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SUMMARY 
While there is good agreement that the strabismic andl 

or anisometropic deficit in early life plays a key role in 

disrupting developing binocular connections, it is still 

not clear what impediment amblyopia is to binocular 

function in the adult. The answer to this depends upon 

our combined u�derstanding of the normal stereo 

mechanism and the amblyopic deficit. 

Strabismus/anisometropia, amblyopia and impaired 
binocular vision are part of the syndrome that we 
refer to as strabismic/anisometropic amblyopia. 
While our knowledge of each of these has improved 
over the last two decades, it is still not clear how 
exactly they interrelate. Is amblyopia the cause or 
the consequence of the breakdown in binocular 
function? The degree to which amblyopia impedes 
binocular function in the adult depends on the 
resolution of this issue. The most well accepted 
idea comes from the original animal model of Wiesel 
and Rubel.1 These and subsequent models argue that 
amblyopia is a consequence of the breakdown in 
binocular function caused originally by a strabismus/ 
anisometropia. The animal model developed by 
Ikeda and colleagues2,3 argues for a different 
relationship, one in which the binocular deficit is a 
consequence of the amblyopia. 

Unfortunately in humans we do not know the 
exact ordering of these events. Our understanding of 
amblyopia on the one hand and stereopsis on the 
other has improved sufficiently over the last decade 
to, at least, address this important issue of whether 
amblyopia is an impediment to binocular function in 
the adult. In doing this, I will review our knowledge 
of stereoscopic processing, and set the nature of the 
amblyopic deficit within this framework. 
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TWO DIFFERENT TYPES OF STEREOPSIS 
The So-called Fourier Mechanism 
The more traditional view of stereopsis is encapsu
lated in a number of what are currently referred to as 
'binocular energy models'. Precortical processing is 
modelled as sets of bandpass filters operating at 
different spatial scales across the same regions of the 
visual image. Stereoscopic neurons extract disparity 
from these inputs at each of a number of scales by 
virtue of either a positonal-shift4 or spatial phase 
differences5 in their inputs. Binocular neurons which 
receive inputs from high-frequency cells encode 
small disparities while binocular neurons receiving 
input from low-frequency cells encode larger 
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Fig. 1. (A) A three-element stimulus used to measure 
stereoacuity. The outer two elements are reference stimuli 
located in the plane of fixation while the middle element is 
displayed in front or behind this plane. The stimulus 
elements are spatially narrowband, being composed of a 
one-dimensional sinewave carrier multiplied by a two
dimensional Gaussian envelope. (B) A typical psychometric 
function obtained with such a stimulus. The curve is the best 
fitting error function. Its standard deviation, which relates to 
the slope of the curve, gives an estimate of stereoacuity. 
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Fig. 2. The dependence of stereoacuity on the spatial 
frequency of the carrier for the stimulus depicted in Fig. 1 A. 
Results are shown for two subjects and three different 
envelope sizes. (From Hess and Wilcox.9) 

disparities. This is sometimes referred to as a linear/ 
energy model because the stereoscopic information 
is explicitly represented in the power spectrum. 

For example, Fig. lA shows a stimulus which we 
have used to measure stereosensitivity over the last 
few years. It comprises two outer reference elements 
which are located in the fixation plane and a middle 
element which can be displayed either in front of or 
behind the fixation plane. The subject's task on any 
one presentation is to identify whether the middle 
element is behind or in front of the reference 
elements in the fixation plane. The elements 
themselves are called 'Gabor elements' and they 
model the receptive field arrangement of the 
pre cortical filters. They are constructed by multi
plying a one-dimensional sinusoid by a two-dimen
sional Gaussian envelope. A typical result from 220 
trials is shown in Fig. lB. The per cent in front is 
plotted against the grid of depth values, with zero 
representing the fixation plane. The error curve 
which is fitted to the data allows us to derive the 
accuracy in terms of the standard deviation para
meter (equivalent to the slope of the function). The 
resultant accuracy represents the stereo acuity for 
cells with a spatial scale that matches the stimulus 
elements. 

In Fig. 2, stereoacuity is plotted against the spatial 
frequency of the stimulus elements for three different 
sized stimuli, obtained by changing viewing distance. 
The lower the frequency, the poorer the stereoacuity. 
There is little improvement above about 2-4 cycles/ 
degree regardless of the overall size of the stimuli. 
Fig. 3 shows the dependence of disparity threshold 
on the interocular contrast ratio for a number of 
different spatial frequencies from the results of 
Legge and Gu.6 As the ratio departs from unity, 
stereo performance is degraded. Similar results were 
found by Halpern and Blake7 who additionally 
showed that at higher spatial frequencies (5 c/deg) 
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Fig. 3. The dependence of stereoacuity, on the interocular 
contrast for extended grating stimuli. Results are shown for 
three different spatial frequencies. (From Legge and Gu.6) 

there was a much shallower dependence. We will see 
later that these two factors, namely the spatial 
frequency and contrast dependence, are relevant to 
our understanding of the impaired binocular perfor
mance of amblyopes. However, recent results suggest 
that there may be more to stereopsis than this so
called Fourier mechanism. 

The Non-Fourier Mechanism 

For some time we have been aware that motion 
perception can be served either by linear mechan
isms which encode the oriented information in the 
spatial frequency versus temporal frequency domain 
or by non-linear mechanisms.8 Similar evidence is 
now available for stereopsis.9-14 For example, take 
the stimulus depict�d in Fig. lA. Linear stereo or 
motion mechanisms are interested in the periodicity 
of the carrier frequency not the size of the Gaussian 
envelope which defines the overall stimulus. Because 
the carrier frequency is modulated equally above and 
below the mean level, the information concerning the 
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size of the Gaussian envelope is not explicitly 
represented in the output of linear filters. It is 
represented in how the activity of the population is 
modulated across space rather than the firing pattern 
of any one cell. To make this information explicit one 
needs to introduce a non-linearity such as a 
rectification or squaring so that there will then be 
energy at the envelope frequency and hence in the 
outputs of single cells. It has been shown9-12 that 
stereoscopic performance depends on the size of the 
Ga�ssian envelope as well as the periodicity of the 
carner. Other equally compelling demonstrations 
exist for non-linear processing in stereo.13.14 Hence 
there is evidence for a second type of stereoscopic 
mechanism. It is by its very nature a coarser stereo 
mechanism which makes a dominant contribution to 
our perception of large disparities rather than small 
disparities.l1 

The spatial frequency dependence of this mechan
ism can be gauged from the results displayed in Fig. 4 
where stereo acuity is plotted against the size of the 
Gaussian envelope for three different carrier fre
quencies. In the region where there is a clear 
envelope dependence, there is very little dependence 
on the spatial frequency of the stimulus. The 
interocular contrast dependence of this mechanism 
is not known. Whether these represent two indepen
dent stereo mechanisms or just two modes of 
operation of a single integrative mechanism is 
unknown. 

THE NATURE OF THE AMBLYOPIC DEFICIT 
AND ITS RELATION TO STEREO CODING 

Th� amblyopic deficit consists of three main parts: 
aClllty loss, contrast sensitivity loss and spatial 
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uncertainty. How might each of these restrict stereo 
performance? 

Acuity Loss 

It is true that for the linear stereo mechanism, higher 
f:equency precortical filters contribute to the proces
smg of finer disparities. Loss of spatial resolution 
must therefore result in the loss of stereo acuity. 
However, this is unlikely to be a dominant effect in 
am�lyopia f�r broad-band images. Firstly, the grating 
aCUIty loss m amblyopia is often not very severe, 
amblyopic resolution being often above 2 c/deg. 
�econdly, from Fig. 2 it is seen that stereo acuity 
Improves with increasing spatial frequency but 
reaches a plateau at around 2-4 c/deg. It is only for 
those amblyopes whose spatial acuities are signifi
cantly below 2 c/deg that this would be a significant 
factor. The resolution loss would probably not affect 
performance for the non-linear stereo mechanism at 
all. 

Contrast Sensitivity Loss 

Possibly of more importance than the restricted 
spatial range is the loss of contrast sensitivity within 
the passband of the amblyopic visual system. While 
stereo acuity is reasonably insensitive to the absolute 
contrast level, it is sensitive to interocular differences 
i� contrast.°.7 This is the relevant factor for amblyo
pia. For example, both studies found an approxi
�ately proportional change in stereo acuity with 
I�terocular contrast for low-medium spatial frequen
CIes (1.2

.
-2.4 c/deg). However, at higher spatial 

frequencIes (around 4.8 c/deg) the effect of intero
�u!ar co�t�ast di�ferences is small. Since stereo acuity 
IS msensitIve to mterocular contrast changes above 2 
c/deg one would not expect contrast sensitivity losses 
in amblyopia, which are usually significant in this 
ra�ge,

.
15.16 t� impair stereoscopic function greatly. 

ThIS IS partIcularly true since reduced threshold 
contrast sensitivity and perceived supra threshold 
contrast are disassociated in strabismic and to a 
lesser extent anisometropic amblyopia.17 Stimuli for 
which amblyopes exhibit dramatic elevations in 
threshold are not perceived as being reduced when 
they are above threshold. 

In summary, in the majority of amblyopes whose 
contrast sensitivity is significantly reduced but whose 
grating acuity is above 2-4 c/deg, one would not 
expect, on the basis of what we presently know about 
normal stereopsis, their stereo performance to be 
greatly compromised by their spatial filtering deficit 
per se. This conclusion assumes that the mechanisms 
responsible for stereopsis and dichoptic contrast 
�asking18 (discussed by Harrad in this issue) are 
dI

.
fferent. Very severe deficits to contrast sensitivity 

wIll affect hnear more than non-linear stereo 
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computations because of the former's stronger 
spatial frequency dependence. 

Positional Uncertainty 

Amblyopes exhibit positional uncertainty for stimuli 
both at19 and below20 the acuity limit. The positional 
loss exhibited by anisometropic amblyopes can be 
explained on the basis of their known acuitil and 
contrast sensitivitiO losses. On the basis of this, one 
would not expect anisometropia (except in its most 
severe form) to be an impediment to binocular 
function. There is evidence that for anisometropic 
amblyopes, stereo performance is normal for equi
visible low spatial frequency stimuli22 but not for high 
spatial frequency stimuli. These results are shown in 
Fig. 5. On the basis of this one has to conclude that the 
loss of binocular function in the high frequency range 
has a binocular rather than a monocular cause. 

The positional loss in strabismic amblyopes is large 
even when acuity and contrast sensitivity losses are 
taken into account.19,20 Our working model23 
involves a disruption of the local sign of detectors 
due to a topological distortion of the spatial map in 
the cortex fed by the amblyopic eye. It is not just that 
the cortical inputs are miswired, as some have argued 
(T. Rentschler, personal communication) but that the 
neurons in VI are disarrayed. Furthermore, it seems 
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Fig. 5. Dependence of stereoacuity on spatial frequency of 
windowed gratings for normals (open symbols) and a 
group of four anisometropic amblyopes (filled symbols) . 
The stimuli were matched for perceived contrast between the 
normal and fellow amblyopic eyes. Notice that stereoacuity 
is normal at low spatial frequencies but abnormal at high 
5patial frequencies. (From Holopigian and Blake.22) 
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Fig. 6. Example of radial sinusoidal stimuli which have 
been jumbled through an array of matched bandpass filters. 
At the top, just the carrier is jumbled. At the bottom, both 
carrier and envelope are jumbled. 

likely that this disruption involves low as well as high 
spatial frequency neurons?O This is potentially a 
much more serious problem for stereopsis than 
either the resolution or contrast losses described 
above. The strength of the stereo signal after the 
information from the two eyes has been combined is 
given by the degree to which the two signals are 
correlated.24 If one eye contributes a jumbled 
percept which is scale invariant then the interocular 
correlation will be low and the binocular signal weak. 
Furthermore, since the jumbling is not confined to 
the inputs of cortical cells but affects their outputs as 
well. it will affect both linear and non-linear stereo 
processing streams. An illustration, of two different 
types of receptive field jumbling is shown in Fig. 6. 

At the top of Fig. 6 the carrier frequency is 
acuity 
ratio 
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Fig. 7. The dependence of stereoacuity on interocular 
correlation for stimuli jumbled as in Fig. 6. For the same 
degree of interocular correlation, disrupting the carrier and 
the envelope affects stereo performance more fhan just 
disrupting the carrier alone. (From Jovkar et al.b) 
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jumbled by an array of filters tuned to its periodicity. 
At the bottom of the figure, the stimulus as a whole 
(carrier + envelope) is jumbled by a matched 
receptive field array. The process of creating these 
examples of what might be the basis of the positional 
disturbance in amblyopia involves a sampled con
volution with an array of matched filters with a 
disorder incorporated into the reconstruction pro
cess. The power spectra of the resultant stimuli are 
little changed; however, the phase spectrum is 
severely disrupted. From what we know of the 
severity of the positional deficit in amblyopia, the 
better model is captured by the distortions at 
the bottom of Fig. 6. 

The graph in Fig. 7 shows the relationship between 
the degree of interocular correlation, our measure of 
stereo strength, and stereoacuity?5 This experiment 
was carried out at only one scale (frequency of the 
radial sinusoid) but the results are applicable to any 
scale assuming that the filters are jumbled by some 
fraction of their size?O Stereoacuity is affected. In the 
case where the distortions are applied to the 
envelope as well as the carrier (Fig. 6, bottom, 
represents the stimulus), which is the more realistic 
case on the basis of what we know about amblyopia, 
stereo acuity is much more dramatically affected. 
Such a manipulation would be expected to affect 
both linear and non-linear stereo processing. 

In conclusion, the above analysis suggests that in 
anisometropic amblyopia only the more severe 
contrast sensitivity losses will limit stereo perform
ance. The observed deficit22 in stereo performance in 
these amblyopes represents binocular dysfunction 
unimpeded by the accompanying amblyopia. 

In strabismic amblyopia where there are indepen
dent losses of contrast sensitivity and positional 
accuracy, the greatest obstacle to stereopsis is not 
the contrast (amplitude) losses but the position 
(phase) losses. These are best thought of in terms of 
a spatial disarray of filters that optimally sample space 
and spatial frequency. These losses potentially affect 
all scales and set an upper limit on the degree of 
stereopsis that can be achieved by an amblyopic visual 
system, because they will not only affect the small 
disparities signalled by the linear system but also the 
coarser disparities signalled by the non-linear system. 

This work was supported by the Canadian Medical 
Research Council (# MT 108-18) . I am very grateful to 
my colleagues Laurie Wilcox, David Simmons and Said 
lovkar for allowing me to use some of our recent material 
(Fig. 7) . 
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