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SUMMARY 
Normal humans for whom the positions and move
ments of the two eyes are constrained to be yoked 
together are able to extract rich binocular sensory 
information from the environment. Humans with 
strabismus are deficient in extracting some of this 
information. Studies of strabismus in non-human 
primates can augment what has been learned from 
humans about relationships between strabismus and 
sensory binocular function. For example, speculation 
about the role of binocular vision in primate evolution 
can help us understand why it is that the advantages of 
sensory binocular function outweigh the disadvantages 
of having the positions of the two eyes yoked together. 
Physiological optics assessments of fixation patterns 
and accommodative responses in monkeys provide 
information about how the brain accomplishes and 
coordinates motor and sensory binocular functions, and 
sets the stage for determining underlying neural 
mechanisms responsible for this coordination. Finally, 
a developmental perspective, concerned with events 
that occur during an early sensitive period in the life 
span of an infant primate, can help us understand how 
nature and nurture interact to set up this complex 
neural system in normal individuals, and how this 
process is disrupted in conditions such as strabismus. 

BINOCULAR FUNCTION EVALUATED FROM 
A PSYCHOBIOLOGICAL PERSPECTIVE 

Imagine that someone were to clasp your wrists into 
a set of handcuffs. As a result you would find that the 
positions of your left and right hands were con
strained to be near each other and the movements of 
your hands would be yoked together. For example, if 
you wanted to move your left hand to the left side of 
your body to pick up an object, you would be forced 
to simultaneously also move your right hand to the 
left side. It is unlikely that you would consider this 
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yoking to be a functional advantage! Why then 
should we consider individuals with a strabismus (i.e. 
conditions in which the two eyes do not always aim in 
the same direction) to have a visual defect, and 
'normal' individuals in whom the two eyes are 
effectively yoked together, to be at a functional 
advantage? The answer, from the point of view of 
evolution, is likely to be that there are sufficient 
functional advantages to having binocular sensory 
processing to overcome the impediments to binocu
lar motor control that come from yoking the eyes 
together. 

The binocular visual system in primates consists of 
two inter-related and reciprocally interacting sub
systems that involve sensory and motor processing 
(Fig. 1). This system is exceedingly complex in terms 
of both its computational requirements and its neural 
circuitry, and its operation depends upon an exqui
site coordination of binocular motor control and 
sensory processing.1 -5 But what does it provide in 
terms of new or improved visual function? It is 
commonly assumed that the functional advantage 
that is obtained from binocular processing involves 
some aspect of depth perception. There can be little 
doubt that it is important for primates to be able to 
determine the locations of objects in three-dimen
sional space relat�ve to themselves, and in particular 
to be able to detect approaching objects. However, 
much of the rich information about positions and 
movements of objects relative to an observer can, in 
principle, be carried out by appropriate processing of 
monocularly available information.6--9 Thus, when 
trying to construct arguments about the advantages 
that accrue to an organism that has binocular vision, 
it is not sufficient to demonstrate that binocular 
processing is able to achieve some particular func
tion. We also need to address the issue of whether 
achieving a particular function via binocular proces
sing has some advantageous characteristics over and 
beyond those which can be obtained from analysing 
monocular information. 
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Fig. 1. Binocularity involves reciprocal interactions be
tween two subsystems that perform motor and sensory 
processing. These two subsystems are exquisitely interde
pendent such that the function of each can only be fully 
appreciated by examining how its own processing relates to 
the function of the overall binocular system. Constraints that 
are present within a single subsystem, such as the fact that 
the eyes must be yoked together during motor control, are 
understandable when it is understood that these constraints 
are necessary for the overall system to function properly. 

Over evolutionary time, binocular vision was 
probably accomplished in a stepwise fashion, build
ing on earlier, simpler functions.lO,l1 For example the 
eyes of some species that had strictly monocular 
processing of non-overlapping visual fields may have 
begun to move towards the front of the head due to a 
chance genetic mutation. Now the animals of this 
species had the potential of fixating a single object 
with both frontal eyes simultaneously. At this point, 
converging the eyes on the same object could be 
accomplished by independent monocular move
ments, but the stage would have been set for a 
more efficient system of motor control - a system in 
which convergence was achieved with a single 
mechanism involving feedback from simultaneous 
sensory processing of information coming from each 
fovea. Such a system would provide rudimentary 
motor fusion. 

Given the above scenario, the emergence of 
disparity processing would have augmented the 
efficiency of motor fusion when changing fixation 
from objects at different distances. The computations 
needed to make quick and accurate eye movements 
to objects inside (crossed disparity) and outside 
(uncrossed disparity) the horopter could be provided 
by rudimentary sensory processing of simultaneous 
information coming from each retina. 

The presence of this kind of primitive disparity 
processing does not necessarily imply a perception of 
depth as we understand it, but might simply involve 
registering shifts in retinal correspondence. The 
perception associated with this disparity processing 
might very well have involved only diplopia or 
suppression prior to the time when depth-perception 
evolved. The subsequent emergence of sensory 
fusion, including a percept of depth, from disparity 
processing would have both augmented the effec
tiveness of, and simplified, motor fusion, because an 
immediate depth percept from two disparate mono
cular images is probably more efficient to access and 
interpret than learning to associate each pair of raw 
disparities with their proper distances. 
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In addition to static disparity, binocular vision also 
encompasses binocular motion processing (see 
Fig. 2). This form of binocular processing very 
probably had its evolutionary roots at a time before 
eyes even started to move towards the front of the 
head to work better together. Motion perception in 
itself is probably more primitive than binocularity: 
the toad, for example, whose prey-catching ability 
relies on its perception of motion, seems oblivious to 
static stimuli, and does not have the capacity for 
binocular disparity processing.J2-1 4 Moreover, rela
tive motion among objects that is induced by self
motion can be used to detect relative distances by 
motion parallax. This latter phenomenon was first 
recognised as a cue to depth by Helmholtz,1 5 and has 
now been firmly established to give information 
about the three-dimensional structure of objects.1 6  It 
is also known that motion parallax can be exploited 
by animals that have no binocular vision as a means 
to estimate distance to a prey. For example, some 
insects can locate a prey with precision by moving the 
head from side to side before striking the target, thus 
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Fig. 2. When an object changes in depth relative to a 
binocular observer, there is information available in the 
optic array that can be obtained by binocular processing of 
information about relative positions in the two eyes 
(binocular disparity) and relative motions in the two eyes 
(binocular motion). One of the hallmarks of primate 
binocular visual systems is the efficiency with which they 
combine processing of these two kinds of binocular 
information. This figure illustrates what happens in the 
retinal images of the left and right eyes when an object 
moves from point A which is beyond the fixation point to 
point B which is closer than the fixation point. The retinal 
disparity for position changes, and the monocular motions 
generated in the two eyes are in the opposite direction. 
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making up for the lack of static stereopsis by 
extracting the same disparity information over 
time.17 Since movement of the self is required for 
such a feat, it is possible that the emergence of static 
stereopsis in predators served the functional advan
tage of allowing an estimation of the distance to the 
prey while remaining still, and therefore inconspic
uous. This functional role may have helped maintain 
static stereopsis in canine species, such as cats, but is 
unlikely to have played a large functional role in 
primates. 

A more plausible role for a functional advantage 
of binocular sensory processing in primates involves 
stereomotion. Primate visual systems are able to 
utilise both binocular disparity and binocular motion 
information to achieve perception of motion-in-depth 
in which an observer is aware of the trajectory of 
objects that are approaching or receding in three
dimensional space.I6 Motion-in-depth can be speci
fied by several different kinds of information 
simultaneously, some of which can be picked up 
while viewing with only one eye (e.g. changes in 
retinal image size). We will restrict our use of the 
term stereomotion to refer to the perception of 

motion-in-depth that can only occur under binocular 
viewing conditions. Stereomotion can be demon
strated in a laboratory setting by using special 
displays in which all monocular cues are eliminated. 

Fig. 2 illustrates the geometrical layout of an object 
that moves from position A to position B with respect 
to an obsever who is fixating binocularly at fixation 

point F. The object is moving towards the nose of the 
subject. The images projected from the fixation point 
onto the fovea of each retina are labelled f and f' for 
the left and right eye respectively. The projections of 
the object's images onto each retina when the object 
is at position A and at position B are indicated by the 
dashed lines. Position A lies outside the plane of 
fixation and projects onto non-corresponding points 
(a and a') that have uncrossed disparity. At point B, 

the object has moved towards the head, such that it 
projects onto non-corresponding points (b and b') 
that have crossed disparity. Stereo motion informa
tion can be picked up by processing these changes in 
binocular disparity over time. However, note that the 
object moving towards the nose in Fig. 2 also results 
in monocular motion to the right in the right eye and, 
simultaneously, monocular motion to the left in the 
left eye. Thus, stereomotion information can also be 
picked up by binocular processing of this relative 
motion in the two eyes. The geometry associated 
with binocular motion processing for the more 
general case in which objects move in any direction 
relative to the fixation point in the horizontal plane 
has been worked out by Poggio and Talbot.Is They 
demonstrated that binocular motion processing can, 
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in principle, provide quantitative as well as qualita
tive information about direction of object motion. 

Primate visual systems might, in principle , have 
evolved two separate binocular processing systems 
for achieving stercomotion: one that makes use of 
binocular disparities at different disparity planes , and 
a second that involves binocular synthesis of the 
different speeds and directions of monocular motion. 
However, there is evidence that, at least in humans, 
individuals are able to pick up stereo motion informa
tion that does not depend on processing of either 
binocular disparity or the binocular synthesis of 
monocular motion. This was demonstrated psycho
physically hy Shimojo et al.l,) in an elegant study in 
which observers viewed moving objects through a 
small aperture that was positioned close to the 
observer. The viewing situation is illustrated to 
Fig. 3. Consider an object that is moving along a 
trajectory from position A to position C. At time t1 
this object is seen at position A by the right eye. 
However, it is invisible to the left eye at this time. At 
time t2 this same object is seen at position C by the 
left eye but is invisible to the right eye. What we 
traditionally think of as binocular disparity proces
sing cannot provide any information about stereo
motion for this object because there is no point in 
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Fig. 3. When an observer views a moving object through a 
small aperture, there is no information that can be obtained 
about depth by doing exclusively disparity processing 
because there is no time when the object forms simultaneous 
images in both eyes. This is illustrated by an object thai 
mo lJes from point A at time t 1 to point C at time t2. There is 
flO binocular disparity present at either t 1 or t2. Similarly, 
there is no simultaneous motion generated in both eyes at 
either t1 or t2. In order for a binocular visual system to pick 
up the trajectory of this object it must do complicated 
binocular processing of information across 'space-time'. 
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time at which the two eyes receive simultaneous 
images from the object that can be analysed for 
binocular disparity. Similarly, there is no point in 
time during which there is simultaneous motion 
produced by this object in the two eyes that can be 
analysed for binocular synthesis of monocular 
motion. Shimojo et al.19 summarise their results by 
stating that it is not sufficient for the stereomotion 
processing system to process information over time 
while holding position constant (local motion proces
sing) or information over space while holding time 
constant (static disparity). Instead, stereomotion 
processing needs to interpolate over 'space-time'. 
The complexities of the processing required for any 
binocular visual system to achieve stereo motion 
perception under these conditions are rather remark
able. Nevertheless, human observers are able to 
perceive stereomotion under these conditions. Are 
there conditions in the environment in which 
primates evolved that might have made such a 
complex system of binocular stereomotion proces
sing advantageous? 

Over evolutionary time, primates were confronted 
with avoiding approaching predators while spending 
considerable time eating fruits and leaves in a leafy 
forest environment. The view through the foliage 
surrounding the head in such an environment will 
produce the optical equivalent of looking at the 
surrounding space through a number of small 
apertures. It does not seem unreasonable to spec
ulate that the ability to pick up information about 
approaching predators under these conditions would 
provide a strong functional advantage to primates, 
perhaps an advantage that substantially outweighed 
the disadvantages associated with forcing the eyes to 
be yoked together. 

If this speculation is correct, then species in which 
binocular processing evolved in other kinds of 
environments may not have these same stereomotion 
properties. For example, these special properties of 
stereomotion would probably not confer any parti
cular advantage for species that evolved as predators 
in a more open environment. It is not obvious that 
these advantages continue to offer a particularly 
strong functional advantage to modem-day human 
primates either, and this could be one factor that 
accounts for the increased incidence of strabismus in 
humans compared with non-human primates (see 
Boothe20.21 for discussion of other factors). 

Speculations about other possible functions for a 
stereomotion perception have been put forth based 
on psychophysical studies of humans. Beverly and 
Regan22.23 have argued that stereomotion provides 
an accurate means of avoiding objects that are about 
to hit the head. Their arguments are based on the 
following evidence: (1) different psychophysical 
mechanisms are used for processing object motion 
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passing to the right or to the left of the head; (2) 
sensitivity for object motion towards the head is 
particularly sensitive. These abilities would obviously 
aid an individual in detecting and avoiding the 
impact of approaching objects that are on or near a 
collision course with the head. Richards24 has argued 
that stereomotion processing could also provide a 
very efficient signal for controlling vergence eye 
movements to track moving objects. 

PHYSIOLOGICAL OPTICS ASSESSMENTS OF 
FIXATION AND ACCOMMODATION 

Until the early 1980s there were no reports of 
naturally occurring strabismus in monkeys. This 
lack of widespread occurrence of strabismus in 
monkeys seemed surprising given the general simila
rities of human and monkey visual systems, and led 
Jampolsky5 to speculate that there must be some
thing fundamentally different about the monkey 
oculomotor system that makes it impervious to the 
conditions that lead to misalignment in human 
infants. However, an extensive screening programme 
of every infant born at the breeding colony of the 
Regional Primate Research Center at the University 
of Washington over a period of several years 
identified a number of monkeys with naturally 
occurring infantile strabismus.z6•27 Ten of these 
animals have undergone extensive study using 
physiological optics methods to determine whether 
or not the characteristics of their strabismus mimic 
common syndromes of human infantile ·strabis
mus.28.29 Two of the monkeys were determined to 
have a pattern of oculomotor deficits comparable to 
the human syndrome of essential infantile esotropia. 
Five monkeys had a non-paralytic esodeviation with 
an angle greater at near than at distance and were 
classified as having a condition similar to human 
early-onset accommodative esotropia. An eighth 
monkey had bilateral haemorrhages of the anterior 
chamber at birth followed by lens opacities that 
persisted for several months. The esotropia in this 
monkey was classified as being induced by early 
visual deprivation. In a ninth monkey the strabismus 
changed from an esotropia in infancy to an exophoria 
in adulthood, and in a final monkey an esotropia in 
infancy resolved to an orthophoria in adulthood. 

Examination of accommodative responses in these 
monkeys revealed several important findings about 
the characteristics of binocular control of the near 
refiex?9 Accommodation was always accurate under 
monocular viewing conditions, with the exception of 
the inability of one myopic eye to focus distant 
targets. The accommodative response in the two eyes 
was always consensual, under both monocular and 
binocular viewing conditions. Thus, in cases where 
there was an anisometropia, one eye was always 
focused accurately at the target distance and the 
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Fig. 4. The accommodative response is shown as a 
function of the accommodative stimulus. An observer with 
perfect focus would be expected to generate data points that 
fall along the dashed line. The results shown here were 
obtained from a monkey with an early onset accommoda
tive esotropia. This monkey had a mild amblyopia in the left 
eye and always fixated with the right eye. This monkey also 
had an anisometropia of about 1 dioptre. The figure 
demonstrates that this monkey always accommodates 
accurately with the right eye and that accommodation is 
always consensual. As a result the left eye is always in error 
by about 1 dioptre. 

fellow eye was in error by an amount predicted by 
the magnitude of the anisometropia. A methodology 
in which we recorded fixation and accommodation 
simultaneously revealed that the eye that was 
controlling fixation was also the eye that controlled 
accommodation. This is illustrated for one of our 
monkeys with an accommodative strabismus in 
Fig. 4. Accurate accommodation would be expected 
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Fig. 5. The accommodative response is shown as a 
function of the accommodative stimulus as in Fig. 4. This 
figure shows results for a monkey that has an essential 
infantile esotropia. This monkey alternates fixation and has 
an anisometropia of about 0.75 dioptre. Simultaneous 
measurements of fixation and accommodation revealed that 
the eye which was fixating was the eye with accurate 
accommodation while the non-fixating eye was always the 
eye with inaccurate accommodation. 
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to fall along the dashed line in this figure. This 
monkey had a mild strabismic amblyopia in the left 
eye and always used its right eye for fixation. The 
right (fixating) eye always exhibits accurate accom
modation, and the left eye is always in error by an 
amount that is predictable by the magnitude of 
anisometropia that is present in this animal. 

Similar measurements on animals which alternate 
fixation revealed that control of the near reflex 
alternates with alternation of fixation. This is 
revealed in Fig. 5 in which accommodative results 
are presented for one of our monkeys with an 
essential infantile esotropia. This monkey alternates 
fixation and simultaneous measurements of fixation 
and accommodation revealed that the eye which was 
fixating the target was always the eye with accurate 
accommodation. When fixation switched, so did 
accommodation, with the net result that one eye 
was always accommodated accurately and the fellow 
eye was always in error by an amount predicted by 
the anisometropia present in this animal. 

Results from a monkey with an exophoria strongly 
suggest that only one eye is in control of the near 
reflex at any one moment, even when both eyes are 
fixating. This is illustrated in Fig. 6. Notice the 
similarity in the pattern of results shown in Figs. 5 
and 6. In Fig. 5, there was an alternation in fixation 
and this allowed us to demonstrate that it was always 
the fixating eye that was in control of accommoda
tion. However, in Fig. 6, both eyes are always fixating 

[n ru 
Q. o 
: : l:i:-eY�Uring:eference . • left eye during right eye preference 

• right eye during left eye preference 

o left eye during preference 

g 3.0 -
2i c 
� 2i! 2.0 " 

1.0 2.0 
Stimulus to Accommodation (Diopters) 

3.0 

Fig. 6. The accommodative response is shown as a 
function of the accommodative stimulus as in Figs. 4 and 
5. This figure shows results for a monkey that has an 
exophoria. This monkey has an anisometropia of about 0.5 
dioptre. Comparison of the results in Figs. 5 and 6 reveals a 
similar pattern. At any one accommodative distance there is 
a bimodal distribution of responses in which one eye is 
always accurate and the fellow eye is inaccurate. However, 
in this monkey there is no tropia so we cannot differentiate 
the fixating from the non-fixating eye. The similarity of the 
pattern of results to those seen during alternating fixation in 
Fig. 5 leads us to conclude that one eye (designated here as 
the preferred eye) is in control of accommodation at any 
one time and that the preferred eye alternates over time. 
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the target under binocular conditions, so we have no 
way to differentiate objectively between the fixating 
and non-fixating eyes. Nevertheless, the similarity in 
the pattern of results seen in the two animals leads us 
to conclude that only one eye is in control of the near 
reflex at any one moment even under conditions in 
which fixation is binocular. 

These results are consistent with a simple model of 
binocular oculomotor control illustrated schemati
cally in Fig. 7. There are several important features 
of this model. Note that only one eye is in control of 
fixation at any one moment in time, and it is sensory 
input from this eye that controls the position of the 
fixating eye. In contrast, sensory input from the non
fixating (fellow) eye does not control the position of 
the fellow eye. Instead, sensory inputs from both the 
fixating and fellow eyes enter a stage of binocular 
processing ('double eye' processing, borrowing the 
terminology used by Hering3o). The results from the 
accommodative studies just presented demonstrate 
that the same eye that is in control of fixation is also 
in control of accommodation. Thus, the binocular 
sensory system receives accommodative input from 
the fixating eye that can be used for generating 
accommodative vergence and receives sensory input 
from both eyes that can be used for generating 
disparity vergence. The output of this binocular 
sensory processing, represented by the arrow that 
passes out of the 'double eye' processing box in 
Fig. 7, controls the final position of the fellow eye 
and represents motor fusion. 

These findings place important constraints on the 
properties of the neural mechanisms that control the 
near reflex. Extensive studies of the neural mechan
isms of vergence and accommodative control in 
monkeys have emphasised midbrain structures that 
are closely associated with oculomotor output?1.32 
Relatively little is known about the neural pathways 
that provide sensory input to these structures. The 
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Fig. 7. A simple model for controlling motor fusion. The 
input from the fixating eye controls the position of the 
fixating eye and also controls accommodation. The position 
of the fellow eye is controlled by binocular processing 
(labelled as 'Double Eye' Processing). The binocular 
processing system receives accommodative information 
from the fixating eye to be used in generating accommoda
tive vergence, and disparity input from both eyes to be used 
in generating disparity vergence. 
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Fig. 8. The fixation positions of the left and right eye 
during monocular fixation by a monkey with essential 
infantile esotropia. During left eye fixation there is no error 
for the left eye and an error of about 1 1  degrees is apparent 
for the right eye. Similarly during right eye fixation there is 
no error for the right eye, but a 12 degree error for the left 
eye. The scatter in the two eyes (error bars in the horizontal 
and vertical directions) are not the same. The fixating eye 
always has relatively small amounts of scatter that fall 
within the range seen in normal monkeys. The non-fixating 
eye always has an abnormally large amount of scatter. This 
pattern of results was never seen for any monkeys except 
those with essential infantile esotropia. 

results described here lead to the expectation that 
sensory input from only one eye should be providing 
input to these structures at any one moment in time, 
and that the eye which is providing the input will 
alternate over time. * 

Additional quantitative studies of the fixation 
scatter in each eye of naturally strabismic monkeys 
have led us to discover other important properties of 
vergence control in strabismus. The pattern of scatter 
exhibited in monkeys with essential infantile strabis
mus was different from that seen in all other types of 
strabismus. This pattern is illustrated in Fig. 8. We 
used polarising filters arranged in such a manner that 
the monkey was able to view the fixation target with 
only one eye, but we were able to measure fixation 
simultaneously in both eyes, and record the amount 
of error relative to the fixation target. Plots of the 
mean amounts of error for each eye during mono
cular viewing with the left eye and with the right eye 

*Recent electrophysiological findings in monkeys are consis
tent with this prediction. King and Zhou report that oculomotor 
neuron motor commands are encoded as a combination of left 
and right eye movements rather than conjugate and vergence 
movements (King WM, Zhou W. Encoding of eye movement 
parameters by burst-tonic neurons during disjunctive smooth 
pursuit and saccades. Soc Neurosci Abstr 1995;21:140). 
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are shown in Fig. 8. It can be seen that when this 
monkey is fixating with its left eye, there is no error 
for the fixating eye, but approximately 11 degrees of 
error for the right eye. Similarly, during right eye 
viewing, the right eye is on target but the left eye 
exhibits about 12 degrees of error. This monkey has 
an esotropia and, as expected, the mean error values 
are the same under binocular viewing (results not 
shown) as shown here in Fig. 8 for monocular 
viewing. 

The error bars around the symbols in Fig. 8 show 
the standard deviations of the scatter in eye position. 
Note that the error bars are not the same magnitude 
for both eyes. During left eye viewing the error bars 
are relatively small for the left eye and larger for the 
right eye. During right eye viewing, the scatter is 
larger for the left than for the right eye. Thus the 
amount of scatter is not related to anatomical left or 
right eye. Instead, it is related to the eye that is 
controlling fixation. This finding can be related to the 
model shown in Fig. 7 by stating that the eye which is 
controlling fixation always results in small scatter for 
the fixating eye. The larger amount of scatter is 
always associated with the eye being controlled by 
binocular sensory processing. This pattern of scatter 
is never seen in any of our monkeys with other types 
of strabismus, nor is it seen in normal monkeys. In 
monkeys with types of strabismus other than 
essential infantile, the amount of scatter varies 
according to which eye is fixating. If the preferred 
eye is being used for fixation then scatter is small in 
both eyes. If the animal is forced to fixate with its 
non-preferred eye, then scatter is large in both eyes. 
These scatter results where the magnitude of scatter 
is the same in both eyes can be modelled by adding 
noise to the sensory processing from the fixating eye. 
However, the results from the monkeys with 
essential infantile esotropia can only be modelled 
by adding noise at the level of binocular ('double 
eye') processing. These results are consistent with an 
old concept in the ophthalmological literature that 
goes back to the writings of Worth, namely that the 
essential infantile syndrome involves a congenital 
defect of the fusion faculty?3,34 

BINOCULARITY AND STRABISMUS FROM A 
DEVELOPMENTAL PERSPECTIVE 

Studies have been performed with infant monkeys to 
determine the sensitive period during which 
improper binocular stimulation will disrupt the 
development of the binocular visual system. As 
illustrated in Fig. 1 the relationships between sensory 
and motor binocular processing are reciprocal. Thus 
it is possible to disrupt binocular control of motor 
output in an infant and this leads to maldevelopment 
of binocular sensory processing. Likewise, if an 
infant monkey is deprived of binocular sensory 
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processing during early development, a strabismus 
will develop?5-37 

In some cases, a strabismus that is present during 
early development will also lead to an amblyopia. 
The sensitive period during which introduction of an 
experimental strabismus leads to amblyopia in 
monkeys lasts about 12 weeks?5 The loss of visual 
acuity is not immediate, but first appears several 
weeks after initiation of the experimental strabismus. 
Two major theoretical positions have been proposed 
regarding the causal factors that operate to allow a 
strabismus to produce an amblyopia?5 The first 
states that strabismic amblyopia is caused by mild 
blur in the deviated eye. The argument is essentially 
that in a normal infant the foveae of both eyes would 
be expected to receive equal amounts of high spatial 
frequency stimulation as the infant repeatedly 
scanned across contours in the visual environment. 
On the other hand, a strabismic infant with a fixation 
preference will optimise spatial frequency stimula
tion only for the preferred eye. It would also be 
expected that a strabismic infant with an equally 
alternating fixation pattern would receive equal 
amounts of high spatial frequency stimulation in 
both eyes. The stimulation will just be received 
sequentially from each eye in turn instead of 
simultaneously in both eyes as occurs in a normal 
infant. Observations on experimentally strabismic 
infant monkeys reveal that animals with a freely 
alternating fixation pattern usually do not develop 
amblyopia, whereas those that consistently fixate 
with only one eye eventually develop an amblyopia 
in the opposite eye. 
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Fig. 9. The time course for the development of stereoacuity 
in infant monkeys. The average age of onset for the largest 
disparity we used during testing (1700 seconds of arc) was 
26 days after birth. Stereoacuity values had improved to a 
mean level of 88 seconds by 54 days of age. 
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Fig. 10. The time course for development of eye alignment 
in infant monkeys.46 The mean amount of deviation ('bias') 
is shown at every age tested, with positive values designating 
esodeviations and negative values designating exodevia
tions. At the youngest ages monkeys tend to be exotropic, 
but also exhibit increased variability. This is primarily due 
to the fact that the infants over-converge and become 
esotropic when viewing near targets, but are otherwise 
usually exotropic. 

strabismus amblyopia stresses the importance of 
binocular interactions such as interocular suppres
sion?4 The rationale is that strabismus leads to an 
abnormal binocular input in the form of diplopia and 
confusion. Sensory adaptations such as binocular 
suppression then develop to alleviate the adverse 
effects of this abnormal input. Under conditions in 
which an infantile or acquired strabismus is left 
uncorrected during the developmental sensitive 
period, binocular suppression can become converted 
into a permanent condition of inhibition of one eye's 
pathways that persists even under monocular viewing 
conditions. Evidence in support of this position 
comes from studies that involve enucleation of the 
fellow eye. For example, enucleating the fellow eye 
of a monkey with strabismic amblyopia results in 
behavioural improvements in the functional capacity 
of the amblyopic eye, whereas enucleation does not 
lead to similar improvement in monkeys with 
stimulus-deprivation amblyopia.38,39 

Another binocular function that fails to develop 
properly in monkeys with an experimentally induced 
strabismus is stereopsis. The onset for stereopsis in 
normal infant monkeys occurs at about 3-4 weeks of 
age (Fig. 9).40 This capacity never develops in infant 
monkeys with a strabismus or in infant monkeys in 
which alternating occlusion is used to prevent normal 
binocular stimulation during infancy. However, a 
somewhat surprising finding is that if binocular 
deprivation that is initiated at birth is terminated at 

R. G, BOOTHE AND R. 1. BROWN 

(j) 
+ 

l.L -----
l.L 
>, I-
m 0.2 
E 
E 
>, 
(j'J 

« 
0.1 

0.0 

o 10 20 30 40 50 60 

Age (Wks) 
Fig. 11. The squares demonstrate the development from 
asymmetrical processing of motion to symmetrical proces· 
sing of motion as measured with visually evoked potentials 
(VEP). The asymmetry is quantified as the ratio of the 
Asymmetrical (F) component of the YEP to the combined 
Asymmetrical and Symmetrical (S) components. Numbers 
next to each data point designate the number of monkeys 
tested at each stage. The triangles indicate the ages at which 
stereopsis has its initial onset and when stereoacuity matures 
to near adult levels (see Fig. 9). The developmental time 
period during which motion processing becomes symme· 
trical overlaps with the period during which stereopsis 
emerges.47 

3-4 weeks of age, which is the time when stereopsis 
should be coming in, then stereoacuity still develops, 
although with a delay of a few weeks.41 

Another deficit that arises from an early onset 
infantile strabismus is motion asymmetry.42A3 This 
motion asymmetry only occurs following binocular 
visual deprivation during a very early sensitive 
period prior to the onset of stereopsis. Similarly, a 
permanent strabismus is only produced by binocular 
sensory deprivation when the deprivation conditions 
are instituted at a very early age.36.44 This suggests 
that there is a dramatic reorganisation of the brain 
that takes place at about 3 weeks of age in the infant 
monkey such that binocular deprivation that occurs 
prior to this reorganisation has effects that are more 
severe than, and perhaps even qualitatively different 
from, the effects of later onset deprivation. 

Tyschsen45 developed a theory of the aetiology of 
strabismus based on a cortically based asymmetry of 
sensory motion processing and control of smooth
pursuit eye movements. In his scheme, sensory
dependent motor responses controlling eye move
ments can introduce in the infant a chronic eye 
misalignment. Since fusion obviously depends on 
proper eye alignments, and since human newborns 
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usually start out exotropic, binocular vision cannot 
develop until the visual axes converge sufficiently to 
make fusion possible. Tychsen argues that the 
natural nasalward motion asymmetry observed in 
infants actually serves to 'pull' the eyes together from 
the exotropic position. When the eyes are brought to 
converge on an object, a fusion signal could in 
principle generate a negative feedback to prevent the 
eyes from over-converging. If this signal fails to take 
place the nasal bias would continue to impress its 
effect upon motor movements and the eyes would 
consequently continue to turn inward further, even
tually passing their fusional range and leading to 
strabismus. 

Some of our results from monkeys that are in 
general agreement with Tychsen's theory. The eyes 
of neonatal monkeys are not aligned or stable (see 
Fig. 10). The misalignments tend to be in the 
exotropic direction, although the neonates tend to 
over-converge and become esotropic during near 
fixation which leads to a high amount of variability. If 
one looks at the time course over which the eyes 
become aligned in conjunction with the time course 
over which motion symmetry matures and over 
which stereopsis develops (Figs. 9-11), a nice 
progression can be seen which is consistent with 
Tychsen's basic scheme. The eyes start out variable 
but in a predominantly exotropic condition. Then 
they start converging during a period when there is a 
high motion asymmetry present. At about the time 
stereopsis develops, eye alignment is becoming 
orthotropic and soon thereafter the motion asym
metry stops. Any disruption of normal binocular 
processing (on either the motor or the sensory side) 
during this very early sensitive period can lead to 
permanent strabismus and motion asymmetry in 
addition to lack of stereopsis. 
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