (broken line, 
open circles), and c (full line, full circles). Bars show the standard errors e. The difference, A, 
between the averaged response curves of the “amblyopic” and “normal” eyes of the 12 
strabismic amblyopes, shown in d. Bars show the standard errors
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the “blind” hemifield are characterised by an abnormal 
temporal response pattern. 4

Methods

Amblyopia is the term given to reduced spatial resolu
tion exhibited by adults who, as children, suffered 
either strabismus (squint) or large refractive error in 
one eye. Such subjects tend, when young, to suppress 
visual images arising in the squinting or badly re
fracted eye and the consequent loss of spatial resolu
tion in adulthood cannot be rectified by refractive 
correction. Amblyopia arises from abnormal develop
ment of the visual pathways due to modification of 
sensory input during childhood and there is, con
sequently, considerable interest in the underlying 
mechanisms.

In this paper, we show that for the amblyopes, 
including the albino who may be considered an ex
treme amblyope, there are selective changes in the 
spatial, but not in the temporal properties of the two 
filters. In the hemianope, however, visual responses in

Using the background modulation methods de
scribed in the first paper of this series (Holliday and 
Ruddock, 1983) we have measured selected ST1 and 
ST2 filter responses in subjects displaying certain 4
classes of visual abnormality. Thus threshold illumi
nation, It, for detection of a target moving across a 
modulated background was determined as a function 
of the background parameters. The functions mea
sured and the background modulation required for 
their investigation are summarised as follows:

1. The ST1 spatial response, for which the target 
moves across a spatially modulated background con-
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sisting of a square-waveform grating, of periodicity f s, 
^  and It is determined as a function of f s (Barbur and 

Ruddock, 1980). The ST1 spatial mechanism exhibits a 
relatively high pass band response suitable for fine 
spatial resolution.

2. The ST2 spatial response, for which the target 
moves across a spatio-temporally modulated back
ground consisting of alternate steady and flickering

£  bars (Holliday and Ruddock, 1983, Fig. 1). Threshold
illumination, /,, is determined as a function of the 
periodicity, / s, of the background grating.

3. The ST2 temporal response, for which the target 
moves across a spatially uniform, temporally modu
lated background. Threshold illumination, It, is de
termined as a function of the temporal frequency,^, of 
the background modulation. The ST2 temporal re
sponse is pass band (i.e. transient) in nature, suitable

for the detection of temporal changes in the light 
stimulus. The corresponding ST2 spatial response is 
relatively coarse and therefore does not provide high 
spatial resolution.

In the case of the amblyopes, visual acuity was 
measured for each eye, separately, with a Snellen test 
chart consisting of high contrast black letters on a 
white background. All amblyopes were examined oph- 
thalmoscopically for eccentric fixation using a Linksz 
star graticule (Lyle and Wybar, 1967) and as far as 
possible, their ophthalmic history was collected. The 
albino, D, a 35 year old male, is classed as type 
tyrosinase negative, and exhibits pronounced nys
tagmus. The hemianope, G, a 23 year old male, has a 
homonymous right field hemianopia as a result of a 
deep laceration behind the left ear, suffered at age 8 
years. He can none-the-less detect and locate moving
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Fig. 3a-c. Normalized ST1 spatial responses (IMG functions) for four subjects, obtained for target movement centred at different points along 
the horizontal meridian, in the temporal retina. All stimulus parameters and symbols as in Fig. 1. a Data for the strabismic amblyope, NC, 
measured at the fovea (0°, and 20° off-axis. Full lines (full squares) refer to the “normal” eye and broken lines (open squares) refer to the 
“amblyopic” eye. Each point is the mean of 8 readings, with standard error 0.02 log units, b As a, but for the refractive amblyope CH. c Ax a, but 
for the normal subjects RG and IH. In the case of RG data are given for the right eye (full lines) and left eye (broken lines); all data for IH refer 
to the right eye

or flashed targets presented within his “blind” hemi- 
field (Barbur et al., 1980).

The equipment and experimental procedures were 
the same as those described in previous papers 
(Holliday and Ruddock, 1983; Barbur and Ruddock, 
1980). Except for the data of Figs. 3 and 7, all measure
ments were made under foveal viewing conditions. All 
stimuli were white light.

Results
Amblyopes
The spatial responses of the ST1 filter (the IMG spatial 
response) were measured for twelve convergent strabis
mic amblyopes and six refractive amblyopes. In nor
mal vision, two ST1 spatial functions are found, one 
for background illuminations below 2 log Trolands, 
with peak response at about 4 cycles deg-1 and the 
other, for background illuminations above 2.2 log 
Trolands, with peak response at about 8 cycles deg-1 
(Barbur and Ruddock, 1980). We measured ST1 spa
tial responses at background illuminations appropri
ate to the isolation of these two different responses, but 
for all but one amblyope and even for two normal 
subjects, we found only one response function, with 
peak response at or below 4.3 cycles deg-1 . Data are 
therefore given for only one background illumination,

equal to 1.4 log Trolands. The reasons why we did not 
observe a second response function are peripheral to 
the present study and will be considered elsewhere.

Threshold illumination, /,, for detection of a cir
cular target (diameter 3.5°), moving at 15degs-1 
across a background grating, was measured as a 
function of the grating spatial period. Under these 
experimental conditions, normal subjects exhibit a 
well-defined tuning curve, with log /, peaking at a 
background fundamental spatial frequency, f s, of about 
4 cycles deg-1 . The data for seven normal subjects all 
exhibit this response pattern, with rather small scatter 
between the different subjects (Fig. la). Results for the 
“normal” (Fig. lb) and “amblyopic” (Fig. lc) eyes of 
twelve strabismic amblyopes display a marked de
viation from the normal curves. In all but one of the 
normal eyes and in all the “amblyopic” eyes, the 
responses peak at a frequency below the normal value 
of 4.3 cycles deg-1 , and it can be seen by inspection 
that the variation between individual amblyopes is 
very much greater than that for the normal subjects. 
Plots of the normalised, averaged responses for the 
seven normal subjects and for each eye of the am
blyopes (Fig. Id) confirm that the spatial responses for 
the amblyopes are displaced to the low frequency side 
of the normal response, and that this effect is greater 
for the “amblyopic” than for the “normal” eyes. 
Comparison between the results for the two eyes of
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Fig. 4a-d. ST2 spatial responses for 9 amblyopes. Stimulus conditions: Circular target, 1.4° diameter, moving at 15d egs_ 1 along the horizontal 
meridian. The target displacement covered 8° and was centred on the background field. Circular background, 17° diameter consisting of a 
vertical grating composed of alternate steady and flickering (20 Hz) bars. The mean illumination of the flickering bars was 2.7 log Trolands, 
equal to that of the steady bars. The flicker modulation was 100% and the fundamental spatial frequency of the grating is the parameter,^. /, is 
the threshold illumination for detection of the target and each point was measured 8 times, with mean standard error 0.02 log units. Log/, is 
expressed in relative units, a Log/, plotted against f s for the “normal” eyes o f 8 of the 9 amblyopes. Each curve has been displaced along the 
log /, axis so that all curves have the same peak value, b As a, but for the “abnormal” eyes of the 9 amblyopes. c The normalised average 
responses taken from a (full line, full squares) and b (broken line, open squares). The dot-dash line (open circles) is the mean value for 6 normal 
subjects (taken from Holliday and Ruddock, 1983, Fig. 8c). The bars represent the standard errors, d The difference, A, between the ST2 spatial 
responses recorded for each eye of the 9 amblyopes plotted against f s

each amblyope reveals that the response for the “nor
mal” eye peaks at a spatial frequency higher than that 
for the “amblyopic” eye, except in one case, for which 
both functions peak at 1 cycle deg-1 . The averaged 
differences, A, between the normalised log /, values for 
each eye of the amblyopic subjects are plotted against 
f s in Figs. le. This plot shows that the spatial frequency 
functions for the “amblyopic” eyes are displaced to the 
low frequency side of those for the “normal” eyes, the 
two converging to the same value for fs equal to 
40 cycles deg-1 , which is effectively a uniform back
ground. Data similar to those for the convergent 
strabismic amblyopes were also obtained for six re
fractive amblyopes. These are plotted in Fig. 2 and the 
responses for the seven normal subjects are included 
for comparison purposes (Fig. 2a). The “normal” eyes 
of the refractive amblyopes show, on average, only 
small deviations from the normal data, whereas the 
“abnormal” eyes show larger deviations, with a signifi
cant increase in inter-subject variation (Fig. 2c). These 
observations are confirmed by the plot of the averaged 
spatial responses for the “normal” and “amblyopic”

eyes of the six refractive amblyopes (Fig. 2d). The 
averaged differences, A, between lo g /, values for the 
normalised response functions of the two eyes of the 
refractive amblyopes are plotted against fs in Fig. 2e. 
The relationship between fs and A differs from that 
found for the strabismic amblyopes (Fig. le), because 
at low non-zero spatial frequencies, A approaches zero 
for Fig. 2e, but increases to a large value in Fig. le. 
This may reflect a difference between the mechanisms 
of strabismic and refractive amblyopias, as has been 
suggested by some authors (Hess and Bradley, 1980; 
Hess et al., 1980). ST1 spatial response curves for a few 
amblyopic and normal subjects were measured with 
the moving target located at a number of different 
positions in the visual field. Data for one strabismic 
and one refractive amblyope, and also for two normal 
subjects, are given in Fig. 3. These data establish that 
for all subjects, the response functions shift to lower 
spatial frequencies as target eccentricity increases, but 
for the amblyopes, the functions for the “abnormal” 
eyes are displaced to lower spatial frequencies than 
those for the “normal” eyes, at all retinal locations



196

1.0 —

log I,

0.8

A-Na

0.6 -

0.4 -

0.2*-

1.0 i—

log I,

0.8 h

A-A
b

0.6 ~

0.4 -

0.2 I-

t i rjmT] i i i | 111 q
1.0 —

iog I , _  c

0.8  -

0.6  -

O.i \~

A
♦0 05

d
0 .0  —

Fig. 5a-d. The ST2 temporal responses for 9 amblyopes. 
Stimulus conditions: Circular target, diameter 1.4° moving at 
15d egs_1 along the horizontal meridian. The target moved 
across 8° at the centre of the background field. Circular 
background, diameter 17°, spatially uniform and modulated 
temporally at f t Hz. The mean background illumination was 
2.7 log Trolands and the flicker modulation depth was 25%. 
/, is the threshold illumination for detection of the moving 
target and each point was measured 8 times, giving an 
average standard error of 0.02 log units. Log I, is expressed 
in relative units, a Log /, plotted against f t for the “normal” 
eyes of 8 of the 9 amblyopes. The response curves have been 
displaced along the log /, axis so that each has the same 
peak value, b As a, but for the “amblyopic” eyes o f the 9 
amblyopes. c The normalised, averaged response curves 
taken from a (full line, full squares) and b (broken line, open 
squares). The dot-dash line (open circles) represents average 
data for 5 normal subjects. Bars represent standard errors, 
d The difference, A, between the lo g /, values for the two 
eyes of each amblyopic subject, plotted against f s and 
averaged for the 9 amblyopes
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(Fig. 3a and b). In contrast, data for the normal subject 
RG (Fig. 3c) show close correlation between the IMG 
functions for each eye, at all retinal locations.

The spatial response of the ST2 filters was mea
sured for 9 amblyopes (7 strabismic and 2 refractive) 
taken from the same group as those for which the ST1 
spatial response was measured. The measurement was 
performed using the method described in the first 
paper of this series (Holliday and Ruddock, 1983, 
Figs. If and 8); thus, a circular target (1.4° diameter) 
moved at 15degs_1 across a background grating 
consisting of alternate steady and flickering (20 Hz) 
bars. The average illumination of the flickering bars, 
set at 2.7 log Trolands, was equal to that of the steady 
bars. Threshold, /,, for detection of the moving target 
was measured as a function of the grating period; for 
normal subjects, log It peaks at a grating fundamental 
frequency, f s, of 1 cycle deg-1 (Holliday and Ruddock, 
1983, Fig. 8). The data for all the “normal” eyes and all 
but one of the “abnormal” eyes of the amblyopic 
subjects peak at 1 cycles deg-1 (Fig. 4a and b) and the 
averaged, normalised spatial frequency curves for the

amblyopic and normal subjects are very similar, both 
in peak value and in overall shape (Fig. 4c). The 
averaged values of the differences, A, between the 
normalised log /, values for the two eyes of the am
blyopes are plotted against f s in Fig. 4d, and this plot 
demonstrates the relatively small differences in re
sponse between the “normal” and “amblyopic” eyes. 
We conclude that in contrast to the ST1 spatial 
responses illustrated in Figs. 1 and 2, the ST2 spatial 
responses are little influenced by amblyopia.

In order to investigate the temporal responses of 
the amblyopic subjects, we measured the ST2 temporal 
response by the method described by Holliday and 
Ruddock (1983). Thus, threshold illumination, /,, for 
detection of a circular target (1.4° diameter) moving at 
15degs_1 across a spatially uniform, temporally flick
ering background, was measured as a function of 
background flicker frequency, fr The mean back
ground illumination was 2.7 log Trolands, for which 
normal vision is characterised by a temporal response 
peaking at about 15 Hz (Holliday and Ruddock, 1983, 
Fig. 2). Data obtained with the 9 amblyopes for whom



the ST2 spatial response was recorded, are plotted in 
Fig. 5, those for the “normal” eyes being plotted in 
Fig. 5a and those for the “amblyopic” eyes in Fig. 5b. It 
is clear that both sets of response curves are similar in 
shape and in peak response frequency (15 Hz), al
though there is greater inter-subject variability for the 
“amblyopic” eyes. The averaged amblyopic responses 
are similar to the normal response (Fig. 5c) and the 
averaged difference values between the functions re
corded for the two eyes of the amblyopes are of small 
amplitude (Fig. 5d). We conclude that the ST2 tem
poral response function is normal in amblyopic vision.

Albino Subject
The spatial and temporal frequency responses of the 
ST2 filter were measured for the albino subject, D, 
under experimental conditions identical to those em
ployed in the study of amblyopia. The ST2 spatial 
response is plotted in Fig. 6a, together with D’sST l 
spatial response (Barbur et al., 1980, Fig. 3b) and the 
normal ST1 and ST2 spatial responses. D’sST l and 
ST2 spatial responses are similar to each other, peak
ing at around 0.3 cycles deg-1 compared with values 
for the normal ST1 and ST2 spatial responses of about 
4 cycles deg-1 and 1 cycle deg-1 respectively. D' sST2 
temporal response is plotted in Fig. 6b, together with 
data for a normal subject and shows that despite his 
pronounced nystagmus, D has essentially normal tem
poral response.

Hemianope, G
Measurement of ST2 spatial and temporal frequency 
responses were made for target movement centred 20° 
off-axis, along the horizontal meridian, in the “blind” 
temporal hemifield of his right eye. Other experimental 
parameters were similar to those used in the measure
ments for amblyopic subjects. The plot of log threshold 
illumination, log against spatial frequency, f s, for the 
ST2 spatial response (Fig. 7a) reveals no tuning curve, 
although there is a general increase in threshold for all 
background fields which incorporate flickering bars, 
except the very coarse grating with f s equal to 
0.3 cycles deg-1 . In contrast, the ST2 temporal re
sponse shows a well-defined, pass-band response, 
peaking at about 2 Hz (Fig. 7b). Two sets of com
parison data, recorded at the same retinal location for 
a subject with normal vision, are also plotted, one 
recorded with the same background illumination 
(2.2 log Trolands) for which G’s responses were mea
sured and the other at a lower level (1.0 log Troland). 
The noteworthy features of G’s temporal responses are 
the large amplitude of the ST2 tuning curve and the 
low frequency for peak response.
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Fig. 6. a Normalised ST1 and ST2 spatial responses for the albino 
subject, D, denoted by A-, and the averaged normal curves, 
denoted N-, taken from Figs, la  and 4c. Stimulus parameters for A- 
were as in Figs. 1 and 4 except that for both responses, the mean 
background illumination was 1.4 log Trolands. b Normalised ST2 
temporal responses for the albino, A, and the normal subject I EH. 
Threshold illumination, I,, was measured for detection of a 3.5° 
diameter circular target moving at 15d egs-1 along the horizontal 
meridian. The 17° diameter background was spatially uniform and 
temporally modulated at f t Hz. The background mean illumination 
was 1.4 log Trolands. Each point is the mean of 5 measurements and 
the average standard error was 0.03 log units, c Normalised ST1 and 
ST2 spatial responses for subject K  denoted A, and the averaged 
normal data, denoted N, taken from Figs, la  and 4c
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Fig. 7a and b. Data for the hemianopic subject, G, measured for stimuli centred 20° or 30° off-axis along the horizontal meridian, in the “blind” 
hemifield. a ST1 and ST2 spatial responses for subject G, represented by the full line (open triangles) and the broken line (full circles) 
respectively. The ST1 response is taken from Barbur et al. (1980), Fig. 5. The ST2 response was measured with a 5° diameter circular target, 
moving at 30 deg s -1 across a background grating consisting of alternate steady and flickering bars. The mean background illumination was 
1.8 log Trolands and the flicker frequency was 2 Hz. Stimuli were centered 20° off-axis (data points are the mean of 5 readings with mean 
standard error of 0.05 log units), b ST2 temporal responses for subject G (full line, full circles) and the normal subject IEH, measured 20° off-axis. 
The 5° diameter, circular target moved at 30d eg s-1 along the horizontal meridian. The background was modulated at frequency f t (100% 
modulation depth) and was of mean illumination 2.2 log Trolands (full circles and open squares) or 1.0 log Trolands (full squares). The half-field 
opposite to that viewing the stimuli was covered up to 7° from the foveal fixation point by a steady, uniform field illumination 2.6 log Trolands, 
in order to suppress effects of light scattered into G’s normal hemifield (data points for G are the mean of 5 readings, with standard errors in the 
range 0.04-0.07 log units)

#

♦

Discussion
We examine, firstly, the temporal responses recorded 
for the different classes of abnormal vision. For the 
amblyopic and the albino subjects, the ST2 temporal 
response appears to be entirely normal (Figs. 5 and 6b) 
and as this response can be derived from the ST1 
temporal response, it is probable that the latter is also 
normal. (We did not measure the ST1 function directly 
because the method for its determination was not 
discovered until we had virtually completed the study 
on amblyopia.) Our observations therefore support 
previous reports that amblyopes have normal sensi
tivity for detection of flicker (Miles, 1949). As noted, 
the albino subject’s marked nystagmus has no signifi
cant effect on his ST2 temporal response. The results 
for the hemianope, G, show that his “blind” sight is 
characterised by high sensitivity to low temporal fre
quency. The very large amplitude of the threshold 
illumination increase which occurs at about 2 Hz 
(Fig. 7b) is quite different from the responses found in 
normal vision, although it correlates well with the low 
critical fusion frequencies of G’s “blindsight” reported 
by Barbur et al. (1980). These authors suggested that 
G’s “blindsight” is mediated by retinal projections to 
the superior colliculus and thence, via the pulvinar, to 
the cortex. The data of Fig. 7 establish that whichever 
pathway generates G’s “blind” field responses posses
ses low temporal frequency characteristics. Low criti
cal fusion frequency is found in subjects with in
tracranial tumours (Phillips, 1933), and it has been 
noted (Wilson, 1967) that the visual integration time,

which is closely related to the temporal frequency 
response, is constant except in subjects who suffer 
lesions of the central visual pathways. Subject G suffers 
such a lesion in his “blind” hemifield projections, and 4
the associated abnormal temporal frequency response 
is consistent with Wilson’s observation.

All abnormal subjects who took part in this in
vestigation suffer visual abnormalities involving loss of 
spatial resolution, so it is not unexpected that the 
spatial, rather than the temporal, response functions 
exhibit abnormal responses. Before discussing the sig- 4*
nificance of these abnormal spatial responses, however, 
we firstly show that the eccentric fixation which occurs 
in some of the amblyopes is not a significant factor in 
the ST1 spatial responses. We note the following:

a) None of the refractive amblyopes have eccentric
fixation, yet they all exhibit low frequency ST1 spatial 
functions in their amblyopic eyes (Fig. 2c). ^

b) The target used in this study traverses 8° of 
visual angle, thus for normal subjects, the responses 
are averaged over a corresponding retinal region. The 
strabismic amblyopes of this study fixate at maximum 
3° eccentricity, which lies within the retinal range over
which the normal responses are averaged, yet there are ^
large differences between the normal and strabismic 
IMG functions (Fig. 1).

c) At 20° to 30° eccentricity, which far exceeds the 
3° maximum fixation displacement observed in our 
amblyopic subjects, the ST1 spatial response functions 
of normal subjects peak at 1.5-3 cycles deg-1 (Fig. 3c 
and d), whereas for some of the amblyopes, they peak 
at 1 cycle deg-1 or below (Figs, lc  and 2c).
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d) At eccentricities up to 20°, the ST1 spatial 
functions for the “abnormal” eyes of both the strabis
mic and refractive amblyopes are displaced to low 
frequencies compared to those for the “normal” eyes 
(Fig. 3a and b).

We conclude that the low frequency ST1 spatial 
functions observed in amblyopia do not simply repre
sent non-foveal responses associated with eccentric 
fixation.

All the ST1 spatial responses measured for “am
blyopic” eyes are displaced to low spatial frequencies 
relative to the normal response (Figs, lc  and 2c), which 
implies that these ST1 filters have larger spatial distri
butions than that associated with normal vision. 
Calculation of the ST1 “receptive field” using the 
method described by Barbur and Ruddock (1980, 
Appendix) shows that on average the ST1 receptive 
field centre for strabismic amblyopic eyes is of diame
ter 20', compared with a value of 9' for normal subjects 
(Fig. 8). A similar, although smaller effect, is also 
observed in the “normal” eyes of the amblyopes, 
particularly those of the strabismic subjects (Fig. lb). 
In contrast to the results for the ST1 filter, the ST2 
spatial responses of all but one of the amblyopes are 
essentially normal (Fig. 4). In the proposed network 
representation of the ST1 and ST2 spatial filters 
(Holliday and Ruddock, 1983, Fig. 17), ST2 filter 
responses are obtained by lateral interaction between 
ST1 filters. The ST2 spatial characteristics were attri
buted to the lateral spread of the ST2 input network, 
rather than to the intrinsic spread of the ST1 spatial 
filter. It was therefore predicted that an increase in size 
of the ST1 spatial distribution would cause an increase 
in the ST2 spatial response only if the spatial extent of 
the ST1 filter were to exceed that of the normal ST2 
filter. Loss of fine spatial tuning in the ST1 filters 
combined with normal ST2 spatial responses is, there
fore, consistent with the model. For two subjects, a 
divergent strabismic amblyope K  and the albino sub
ject D, the ST1 spatial responses are displaced to the 
low frequency side of the normal ST2 response curve 
(Fig. 6a and c) and for both subjects, the ST2 response 
curve is also shifted to lower frequencies, such that it 
coincides approximately with the ST1 frequency re
sponse. This result is consistent with sequential organi
sation of the ST1 and ST2 filters, as shown in the 
network representation of Holliday and Ruddock 
(1983). Failure to observe the ST2 spatial tuning curve 
for “blindsight” (Fig. 7a) confirms G’s lack of spatial 
discrimination in his “blind” hemifield (Barbur et al., 
1980).

Amblyopia is associated with loss of visual resolv
ing power, thus it is of considerable interest to estab
lish whether there is direct correlation between visual 
resolution and the ST1 spatial responses recorded for
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Fig. 8. Cross-sections through the receptive fields of the ST1 
mechanism calculated for normal subjects (broken line) and for the 
average data of the “amblyopic” eyes of 12 strabismic subjects (dots, 
calculated taken from Fig. lc  and d). Relative response. S, is plotted 
against distance, d, from the centre of the receptive field. Note that 
the curves illustrate the shape of the receptive field, but do not define 
the positive and negative regions
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Fig. 9. The background spatial frequency for peak ST1 spatial 
response,/max (cyclesdeg' ’) plotted against visual acuity, VA. Each 
open circle refers to the “amblyopic” eye of an ablyope and each full 
circle to the “normal” eye of an amblyope. The crosses denote the 
averaged values of / max for each value of VA

the amblyopic subjects. We therefore measured visual 
acuity for each eye of all the amblyopes, using Snellen 
test charts, and the result are expressed as the frac
tional resolving power, e.g. 1/60, corresponding to 
resolution of an object placed 6 m from the eye, and 
subtending 1° at the eye. The background grating 
frequency, / max, for peak response is taken as the 
measure of the ST1 spatial response and this is plotted 
against visual acuity (V.A.) in Fig. 9. As can be seen, 
there is considerable scatter in the individual data 
points for the “amblyopic” eyes (Fig. 9, open circles), 
although on average there is an increase in / max as V.A. 
increases. The correlation is, however, weak and this is 
emphasised by the fact that for the “normal” eyes 
(Fig. 9, closed circles), there is a wide distribution of 
/max values for a single, normal value of V.A. Two 
factors may contribute to the low correlation between 
the ST1 spatial response and the overall visual acuity. 
Firstly, amblyopes can significantly improve their



acuity if forced to use the “abnormal” eye in a training 
programme, thus their measured visual acuity values 
do not reflect absolute limits set by visual filter charac
teristics. Secondly, acuity losses in amblyopia, mea
sured in terms of contrast threshold sensitivity, fall into 
two classes (Hess and Howell, 1977), but disappear for 
supra-threshold contrast stimuli of the kind employed 
in the Snellen chart (Hess and Bradley, 1980). The 
difficulty of correlating acuity with the spatial re
sponses (receptive fields) of neurophysiological or psy
chophysical units which we meet in this study also 
occurs in normal vision, where the hyper-acuity of 
Vernier discrimination implies spatial resolution well 
below the receptive field size of single units in the 
visual pathways. Other factors which influence am
blyopic resolving power, such as age of onset of 
amblyopia and the history of medical treatment, will 
be treated elsewhere (Grounds et al., in preparation).

As in the equivalent study on normal vision, it is 
possible to compare the findings on amblyopic sub
jects with the results of electrophysiological studies. 
The neural mechanisms of amblyopia have been exam
ined in cats with surgically induced convergent strab
ismus and two contradictory patterns of response have 
been observed. In an extended and detailed study, 
Ikeda and Tremain (1979), see also Ikeda (1980), 
observed changes in the receptive fields of retinal 
ganglion cells in adult cats consequent upon the 
surgical induction of convergent strabismus at age 3 
weeks. In particular, they show that the receptive fields 
of X-type ganglion cells in the “abnormal” or squinting 
eye of cats with convergent strabismus exhibit much 
coarser receptive field centres with weak inhibitory 
surround. A similar effect is observed in X-type cells 
of the LGN (Ikeda et al., 1978), and it was shown 
that the effect decreases as the age at which the squint 
is introduced increases from 3 weeks to 16 weeks. In 
normal kittens, the receptive field sizes of X-type 
ganglion cells decrease with age from birth up to about 
16 weeks (Ikeda and Tremain, 1978), and the effect of 
the “induced” strabismus is, apparently, to arrest 
development of the receptive fields. Ikeda and her co
workers have, therefore, established a detailed case for 
the involvement of retinal ganglion cells in amblyopia. 
In contrast, the Y-type ganglion cells showed little 
change in receptive field properties as a consequence of 
the surgery. Selective loss of fine spatial tuning in 
X- rather than Y-type neurones is also seen in the 
ganglion cells of cats with “refractive” amblyopia, 
induced by use of atropine to dilate the pupil of one or 
both eyes, thereby blurring the retinal image (Ikeda, 
1980). These findings were not confirmed by Cleland et 
al. (1982), whose study on six cats with surgically 
induced strabismic amblyopia failed to reveal any 
significant changes in the receptive fields of retinal

ganglion cells, despite the fact that, behaviourally, the 
cats were amblyopic. To the extent that psychophysi
cal studies can provide evidence about neural mecha
nisms, our data for amblyopia support Ikeda and 
Tremain’s model. Thus changes in spatial responses 
are restricted, with the exception of two extreme cases, 
to the ST1 mechanism, whilst the ST2 mechanism 
remains unchanged. We have argued previously that 
the ST1 and ST2 mechanisms correspond respectively 
to the X- and Y-type neural mechanisms (Ruddock, 
1982; Holliday and Ruddock, 1983), thus the selec
tivity of the changes observed psychophysically is the 
same as that described by Ikeda and Tremain. 
Although it is clearly not possible to identify the 
anatomical level at which psychophysical responses 
arise, we note that the spatial responses revealed by 
our methods possess circular symmetry and are mono- 
cularly controlled. They may well, therefore, reflect 
ganglion cell activity, although as is demonstrated in 
the case of the hemianope, they can be modified by 
central mechanisms (Fig. 7; see also Barbur et al., 
1980).
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