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advantage in detection of faint images and rejection
24 of the optical distortions within the eyes.

4. The presence of two mobile eyes allows the organism
to converge the line of sight on distant objects and
obtain a reading as to their absolute distance.

And, probably the most dramatic reason for binocu-

. 5.
Bl nOCUI ar lar vision, two eyes permit stereoscopic depth per-

. . ception—the ability to use the differences in the im-

V| S0N ages caused by each eye viewing from a slightly
different viewpoint, known as binocular disparities,
to perceive distance in the third dimension of visual
space.

Presumably all animals develop a visual system with
some weighting among these different factors. Most
lower animals take advantage of the possibility of a 360-
degree field of view by having the eyes pointing in op-
posite directions. This advantage applies to fish, many
birds, and to a large extent, mammals that are preyed
upon. However, most predatory animals, from spiders
) ) . , - and crustaceans through birds to mammals and humans,
Eyes come in pairs, providing special capabilities thatenq 1o have the eyes facing in the same direction. This
are not available to a single imaging system. This chapzrangementis, presumably, to take advantage of stereo-

ter provides an overview of the ways that visual processgqic depth perception, which has been demonstrated
ing has evolved to utilize the joint capabilities of a dual;, humans monkeys, cats, and falcons, and is likely to

optical system for the perception of the third spatial}, widespread across other specids
dimension, of the visual deficits that can occur specific Actually, almost all animals show. some degree of

to the binocular coupling of this system, and of currentyyin,ejjar overlap, even those with a full 360-degree
approaches to ameliorating those deficits. field.X The binocular overlap is almost exclusively in

the forward direction (although it may be oriented up-
ward or downward in different species). It is unclear,
however, whether the binocular field is used to take

) , , ) advantage of stereoscopic depth cues or merely for the
Itis remarkable that virtually all animals have their 8YeSimprovement in image reliability by binocular compari-

arranged in pairs, despite the tremendous variety in gensg, Certainly most birds have a region of improved
eral morphology across specieSyclops are essentially yjigyq] acuity in the binocular segment in addition to
unknown outside mythology. Over many types of ihe |aterally directed monocular foveae (Fig. 1). They,
image-forming structures, from the pigmented eyespOt§yerefore, have sufficiently good visual acuity to use

of the flatworm, the pinhole eyes of the nautilus, and theyin o 1ar disparity cues for stereoscopic depth percep-
compound eyes of insects, to the familiar mammalian

arrangement, all seem to favor a paired organization.
Even among invertebrates, examples of multiple eyes,,
(arachnids, crustaceans) usually consist of two majo?.I
eyes, with the subsidiary eyes lacking image-forming
capability. The reasons for this dominance of binocularI
vision are difficult to establish, but five possibilities may
be suggested.

Christopher W. Tyler

PHYLOGENETIC BACKGROUND

The relative unimportance of convergence angle as a
imary cue to distance may be suspected by noting that
any species have little or no convergence capability.
his observation is true for many birds and, in particu-
ar, the owl, with its large binocular fieldsA similar
situation occurs in lemurs and would imply that conver-
gence works mainly to optimize the alignment of the
1. The second eye could be a safety factor againstinjuryetinas for the assessment of binocular disparities for
or disease, improving the chance of retaining visualstereopsis rather than as a primary cue to distance. Still,
capability when part of the visual field (a scotoma) some animals may use the muscular convergence infor-
or the whole eye is damaged. mation that allows minimization of disparity by aligning
2. Two eyes may be used to achieve a 360-degree fielthe eyes to help determine the distance of an object.
of view, because optics are limited to approximately In addition to the benefits of binocular vision, any
180 degrees (in contrast to the compound eyes oénimal with two eyes obtains the advantage of duplica-
insects, which have no inherent limit, but neverthe-tion against dysfunction; if duplication were a principal
less always occur in pairs). advantage, however, a further proliferation of the num-
3. Where the fields of the two eyes overlap, there is arber of eyes might be expectédhe advantage obtained
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Fig. 1. Projection of the three regions of high acuity in the visual F19- 2. Geometric retinal correspondence. When the eyes are aligned
field of a hawk. The central foveae in the two eyes project to two @Nd viewing at infinity hown here in perspectije point at a given
monocular regions (c), while the temporal foveae in each eye projecflistance vertically and horizontally away from the fixation point
to a binocular regiont). In the case of this species, a rear portion of (dashed linegprojects equivalent distances horizontally and vertically

the field is out of view X). (Walls GL: The Vertebrate Eye. New aWay from the foveae in the two eyes. These two points are then in
York: Hafner, 1967) geometric correspondence.

against dysfunction is, therefore, probably of minor im- visual directionswith respect to the fixation point. This

portance. We are left with the conclusion that the majortwo-dimensional spatial layout of visual directions is a

reasons for binocular vision are probably to achieve aefining property of the visual sense (as contrasted, for

large visual field and to enable the use of stereoscopiexample, to the sense of smell, in which there is no

depth perception. spatial organization). If a stimulus point in space
projects so as to have the same perceived visual direc-
tion in space when viewed with either eye, its image

SENSORY ASPECTS OF BINOCULAR is considered to fall on retinal points that are exactly

VISION correspondingn the two eyes, as depicted in Figure 2.
Departures from correspondence in the form of small

With the two eyes aligned on a stimulus field, there aredifferences between the image positions in the two eyes

several sensory aspects of binocular vision that arisare termedinocular disparities(Fig. 3).

from the relative configurations of the stimulus details.

These _W|II be d|scusse_d on Fhe assumption that_the eY&S \SoRY FUSION

stay aligned on a defined fixation target. Specifically,

the alignment is defined by the angular direction of theWhen there is a small binocular disparity in visual direc-

region of highest acuity, tflevea The orientation ofthe tion in one eye relative to the other, the binocular image

globe is referenced to this control region of the retina,still will be seen as a single fused image. The range of

centered at the back of the eye; angular distance frondisparities for whichbinocular fusionoccurs is known

the fovea in any direction is known @&gcentricityfor ~ asPanum’s areaWhen the images are fused, the two

targets in the visual field. In practice, of course, the eyesmages combine into a joint percept that resembles the

normally move to a variety of fixation positions both one seen by each eye alone. Beyond this region of fu-

laterally and in depth as the observer moves the foveaion, images are seen doubled odiplopia, such that

to inspect a visual scene. However, the sensory prothe separate images for the two eyes are both perceived

cesses need to be understood in terms of the effects @f their true monocular locations.

stable binocular presentation before the dynamic effects

of moving eyes can be taken into account. DICHOPTIC STIMULATION

Images that are very different at corresponding retinal

locations in the two eyes (e.g., images that derive from

With the foveal fixation on one point, all other points the same stimulus but are shifted, rotated, or magnified

in the visual field of one eye are seen as having differenso that dissimilar contours are present in corresponding

VISUAL DIRECTION
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horizontal disparities is perceived both in the region of
binocular fusion of the monocular targets into a single
image and also in the region of diplopia, where the
image appears doubled but clearly at a different depth
from zero-disparity targetStereoacuitys the smallest
disparity interval that produces reliable depth discrimi-
nation under particular conditions.

DEVELOPMENT OF BINOCULAR VISION

NEUROPHYSIOLOGY OF DEVELOPMENT

The fundamental anatomic basis for binocular vision in
mammals is the partial decussation of the optic nerves
of the two eyes to bring the retinal information from
corresponding areas of each eye together at the cortex,
as considered in more detail in Figure 15. From the
point of view of a neuron in the cortex, the region of
the retina in which it responds to changes in local illumi-
nation is called theeceptive fieldof that neuron. Most
neurons in the cortex have identifiable receptive fields
in both eyes, either at corresponding locations or close
to them. At birth, the retina and optic pathway are not

at different distances and give rise to stereoscopic depth perceptior?olrgpletely_ de_velopfed; howeveg the_ bE}SIC Leceptlve
Here the arrowhead has a greater eccentricity on the tempbral ( leld organization of neurons and cortical architecture

retina of the left eye than on the nashl) (retina of the right eye. ~are present. Neurophysiologic studies have demon-

Fixation is with the foveaR). strated that the properties of neurons in the visual cortex
are markedly influenced by visual experience during the
first few postnatal months. Specifically, these develop-
ing neural properties have been determined to involve:

Fig. 3. Horizontal binocular disparities arise from objects (eag:ow)

locations) providedichoptic stimulationconditions. If ) )
such dichoptic images are of high contrast, théimac- Ocular dominancethe relative strength of response
ular rivalry will be set up between the two monocular from a particular neuron for input from the two eyes
images, so that the observer is aware alternately of the Orientation specificity the degree of tuning of the
image to one eye and the image to the other. If ond€Sponse to one specific orientation of a I_|ne stimulus
eye is strongly dominant as a result of either stimulus Binocularity, the degree to which the binocular re-
characteristics or organismic variables, perception ofPonse exceeds the response to stimulation of each eye
the image in the other eye may be entirely absent bealone - )
cause ofinterocular suppressian ~ Disparity specificitythe degree to which the response
If, however, the stimulus contrast is low for dichoptic is tuned to a specific binocular disparity of the stimuli
stimuli, prolonged periods afichoptic summatiomay  in the two eyes
be obtained, during which the different stimuli in the  Note that the disparity specificity can be tuned to zero
two eyes appear to be summed together as if th_elr_ CONgisparity, near disparity, or far disparity.
trasts were added linearly throughout the dichoptic field. - The excitatory connections of receptive fields located
Dichoptic summation also is obtained for high contrastin poth retinas or retinotopic projections are largely
stimuliwhen the presentation time is brief {50 msec).  yresent at birts:® However, simultaneous occurrence
of patterned visual input to both eyes during the devel-
opmental period is necessary to maintain their associa-
tion.2°~14For each binocular visual function, there is a
If two similar images are presented to the two eyes withperiod of sensitivity soon after birth during which the
a binocular disparity that has a horizontal component,formation of receptive fields and other indices of visual
the combined image will be seen in vivid depth nearerprocessing may be disrupted unless full binocular visual
or farther than the point of fixation (Fig. 3) within some input is available. The period of sensitivity to binocular
range of limiting conditionsStereoscopic deptfrom  disruption, produced by patching one eye of an animal

STEREOPSIS
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so that there is only monocular visual input, is longerripheral field projections) are much more affected than
in monkeys than in cats. One index of binocular functioneither the large cells of the monocular segment or the
is a susceptibility to ocular dominance shifts betweensmall cells found mainly in the projection of the area
the receptive fields of the two eyes. Such cortical domi-centralis.
nance shifts seem to start at bith®and show suscepti- Most of the cells of the superior colliculus of the
bility up to approximately 1 yeaf12Binocular vision  midbrain are binocularly driven. Visual deprivation in
could be affected by monocular deprivation up to 2kittens has consequences in the superior colliculus that
years of agé®4 can be considered to reflect changes in the visual cortex
In the developing visual system, patterned visualand, hence, in the corticotectal projection that is pre-
stimuli seem to act not only as a catalyst but also as aumed to provide binocularity. The results of monocular
guide in the consolidation, maintenance, and refinemendeprivation experiments suggest that there is functional
of the neuronal connections of the visual cortex®  competition for effective synaptic input from the two
Any disruption to the normal developmental conditions, eyes dependent on the actual firing pattern of afferent
such as a congenital or early-onset ocular misalignmergynaptic fibers, and that this competition represents a
or significantly subnormal vision in one eye, can preventcrucial process underlying the course and nature of the
the eyes from developing the normal functional interre-development of the visual systefr.*3:1°
lationship?* The physiologic deficits observed in animals suggest
A possible function of this plasticity in neuronal prop- abasis for understanding various human perceptual dis-
erties during early visual experience might be to alloworders. Monocularly deprived kittens, for example, do
the opportunity to match the properties of feature-not develop the normal proportion of binocularly driven
detecting cells to the most common features in the anicortical neurons if the monocular deprivation is imposed
mal’s visual world, maximizing its capacity for analysis during a specific stage in their maturation, which has
of the more important components of the environ-been determined to be 4 through 12 we&k€ Also,
ment?2:23Also, the ability to make modifications in op- misalignment of the visual axes (which results in discor-
timal disparity and the preferred orientation would en-dant binocular input) interferes with the development of
sure that binocular cortical cells adopt similar receptivebinocular neurons when experimentally induced during
field positions and preferred orientations of the two reti-this same period®2°Orientation specificity and dispar-
nas. Both in immature visual systems and in binocularlyity specificity of the binocular receptive fields for cat
deprived visual systems, the binocular responses of coicortical neurons are similarly dependent on visual expe-
tical neurons are observed to tolerate a wide range ofience in that early postnatal peridt:1®29-3Between
retinal disparity, whereas visual experience narrows thighe ages of 4 and 10 weeks, 1 week of monocular depri-
range. Thus, early plasticity seems to be vital to thevation is sufficient to produce substantial degradations
formation of cells with closely matched receptive field in stereopsis (as assessed by the difference between
properties in the two eyes, which is a necessary condimonocular and binocular performance on a jumping
tion to form the substrate for stereoscopic vision.stand)33
Blakemore and Van Sluytetpropose that “genetically
specified, predominately monocular, simple Neuron§ qeyA| BINOCULAR DEVELOPMENT IN HUMANS
initially provide a ‘conditioning’ input to future com-
plex cells and entrain them to respond to the same orienSimilar interocular modifications effects have been ob-
tation. Both cell types ultimately gain matched input served in human development. Four main indices of
from the two eyes.” binocularity have been used with human infants:
There are well-established postnatal morphologic

changes in the retina and retinal projections relative tol' g;:é::.racy of alignment of the visual axes of the two

the presence or absence of visual stimuli. In the Iaterak' Looking preferences by the infant for fixating stimuli
geniculate nuclei, neuronal cell growth is greatly re- containing a binocular disparity over flat stimuli;

d?i\(igg :an LhZ;iTmangng%?\ngi(g&ls RZ d"g}g:'g de-3_ Binocular facilitation of the visual evoked potential
P y P P ' (VEP) amplitude for binocular stimulation to greater

studies in which one eye was deprived of light for 3 ; , :
. . . than the linear sum of the two eyes’ separate signals;
months after birth and was then allowed visual st|mula-4_ VEP responses to changes in binocular correlation

tion while the other eye was deprived, the difference in ™ _ (. ~C0 - disparity in dynamic random-dot stim-

cell size between the lateral geniculate nuclei laminae is . ;
decreased and even reveréégﬂ'he two types of retinal u_I It hat are designed to produce no changes that are
visible monocularly.

ganglion cells and geniculate cells seem to be differently
affected by such deprivaticit:26 The large cells of the Alignment of the eyes at birth is often imperfect, with
binocular segment (which are found mainly in the pe-exdropia (deviationawayfrom the nose) occurring in
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up to 5@ of newborns®** Irregular fixations and align-  approximately 3 months and then returns to adult levels
ment continue for up to 2 months. The eyes should bef less than full binocular summation by approximately
accurately aligned on targets of interest after this age12 months*! This early period of enhanced binocular
however. response appears to coincide with the period of binocu-
Both preferential looking studié$3®and VEP stud- lar consolidation in humans, which is between 3 and 7
ies®® suggest that the earliest evidence of stereoscopioonths of age, based on behavioral evidence (see Fig.
depth discrimination based on disparity alone occurs a#). Correlation-specific VEP responses are not obtained
approximately 3 months. What is remarkable about thidoefore 2 months of age but are seen in most infants by
capability is the rapidity with which it improves, with 3 or 4 months??43 Thus, the two VEP indices are in
most infants being able to discriminate as little as 1 arcfair agreement that the onset of binocular function in
minute of disparity by 5 months (see Fig. 4). The samehuman infants occurs at approximately 3 months of age.
studies show that near-disparity discrimination consis-There is a longer critical period for binocular misalign-
tently developed earlier than the far variety. Severamentin which there is some recovery of binocular func-
technique¥ —*° have been used to track the develop-tion when the eyes of strabismic infants are realigned
ment of fine stereoacuity in persons between the agedp to approximately 2 years of agé-°
of 2 and 6 years. Although there are discrepancies up to
afactor of 4 at any given age, all agree that stereoacuitp\BNORMAL DEVELOPMENT OF BINOCULARITY
improves gradually during this period to close to adult!N HUMANS
levels by age 6. ) . ]
The amplitude of the binocular VEP is about the sameBinocularity and Eye Alignment
as the monocular VEP at birth, implying independentrne perceptual appreciation of stereopsis involves the
processing of the two eyes. An increase in the amplitudena|ysis of spatially disparate retinal signals from each
of the VEP for binocular relative to monocular viewing eye under the condition of binocular single vision. How-
is termedbinocular summatiopdoubling of the ampli-  eyer, about % of them are unable to use these disparity
tude is termedull binocular summatiomnd anincrease  cyes and perhaps anothera@ho have difficulty in
beyond the range of doubling constituteisocular fa- j,dging the type of disparity (i.e., near or far) that they
cilitation. The degree of binocular summation of the percejvet?
VEP increases markedly into the facilitation range at' one approach to the study of the presence and relative
proportion of binocular cortical neurons in humans has
involved the interocular transfer of orientation-specific
aftereffects. That is, after adaptation with only one eye,
the relative strength of the aftereffect when viewing
100 ® with the unadapted eye is used as the measure of the
degree of interocular transfer. If this interocular transfer
801 is mediated by binocularly innervated cortical neurons,
then the extent of the transfer should be an index of the
proportion of cortical cells that are binocular.
60 Some reports involving both the tilt and motion after-
effects have noted a high correlation between the
amount of interocular transfer from the adapted to the
407 nonadapted eye and the observer’s level of stereoacuity.
@ Crossed Disparity Among the individuals tested in both types of study
20 - —O— UncrossedDisparity ~ Were stereoblind subjects who exhibited little or no in-
terocular transfer as well as individuals with a range
of levels of stereoacuity from poor to nornfélThe
0 - T - T T magnitude of the correlations was 0.86 for the tilt after-
o 2 4 6 8 10 12 effect and 0.75 for the motion aftereffect. This associa-
Age (months) tion suggests that both stereopsis and interocular trans-
fer depend on the presence of binocular neurons.

Development of Stereoacuity

Proportion Reaching 1' Criterion

Fig. 4. Development of stereoacuity. Proportion of infants reaching . .
75% correct performance on a depth discrimination of 1 arc-minute The absence of binocular cortical neurons could be

of crossedfflled circles) or uncrosseddpen circle$ disparity. Note the result of an early |mped|ment to normal binocular

that the crossed disparity performance precedes the uncrossed by agiSIon resulting in the" funCtiona| loss, cqmpa_rable with
proximately 1 month. (Birch EE, Gwiazda J, Held R: Stereoacuity that demonstrated in kittens, or alternatively it could be

development for crossed and uncrossed disparities in human infantéhe result of a congenital deficiency. Congenital anoma-
Vision Res 22:507, 1982) lies of the visual pathway, such that fibers from noncor-
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in cause and expressi6hOne isstrabismic amblyopia
which is the type associated with eye misalignment.
Functional competition between the two eyes seems to
—_————_—— = be a major factor in this condition. Differences between
7o) x  the eyes in image focus (anisometropia) or image mag-
nification (aniseikonia), or partial occlusion of the
image in one eye also will lead to a preference for one
eye, so that the other eye develops a strabismic misalign-
ment and then amblyoprd~>° Even though the retinal
images may be clear in each eye, one eye may be used
for fixation more than the other (e.g., because it has
better motor performance), with a resulting amblyopia
3 H 5 5 in the_Iess dominant eye. However, if each eye is used
Age -Years aportion of the time, as in alternating esotropia, asym-
, _ metric amblyopia is unlikely to develop. Contrary to the
F;g.t5.tl)pteroculse‘1tr trsnsfer ofﬁaftereffzcts as ?1 functlgn ?f age gttonsetconventionm view, however, one repﬁ?rshows that
of strabismus. strabismus arter age s caused no reauction in interocy- . A ap
lar transfer relative to adult levelg)( (Hohmann A, Creutzfeldt OD: umo.St alternating esot_rop_es exhlblt middateral ambly'_
Squint and the development of binocularity in humans. Nature 2540P18, eql_Jal red_thlon in acuity for both eyes relatlve_
613, 1975) to normal, in addition to the expected loss of stereopsis
and binocular function. Finally, profound deprivation
amblyopia in one eye may lead to strabismus of that
responding retinal areas come together in visual cortexgye, for example, in congenital catar@€Thus, all mix-
are known to occur in animals such as the Siamese catires of deprivation and strabismic amblyopia occur.
and other albino mammat8:>° Evidence for a similar Amblyopia in strabismus is more often associated
misalignment in albinotic humans has been obtainedvith eccentricity of fixation than is mild deprivation
from extensive VEP studi€s. amblyopia. In approximately 30 of comitant esotropia
Other studies have shown that a childhood history ofcases, the position of the retina used for monocular fixa-
strabismus does not eliminate interocular tran3fé?  tion by the amblyopic eye corresponds with its angle of
Two studies involving individuals with an early history strabismu$®
of strabismus have used the interocular transfer phe- Strabismic amblyopia is frequently seen in infants as
nomena to delineate the sensitive period in humans foyoung as 4 or 5 months of age; such esuropic eye
the development of binocularity. Hohmann and Cretuz-(misalignedtoward the nose) may not even be able to
feldt (Fig. 5) investigated the association between theix a target. This fact supports the suggestitimat the
levels of interocular transfer and the age at onset of‘sensitive period” for strabismic amblyopia in humans
the deviation and concluded that the end of the humamas its beginning before 5 months. Conversely, ambly-
critical period was approximately at 2 to 2.6 years of opia from a strabismus beginning after the age of 5 or
age>* Additional support for this delineation of ahuman 6 years is rare.
critical period for the development of binocularfy
suggest that the critical period begins several months
after birth and extends to approximately 3 years of agePEPRIVATION AMBLYOPIA

C_:omparison of functional re.sults.from surgical correc-The second major category deprivation amblyopia
tion of early-onset esotropia with age at correctionyhich occurs when the image in one eye or both eyes
shows that no patients surgically corrected after the ages not normally clear. This condition may be from refrac-
of 2 years exhibited stereopsis, whereas a high proporjye error (astigmatism, aphakia), from interferences
tion of those who were corrected before that age havgyih clear optics (corneal scar, cataract), or from glare
demonstrable stereopsis™®It has been suggested both geqrading the retinal image (aniridia). The visual conse-
directly and indirectly in this discussion that the Pres-quences depend on the severity of deprivation, differ-

ence and level of stereoacuity may depend on certaifnce of deprivation between the two eyes, age at onset,
innate factors beyond those measured by the amount of,, 4 quration before treatment.

interocular transfer exhibited and the presumed propor-" o, Jc0 \nd defects in retinal imagery from birth (e.g.,

tion of binocularly driven cortical neurons. dense cataract of the lens) affect the visual system so
strongly that removal of the cataractous lens after 2
years of age, even given a clear image and occlusion
Amblyopia a loss of spatial resolution without overt treatment of the good eye (if unilateral), is insufficient to

retinal pathology, occurs in two major forms differing restore useful vision above approximately 20/200 (0.1).

Mean of Transferred Tilt After-Effect

%

STRABISMIC AMBLYOPIA



0331_Foundations of Clinical OphthalmologyCh24__R2__05-21-04 15:35:55_

INDOCYANINE GREEN VIDEOANGIOGRAPHY Vol 2 / Chap 24 7

Blur, if not too severe, may leave the visual acuity of the cataract is delayed up to 3 to 4 years. Thus, the
open to marked improvement through optical correc-period of susceptibility to binocular disruption may per-
tion, even though the eye was deprived of clear visiorsist through adolescence, a much longer period than for
during much of the development period. As an examplestrabismic amblyopia.
bilateral hyperopia of+8 diopters (that was present
since infancy), when first corrected by glasses at age 5
or 6, typically gives a best corrected vision of 20/100 STEREOSCOPIC VISION
(0.2). However, development of the vision over 2 to 3

ears with corrective glasses results in a visual acuit
}(;f almost 20/20 (1.0).gPersistence of some amblyopiiallBlNOCULAR DISPARITY
is found for the more hyperopic meridian in hyperopic Stereopsis was discussed briefly on p. 3, but will now
astigmatisn®? be considered in greater detail. Stereoscopic vision may

Besides the severity of blur, thifferencein image  be defined as the ability to see depth in the third dimen-
clarity of the two eyes determines the profoundness ofion of visual space (i.e., distance from the observer)
amblyopia. It is a common clinical occurrence to seeon the basis of relative image positions of the two reti-
cataracts develop or progress at age 3 or 4 years, resuhltas. The fact that the two eyes are horizontally separated
ing in vision of 20/200 or less. When vision is equal in in space implies that, in general, they will receive
both eyes, amblyopia does not usually occur and 20/28lightly disparate views of all objects located at a dis-
vision is often restored by surgery. On the contrary, atance different from the convergence distance. The field
unilateral cataract of the same severity at such an agef horizontal binocular disparities, combined with infor-
is a visual disaster unless rapidly treated, resulting irmation as to the fixation directions of the two eyes (con-
profound amblyopi&? vergence), provides a precise quantitative description of

If sufficiently severe, a deprivation in infancy cannot the distance of the objects in the field.
be reversed even after a few months of age. Although Considering the situation close to the line of sight
this susceptibility progressively diminishes, untreatedfor simplicity, if both eyes fixate a point object at a
traumatic cataracts without other injury to the eye, ac-given distance (bifoveal fixation), the image of that
quired even after the age of 8, can still result in perma-object obviously will fall on the fovea in each eye
nent amblyopia. However, after approximately the agg(point F in Fig. 3). There then will be no binocular
of 10, amblyopia can no longer be produced even by thalisparity between the two monocular images. If a
“total occlusion” of a cataract. The period of amblyopia second object represented by the arrowhead is now
sensitivity is over? presented at a different distance from the first, a

An interesting prediction derived from the binocular difference in depth may be signaled in two ways:
competition hypothesis of the effects of monocular dep-binocular disparity and convergence angle
rivation is that form deprivation amblyopia should be If we consider the retinal projections of the head and
minimized by the previous occurrence of misalignmenttail of the arrow, there is now a binocular disparity be-
between the ey€eS, because an early strabismus with tween the projections to the two eyes (see Fig. 3). This
alternating fixation generates a strong independence belisparity can be interpreted neurally as a spatial depth
tween the cortical representations of the two eyes. Theelative to the point of convergence. When the object
predicted sparing of the deprived eye from profoundis in front of the point of convergence, the lines of sight
amblyopic loses has been found in atand mon-  of the monocular images cross before the convergence
keys®® Paradoxically, therefore, previously strabismusdistance, giving rise to a crossed disparity. If, however,
can protect the visual system from the severe effects othe object were moved away from the observer, the lines
monocular deprivatio? of sight would not cross before the convergence dis-

Report§’—° suggest that deprivation amblyopia can tance, and the disparity would be described as un-
be improved at least transiently in human adults andcrossed.
children by the oral administration of levodopa. Visual Note thatitis a mistake to regard the nasal or temporal
acuity, contrast sensitivities, and VEP amplitudes wereetina as being associated with specific depth informa-
significantly improved and the size of amblyopic tion, as has sometimes occurred. A nasal shiftin crossed
suppression scotoma reduced by administration of thislisparity and a temporal shift for uncrossed disparity
neurotransmitter to the amblyopic patients. do not mean that the images fall on the nasal and tem-

A final aspect of such visual deprivation is a loss of poral retina, respectively, except when the images are
binocular function, even without an amblyopic acuity at or close to the fovea. Thus, if the near object is viewed
loss. Evenin children as old as 10 to 18 years, the occurat 5 degrees eccentricity to the left, both images will
rence of cataract by injury may sometimes cause a losfall to the right of the forca for all disparities (up to 5
of binocular fusion with resulting diplopia if removal degrees), whether the disparity is near, zero, or far.
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A second result of moving the object closer is thatmoved into the periphery, so that stereopsis becomes
the eyes may converge to the new vergence angle so agry poor beyond approximately 20 degrees eccen-
to reacquire bifoveal fixation on the object. The changetricity.”®
in vergence angle provides the cue to the new distance Just as binocular disparity can be too small to elicit
of the object, because the binocular disparity is agairaperception of depth, disparity can be increased until it
zero. Thus, vergence angle is a cue to depth that is digs too large for depth perception. As pointed out earlier,
tinct from, and interacts with, retinal disparity. It may depth continues to be perceived well beyond the range
be sensed variously by muscular feedback, by eyef binocular fusion. The perceived depth with disparity
movement control signals, or by changes in the verticals shown as a function of eccentricity in Figure 6. The

disparity fields between the eyéS. stimuli were perceived as fused only up to just before
the peak of each function. Because it has a logarithmic
PSYCHOPHYSICAL STUDIES axis, this graph makes the important point that there

is larger region of stereopsis for which the stimuli are
diplopic than there is when they are fused. In fact, the
greatest perceived depth for each stimulus size is found
Under normal conditions, most observers with no ocularfoeyondthe region of fusion.. o
abnormalities can discriminate a depth difference be- Ogle”® refers to these regions as “quantitative” (for
tween two images with a relative disparity as small asfused) and “qualitative” (for diplopic) stereopsis, but
10 arc-seconds (0.0028 degrees). The best values r8is terms are inaccurate because the perceived depth
ported in the literature are obtained using a method ofmay be quantified in both regioff{see Fig. 6). It there-
constant stimuli, in which the observer is presented withfore seems more appropriate to designate the two re-
a series of disparities between a test and comparisogions as “fused” and “diplopic” stereopsis, thereby
rod stimuli and asked to discriminate whether the tes@voiding pejorative implications.

rod is nearer or farther than the comparison rfds.  Another property that is somewhat related to these
Whether monocular information is present or is elimi- two regions is that perceived depth increases linearly
nated, the best observers achieve g #hscrimination  with binocular disparity in most of the fused region,
level close to 2 arc-seconds (0.00056 degrees).

This value appears to be one of the finest spatial dis-
criminations of which the human visual system is capa-
ble. It represents a truly amazing accomplishment, par-
ticularly considering that the resolution limit for dark
lines is more than 10-times larger at the intensities used
in the stereoscopic discrimination tasks and also that
the discrimination necessitates comparing between two
retinas in continuous motion because of eye move-
ments’? To illustrate the refinement of this discrimina-
tion, it can be converted into real distances for the near
and far limits of vision. For the closest fixation of 10
inches away, the best stereoscopic threshold corre-
sponds to the appreciation of a depth of one-thousandth
of an inch (25wm). For comparison, this performance
is finer than the size of a typical human ovum (300)
or the cell body of a typical neuron (5@m). Con-
versely, when looking at the horizon, one has stereo-
scopic discrimination that objects 2 miles away are
being nearer than the horizon. This limit allows, for
example, stereoscopic discrimination of depth in some . o
types of cloud formations. Contrary to common state- Stimulus disparity (deg )
ments that stereopsis is useful only in the near fieldFig. 6. Relative perceived depth versus stimulus disparity averaged
these limits provide useful stereopsis over an extensivéor three observers. Near (convergent) disparities only. Each curve

PRECISION OF STEREOSCOPIC LOCALIZATION

Perceived depth (deg of disparity)

T T T T 1

T T T
116 1/8 1/4 12 1 2 4 8

range of environmental conditions. represents a separate bar width: dots, 0.5 degrees; open circles, 0.1
degrees; triangles, 0.2 degrees; crosses, 0.4 degrees; squares, 0.8 de-
SPATIAL LIMITS OF STEREOPSIS grees. Bar height was fixed at 0.5 degrees. Stimuli were perceived as

o . fusedonly on the rising portion of the curves. (Richards W, Kay MG:
Although stereoacuity is excellent at the fovea, it dimin- Local versus global stereopsis: Two mechanisms? Vision Res 12:437,
ishes with a steepening function as the stimulus is1972)
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whereas it falls with some nonlinear function through other eye. Ames was then able to show that the shape
the diplopic region. However, the transition from a lin- of the room was predictably altered by placing different
ear to nonlinear function does not occur at exactly thetypes of magnifying lenses before one eye.
same disparity as the transition from fusion to diplopia, JulesZ® demonstrated by means of computer-gener-
so the correspondence between the two divisions is naited random-dot patterns that it is possible to produce
precise. acomplete dissociation between the monocular and bin-
A Key aspect of Figure 6 is the change in the depthocular patterns. If the dot pattern in one eye is com-
magnitude function for different widths of the text J4r. pletely random, then segments of the pattern may be
The maximum depth occurs at disparities varying fromshifted and rearranged at will but the result always is
0.5 degrees to approximately 2 degrees; a disparity thainother random pattern with no hint of the rearrange-
can produce no depth impression at all for a small stimument that has occurred. If two such patterns are pre-
lus (e.g., 1 degree) may be optimal for depth perceptiorsented dichoptically, however, the visual system is able
in larger test objects (see Fig. 6). This result suggestso use the correlation between the two to perceive the
that tests for stereoscopic vision should involve stimulirelative pattern shifts. If the shifts are horizontal, they
with a good range of sizes and disparities to be sure ofonstitute a binocular disparity and give rise to a stereo-
the capabilities of an abnormal visual system. scopic depth figure that is literally invisible with either
Another way of demonstrating the effect of stimulus eye alone. (Other types of shift give rise to various types
size on stereoscopic ability was described by TY#®  of binocular rivalry and luster percepts.)
The maximum disparities for which depth was per- An example of a random-dot stereogram with a spiral
ceived were inversely proportional to vertical length of stereofigure is shown in Figure 7, which may be viewed
the segments over a range from 0.05 degrees to 5 dén a stereoscope or by free-fusion of the image (crossing
grees. This behavior was terméidparity scalingofthe  the eyes so as to produce three perceived random-dot
upper depth limit. Such disparity scaling reduces thefields, the central one binocular and the other two mono-
complexity in processing the three-dimensional imagecular).
while retaining the full range of sensitivity to disparities  The importance of random-dot stereograms is that
from seconds to degrees. Thusiitis possible to appreciatiney demonstrate that a monocular form is not a neces-
many aspects of a three-dimensional scene without resary precursor for the perception of a stereoscopic form.
quiring the order of magnitude of more neurons thatThe stereoscopic form s first present at a binocular level
would be required for full depth processing to the samen the cortex that Julesz designated as ‘“cyclopean.”
resolution as for each eye alone. (This term should be distinguished from the cyclopean
A similar limitation occurs in the lower limit of stere- eye of Hering, which refers to the location inside the
opsis, stereoacuity. Mitchell and O'Hagdhave shown head from which binocular visual direction is per-
that the clear vertical distance flanking a stereoscopiceived.) The cyclopean level of processing then pro-
test object is important in stereoacuity. The thresholdvides a benchmark to determine the relative locus of
was markedly degraded when monocular flanking linesdifferent perceptual functions. For example, Jui€kas
were present closer than approximately 20 arc-minutefound that a large number of visual illusions persist
Although the stereoscopic system can process extremeklyhen presented so as to be visible only at the cyclopean
fine disparities, there is a much coarser resolution for
spatial changes in disparity, as if the system needs a
reasonable size of stimulus on which to perform the,
disparity computation. z

CYCLOPEAN STEREOPSIS

An important advance in terms of both experimentalg
analysis and controlled clinical testing of stereopsis w.

the development of random-dot stereograms b
Julesz’® The basic idea is to present to each eye a fielg

of random dots containing a camouflaged stereoscopi g
figure. An early version of this approach was COIqCGIVGdFig. 7. Random-dot stereogram of a spiral depth figure. When the

. 0 79 .
by Ames in the form of a l_eaf room.™ All sides left and right images are fused stereoscopically, a spiral in depth will
of the room were covered with leaves to obscure the,,pear. These arrays are arranged so that the reader may free-fuse

monocular perspective informatior! of its S_hape- Thepy crossing the eyes to see the spiral pointing upward. (Julesz B:
room appeared almost flat when viewed with one eyeroundations of Cyclopean Perception. Chicago: University of Chi-
but appeared to spring into vivid depth on opening thecago Press, 1971)

G
0
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level. The residual illusion must, therefore, be locatedOTHER TYPES OF DISPARITY TUNING

in the cortex, rather than processes within the eye. Th tial disparity tuning of cortical neurons is not
Clinically, random-dot tests of stereovision are im- € spatial disparily tuning of cortical heurons Is no

portant, because it is impossible to fake the response b stricted to neurons Wg‘ a region of binocular facilita-
looking first with one eye and then the other, becaus on. Poggio and Fischer have suggested a classifica-

neither contains the stereoscopic figure. However, peré??hgfblgﬂg\?ﬂarn;';tﬁgc“iﬁ?; fgtjrngll;r:snessIri]lltjhs?r;géei)l(w
ception of the form during binocular viewing may be 9 y '

possible by binocular luster alone, so that to demonstratg '9ure 8- Neurons that are predominantly binocular (in
stereopsis unambiguously, it is necessary to test for th e classic sense of having identifiable receptive fields

direction of depth perception toward or away from the With monocular stimulation of each eye) tended to show
observer. If the patient can distinguish the sign of thee|ther binocular facilitation (A) or a region of binocular

perceived depth, it provides unequivocal evidence of uppression (B). Facilitatory neurons could show tuning

functioning stereoscopic system. With this proviso, 0 near (n) or far (f) disparities relative to the fixation

well-designed random-dot stereotests can provide thdiStance (0). More surprisingly, neurons with classically
clearest evaluation of stereoscopic ability. monocular receptive fields showed binocular facilita-

tion for either near (n) or far (f) disparities only. This
result is important, because it suggests a neural basis
PHYSIOLOGIC STUDIES for the separate processes of fine (fused) stereopsis me-

PHYSIOLOGIC BASIS OF STEREOPSIS
BY SPATIAL DISPARITY

The first requirement for neural processing of the stereo-

scopic depth information available on the two retinas

is some means of identification of similar stimuli and

comparison of their minute differences in position on

one retina relative to the other. In the visual cortex, r
A

the comparison can be made by neurons with receptive
fields in the two eyes. Accordingly, the first attempt at
an explanation of the physiologic basis of stered}$i%
was in terms of disparities between the positions of the
receptive field in each eye for binocular neurons. This
analysis now seems more likely to form the basis for
binocular fusion only, because the minimum size of re-
ceptive fields in monkey cortex seems to be approxi-
mately 15 arc-minutes, which would give a range of

1
B
disparities of approximately half a degree—a far cry
from the disparities of a few arc-seconds that can be
discriminated behaviorally.
A much more sensitive mechanism of tuning cells for T -

binocular disparity is revealed by looking at binocular
interactions during simultaneous stimulation of the two

retinal receptive field§3-8% Many cells show facilita-
tive and inhibitory interactions as binocular disparity is
varied within the range of the receptive fields (defined

by stimulation of each eye separately). Thus, the region ,
of binocular facilitation over the monocular response
may be an order of magnitude narrower than the size n 0
of the receptive fields. Furthermore, stimulation of D
flanking regions often shows binocular inhibition of the _. . - Lo

- . . . Fig. 8. Four classes of binocular disparity sensitivity in monkey cortex
response, prowdln_g further _tunlng O_f the dISpal’Ity rangefrom near (1) through zero @) to far (f) disparities:A. Binocular
of the cell. Such binocular interactions may well form ¢,gjiation. 8. Binocular occlusionC. Monocular, neard. Monocu-
the first stage of the mechanism by which the corteXy, far sensitivities. (Poggio CF, Fisher B: Binocular interaction and
processes the hairsbreadth disparities present betwe@gpth sensitivity neurons in stri-ate and prestriate cortex of the behav-
the binocular retinal imagés. ing Rhesus monkey. J Neurophysiol 140:1392, 1977)

Cell Response Rate

O

—
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diated by the facilitatory cells and coarse (diplopic) ste-stereoscopic system. However, if the stimulus is a hori-
reopsis mediated by the monocular cells. zontal grating, it can contain no horizontal disparity in-

Blakemore and associatédave pointed out that in  formation. Apkarian and associat®8* showed that
addition to a spatial binocular disparity, the fact thatwhen marked binocular facilitation was obtained for
cortical cells have oriented receptive fields implies thatVEP responses toertical alternating grating stimuli,
there also may be orientation disparities between theotating the grating tdorizontalreduced the response
receptive fields of the two eyes. They found that suchto approximately the sum of the monocular responses.
orientation disparities were present in cat neurons andf rivalry was induced by presenting a vertical grating
hypothesized that they might be involved in the processto one eye and a horizontal to the other, the response
ing of vertical slant in depth. Detection of a depth slantfell almost to the level of a single monocular response.
in this manner has the advantage that the orientatioihese results support the idea that VEP summation is
cues are independent of the distance (hence, spatial diaproperty of the binocular fusion system and facilitation
parity) of the object® of the stereoscopic system.

Finally, Pettigrew has reported cells with opposite A more direct approach to the stereoscopic VEP was
preferred directions for stimulus motion in the two eyes.taken by Regan and Spekrefj3aising static random-
Such cells would be well-suited to detect motion in dot stereograms (see Fig. 7). The VEP was recorded in
depth toward or away from the obserf&mRegan and synchrony with a change in disparity of the center region
Cynadef® have shown that many cells, particularly of the stereogram. There already was a large response
those showing binocular occlusion, have a binocular inwhen the disparity change was in the vertical direction
teraction specific for motion in depth—that is, motion in (producing no perceived depth), and approximately
opposite directions of the two retinas. double the response when the disparity change was hori-
zontal. Presumably, the vertical disparity response rep-
resented the activity of the fusion system and the in-
crease in horizontal disparity response was caused by
From the point of view of objective evaluation of stere- inclusion of the stereoscopic system. But because the
opsis in young strabismus patients, it would be of valuechange in disparity was produced by a monocular shift
to be able to measure scalp potentials evoked solely bgf the dots in one eye, the role of the monocular response
stereoscopic stimuli. The development of binocularityin the binocular facilitation could be isolated.
has been reviewed already in a previous section. There The solution to the problem of the monocular re-
have been three recent techniques reported by which sponse lies in presenting the disparity in a field of dy-
stereoscopic VEP can be isolated. One method is tmamic dots, continually changing position at random.
determine binocular facilitation in the pattern VEP. A Now the change in disparity is completely hidden in
second is to present a disparity shift in a static randomthe stream of monocular changes, so that there is no
dot stereogram. Only the third method, a disparity shiftmonocular event to trigger a response. The synchronous
in dynamic random stereograms, eliminates all monocuVEP is therefore purely cyclopean, and a large disparity-
lar contamination of the VEP. However, it is too early related response can be obtaifedilthough the re-
to say whether any of the methods provide unequivocasponse is obligatorily binocular, there is still an ambigu-
evident of stereopsis, as will be explained. ity as to whether the response originates from the stereo-

A form of binocular facilitation linked to stereopsis scopic or the binocular fusion system.
was first reported in a brief study by Fiorentini and When Lehmann and Jule¥introduced the first truly
Maffei.®* They found a case in which the VEP ampli- cyclopean VEPs with the use of dynamic random-dot
tude to an alternating grating stimulus increased wherstereographic stimuli, they found a cyclopean response
the grating had a slightly different frequency in the two that peaked at approximately 160 msec, as compared
eyes and, hence, appeared slanted in depth. Howevesijth approximately 150 msec for a monocularly visible
it was not established for what range of conditions orevent?” These results corroborate the psychophysical
what proportion of the population this effect would be analysis of a slower response time for cyclopean pro-
obtained. Sreb$ found that some binocular facilita- cessing and underline that a detection of a rapid stimulus
tion, in the form of a binocular response greater thanevent does not imply that the detection process is itself
the sum of the two monocular responses, occurred imapid. However, it should be noted that the VEP to mon-
approximately 7@ of a normal group. This facilitation ocular changes was longer (at 150 msec) than the normal
was not seen in three patients with small-angle esotrofirst major peak in the VEP, so there may be some aspect
pia. However, binocular facilitation in esotropia has of dynamic random-dot stereogram stimulation that in-
been reported by other authdrs. duces inherently slower responses in addition to the

Binocular facilitation in the VEP could be, in general, extra sluggishness of the cyclopean response.

a property of either the binocular fusion system or the The same relationship between cyclopean and noncy-

VISUAL EVOKED POTENTIALS AND STEREOPSIS
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clopean response speeds was evident in a study of cycl@he empirical factors might include distortions in the
pean depth oscillation in dynamic random-dot stereophysiological correspondence between the two retinas
gram stimulatior?® This disparity alternation stimulus and optical distortions in the ocular media.
produced responses peaking at the low value of approxi- Moreover, in extending the horopter concept to per-
mately 3.5 Hz, and the maximum frequency at whichception of objects in space, it is possible to define a
any cyclopean VEP could be obtained was 14 Hz. Thes@oropter based on perceived distance from the observer
low values may be compared with luminance VEPsratherthan on binocular disparipgr se Such a horopter
showing a peak response in the range of 20 to 30 His based on a higher level percept involving more of the
and continuing to respond up to frequencies of 50 to 6(erceptual apparatus, which may add compensations or
Hz. Thus, the cyclopean response speeds are sevemibktortions to the form of the binocular correspondence
times lower than for the luminance-driven responseshoropter already defined. Tliéstance horopteis there-
again implying that the cyclopean response time is corfore not as fundamental a concept as the binocular corre-
respondingly slower. spondence type of horopter. Two criteria for distance
horopters have been used. Setting stimuli at equal appar-
ent distances from the observer at different eccentricities

VISUAL DIRECTION defines theequidistance horoptewhereas setting stim-
AND THE HOROPTER uli so as to appear in the frontoparallel plane defines
the frontoparallel horopter

With respect to correspondence horopters, a special
case of interest involves the use of disparities in only
In the analysis of binocular space perception, the relathe horizontal direction, because it is only these dispari-
tive distance of objects from the observer is determinedies that are involved in depth perception. This case is
in general by the binocular disparity between the image®quivalent to a horopter measured with vertical lines
falling on the retinas of the two eyes (in conjunction and is therefore known as thengitudinal horopterby
with the convergence of the two eyes). It is necessaryanalogy with the vertical lines of longitude on the globe.
to define more precisely the concept of zero binocularThe longitudinal horopter is the one most commonly
disparity between corresponding points on the two reti-specified in texts and is the main one to have been mea-
nas. The simplest definition is based on ocular geometrgured empirically. Whereas the point horopter (mea-
(see Fig. 2), in which corresponding points on the twosured using points as stimuli) is limited to a single line
retinas are defined as being at the same horizontal anieh space, except for fixation at infinity, note that the
vertical distance (or monocular visual direction) from longitudinal horopter (measured using vertical line stim-
the center of the fovea of each eye. uli) is a curved two-dimensional surface in the shape of

Specific to every position of binocular fixation acylinder extending from the locations of the two eyes
(up—down, left—right, far—near), there must be a set oto the fixation point.
points in space for which the binocular disparity is zero, A final type of horopter, which is an extension of the
so that the points are in the same visual direction inempirical horopter, may be specified as the locus of
space. The locus in space of zero binocular disparity igoints in space of binocular single vision extending
known as thénoropter(the “horizon of vision”), aterm  around the horopter. The fusion horopter is the one rele-
introduced by Aguilonius nearly four centuries ajo. vant to ophthalmologic practice because it specifies the
When defined for point stimuli, this measure forms theboundary between fusion and diplopia anywhere in the
point horopterwhich in general is simply aline in space visual field, which is a major criterion for visual comfort
passing through the point of fixation and connecting allwhen viewing with two eyes.
the points in space that project to corresponding points

on the two retinas. HISTORY OF THE HOROPTER

CORRESPONDING RETINAL POINTS

The concept of corresponding visual directions and the
double vision arising from noncorrespondence was rec-
The initial definition of the horopter has been purely ognized by both Euclid and Leonardo. Aguilorfitisas
geometric and based on the concept of binocular retinamore specific in postulating the existence of a surface
correspondence with zero binocular disparity. Tge®-  in which single vision occurred, the earliest attempt to
metric horoptemmust be distinguished from thempiri-  describe the fusion horopter. The longitudinal horopter
cal horoptermeasured on a given observer, which mayin the horizontal visual plane was first defined by Agui-
deviate from the geometric construction if there is someéonius as a circle passing through the optical centers of
empirical distortion of binocular correspondence fromthe two eyes and point of fixation, as shown in Figure
the linear geometric definition of corresponding points. 9 (this construction is usually attributed to ViétAand

TYPES OF HOROPTER
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Fig. 9. Vieth-Muller circle from an early diagram by Aguilonius,

passing through the point of fixation and the nodal points of the two

eyes [, R). All points on such a circle subtend an equal angle at theFig. 10. For convergence at any distance other than infinity, all points

eyes. Therefore, because the eyes are converged at this angle to foveétat do not lie on the Vieth-Mier circle or the vertical horopter line

at the fixation point, all other points on this circle must be in geometric project to the retina with either a vertical disparity or both a vertical

correspondence. and horizontal disparity. Dashed lines show geometric horopter for
symmetric fixation fotted lines from fovedeFull lines represent
light rays from a selected point in space. The vertical disparity arises

. . . . from the differential magnification occurring when the point is closer
101y
subsequently Miler=). Interestingly, all this analysis to one eye than the other, as must occur with all points off the vertical

precededhe realization that binocular d!Sparity_ away axis. The three-dimensional point horopter is therefore not a surface
from the horopter leads to depth perception, which was,yt two lines in space.
first demonstrated in 1833 by Wheatstdié.

THE POINT HOROPTER WITH SYMMETRIC

FIXATION IN THE VISUAL PLANE to the two eyes. These points therefore are excluded
. . : from the horopter of zero disparities.

To introduce the basic form of the point horopter, a The result of the exclusion of off-axis points is that

simplified case will be considered consisting of purely even for symmetric fixation in the visual plane the point
symmetric fixation in the visual plane. In this position, ymmé . uaip PC
horopter is limited to a one-dimensional set of points

eye torsion may be considered to be zero. Retinal corre: ; . g
spondence will be defined geometrically, and optical'n the vertical and horizontal meridians of the two eyes,

aberrations will be assumed to be absent. (except for parallel fixation at infinity, as demonstrated

When the observer converges symmetrically at pointd’ 1843 by Prevost:® Geometrically, the disposition
closer than infinity, there is another consequence of sig®f the set of points in the vertical meridian will be a
nificance concerning points away from the horizontaIYert'Ca| straight line passing through the fixation point
or vertical axes. As shown in Figure 10, it is generally N Space. _ _
the case that off-axis points project to the two retinas At the same time, there is another component of the
with both horizontal and vertical disparities. The only Symmetric line horopter corresponding to the circle des-
exception is when the point is at the distance correignated as the Vieth-Mler circle (although it was first
sponding to the horopter, which would nullify the hori- specified by Aguiloniu®’). This geometric horopter cir-
zontal disparity. Note particularly the vertical disparity cle passes through the point of fixation and the nodal
that is produced because off-axis points are necessarilgoints of the two eyes. All other points in space project
nearer to one eye than the other, with a resulting differwith some horizontal or vertical disparity to the two
ence in magnification of the projection angle in the two eyes. To reiterate, the point horopter for symmetric fixa-
eyes (see Fig. 10). Thus, all off-axis points (except fortion in the visual plane therefore consists of a vertical
fixation at infinity) project with some vertical disparity line and a horizontal circle (see Fig. 10).
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THE POINT HOROPTER WITH ASYMMETRIC immediately above and below the fovea have an inher-
CONVERGENCE IN THE VISUAL PLANE ent vertical disparity that must affect the stereoscopic

. . . . . _and fusion abilities (see Fig. 18).
Asymmetric convergence is an important consideration,

not only for its occurrence in normal viewing situations
but also because in many respects it is equivalent t§Hg GENERAL1ZED POINT HOROPTER
symmetric fixation with a unilateral image magnifica- |y ASYMMETRIC CONVERGENCE
tion (aniseikonia), such as occurs in anisometropia and ] o
unilateral aphakia. The simplest case of asymmetrid-inally, the most general case is to allow fixation at any
convergence away from the vertical meridian is within POInt, which willinclude asymmetric convergence away
the horizontal visual plane, assuming no eye torsionfrom the visual pla(l)ge. This case was developed in detail
Here the same logic that generated the horopter circl®Y von Helmholt2®*and is a curve of the third degree,
would imply that, as the eyes fixate at different points Which forms a single loop spiral (see Fig. 11B). This
around a given horopter circle, the horizontal horoptercurve may be construed as the geometric result of
always falls on the same circle. stretching thellme and cwclg hpropter SO as to pass
Furthermore, the vertical line component of the horo-through the point of asymmetric fixation. Thus, the gen-
pter also remains essentially fixed in space directly in€ralized helix of the point horopter is constrained to
front of the observer as the eyes are moved around the@ss through the point of fixation and the nodal points
horopter circle, rather than following the position of the Of the two eyes and to become asymptotic to the vertical
foveae (Fig. 11A). This invariance occurs because thdine at £infinity. The value of projecting the horopter
difference in image magnification away from the verti- I|ne onto an abstract cylinder in space is that it allows
cal meridian is a function of the distance of the imagemssomathn of _the effects_, of ocular rotations f(om the
from each eye, which is essentially unaffected by oculafnherent dlsparlt_y constraints. O_cular cycloversmns_and
rotation (except to the extent that the center of rotatior€yclovergence tilt the entire cylinder without affecting
differs slightly from the nodal point of the eye). Thus, the mapping of the horopter line onto the cylinder.
in gaze to the right, the foveal image in the right eye is
magnified relative to the left eye image and the magnifi-
cation is equal only for the vertical meridian directly in
front of the head, which projects to a peripheral line onAlthough it generally is true that corresponding points
the retinas (as shown in Fig. 10). The direct consequencia the retinas project to the same region of visual cortex,
of this geometry is that, in eccentric fixation, the regionsthere are two important ways in which a precise relation-

EMPIRICAL MEASUREMENTS OF THE HOROPTER
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Fig.11. A. Geometric horopter with asym- .’
metric fixation ¢lashed lines Note that
both the Vieth-Miler circle and the verti-
cal horopter line remain fixed in space as
fixation moves around Vieth-Mler cir-

cle.B. Geometric horopter with asymmet-

ric fixation away from both horopter lines.
Horopter full line) becomes a one-turn

helix winding around the symmetric horo- A
pter dashed lines
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ship does not hold. One is that many neurons in the 5 12 8° 4£°2°0 2°4° go

primary visual cortex respond best to stimuli with some \ \ \ \ 12° 16°

L/

nonzero binocular dispari§t. This spread makes the
physiologic definition of zero disparity a statistical
question of the distribution of optimal disparities, rather
than a precise correspondence. The other is that thel
are systematic distortions between the two eyes in th
cortical mapping.

75 mm

THE VISUAL PLANE

As mentioned previously, the measurements of the hor
opter by Hering and Hillebrand (which were made only
within the horizontal visual plane) showed a consistent : 40 mm
deviation from the geometric Vieth-Mar circle,
whether the horopter was measured in terms of eque
visual direction or by the more perceptual criteria of the
range of fusion or equal perceived distadgz'®
Oglel®71%8showed that the empirical horopter in the
visual plane is well-described by a curve from the
mathematical class of conic sections, which would
imply that it is a circle, ellipse, straight line, or hyper-
bola, depending on the radius of curvature at the poin
of fixation. If the Hering-Hillebrand deviation from the
horopter circle is a fixed amount of retinal disparity at
each angle of eccentricity, then the form of the horopterFig. 12. Hering-Hillebrand deviation from the geometric horopter cir-
will Change with fixation distance. (|t is only when there cle. Note the change in form of the deviation with fixation distance.
is no deviation from the geometric horopter that the(Ogle KN: Researches in Binocular Vision. Philadelphia: WB Saun-
empirical horopter will remain a circle as fixation dis- ders: 1950)
tance varies.) A family of curves for different fixation
distances is shown in Figure 12, illustrating how the

. . projection lines form a plane in space, and the intersec-
empirical horopter progressively curves away from thegign of these two planes defines the horopter for the
observer as fixation distance increases.

vertical midlines. It immediately follows from the 2-
degree tilt of the vertical midlines that the line in which
FIXATION AT INFINITY AND THE SHEAR the planes meet will vary in angle according to fixation
OF VERTICAL MERIDIANS distance (see Fig. 13B). For fixation at infinity, the
lanes will meet in a horizontal line running below the
yes, approximately in the plane of the ground when
the observer is standing. For parallel fixation on the
horizon, all other meridians of the eyes will also project
into the same plane, so the plane of the point horopter
will coincide with the entire plane of the ground extend-
ing to the horizon. Therefore, von Helmholtz suggested

e X - “that the 2-degree shear has an adaptive function of re-
eyes and fpund that W'_th fixation in the primary position moving the horopter from correspondence for the stars
there s a tilt of approximately 2 degrees when the verti-, e njane of the ground, in which are located many
cal of one eye is matched to the vertical in the other,yt yq ghiects that are of survival value to the human
whereas no such tilt appears in the horizontal d'reCt'onorganism.

Because this tile is anisotropic to the vertical direction,
it is best described asshearof retinal correspondence. BINOCULAR ABNORMAL ITIES AND THE

The von Helmholtz shear completely rotates the pIaneHOROPTER
of the empirical point horopter away from the geometric
construct. Figure 13A shows the projection of the verti-We consider three binocular abnormalities that affect
cal correspondence meridians of the two eyes througithe form of the horopter: fixation disparity, aniseikonia,
the pupils with parallel symmetric fixation. Each set of and abnormal retinal correspondence.

The simplest case of all is the geometric point horoptetg
when fixation is at optical infinity. Here rays from each
point of the frontal “plane” of infinity are parallel, and
this case therefore is only one in which the point horo-
pter can be considered a plane. However, there is a
ready a complication. Volkmanf® and von Helm-
holtz*%3compared the vertical meridian between the two
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Fixation disparityis a very straightforward concept;
it simply means that the observer is fixating binocularly
with a slight but consistent disparity either in front of
or behind the plane of the stimulus. Typically, one eye
will fixate the object directly with the central fovea
while the other eye will fixate slightly eccentrically,
producing the fixation disparity. This shift may arise
from a small foveal scotoma or from an oculomotor
imbalance that is tending to pull the eyes away from
the appropriate angle of convergence. The effect on the
horopter is the same in either case. The horopter simply
passes through the actual point of fixation rather than
through the fixation stimulus. An example of a horopter
showing fixation disparity was obtained by Otfléon
his own eyes (Fig. 14A).

The oculomotor generation of fixation disparity may
arise from a normal, or physiologic, basis or because
the muscle control system has developed to produce an
ocular misalignment even under optimal conditidts.
The physiologic fixation disparity arises if the fixated
object is present at a distance significantly in front of or
behind the position of resting vergence, which is usually
between 1 and 2 meters from the eyes. Oculomotor im-
balance is a tendency for the eyes to converge to an
angle very different from the normal range when fixa-
tion stimuli are absent. This condition is known as either
esophoria or exophoria, according to whether the eyes
tend to become more crossed or more uncrossed than
the normal range, respectively. The stresses such an im-
balance puts on the fixation system reveal themselves
as either near or far fixation disparities, respectively,
when a fixation object is present.

Aniseikonia the unequal magnification of images in
the two eyes, occurs principally as a result of unequal
optical refractions in the two eyes (or even unilateral
removal of a lensaphakig. Such a magnification dif-
ference may occur not only in spherical error but also
in terms of the strength or axial orientation of cylindrical
errors. When the refractive error is corrected, there may
be a residual difference in the magnification of the two
images. This difference distorts the shape of the entire
horopter, and the distortion may become so large that

B \ binocular fusion and stereopsis become practically im-

possible.
Fig. 13. A. Projection of vertical meridian, showing that if the meridi- The form of the horizontal plane of the empirical
ans are aligne_d Wit.h each pupil they mu:?‘t project in two pIarjt_es th_aﬁ‘usion horopter with 36 magnification of the image to
meet in a stralght_llne, rather than any _klnd of curve. In add|t|qn, |f the right eyé°8 is shown in Figure 14B. The curvature
the vertical meridians are slanted relative to each other, the line N the horopter now has a backward slant to the left. As

which they meet will be slanted in the third dimension toward and titati | t b fi dist 1
away from the observeB. The angle of tilt of the vertical horopter aquantitative example, at an observation distance o

line depends jointly on the tilt of the vertical meridians and the fixation meter, a magnn‘lca'uon difference of Onl)o/‘SW'” pro-
distance. The average midline tilt is 2 degrees, which means the vertiduce a slant of as much as 50 degrees, which may make

cal horopter line will pass approximately through the feet. With fixa- hormal binocular fUSiO.n and stereopsis very qifﬁCU“,
tion at infinity, the horopter line will become horizontal, lying in the and even lead to strabismus and amblyopia if it occurs
ground plane (von Helmholtz H: Handbuch der Physiologische Optik.in a young child. In fact, Petefs found a loss of stere-
Hamburg: Voss, 1866) opsis when artificial aniseikonia was produced with a
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Fig. 15. Diagram of neural connections in anomalous retinal corre-

01 A== |- spondence. Equally spaced points a, b, d, and e around point ¢ in
visual space project through the nodal points of the eyes onto the
retinas. Note that the projection onto the cortex gives preferential

~201 e > weighting to the foveal region (around point c). Development of

-30 J»Fusion anomalous retinal correspondence in strabismus gives distorted match

_40J of left to right connections from left and right eyes. Region abc from
the right eye $tippled has anomalous connection relative to region

B abc from the left eyedfoss-hatched

Fig. 14. A. Effect of fixation disparity on the position of the horopter
circle. Upper panel: Exodeviation.Lower panel: Esodeviation.B. ized by its eye cup) and thence by neural pathways to
Effect of aniseikonia (differential magnification of image in the two the visual cortex (two levels of which are depicted at
eygs) on the form of th(_a horopter circl_e, which becomes an ellipsethe pottom of the figure). The regicab projects to the
delineated here by the limits of thg qu'IOH range on elther'5|de of Fhesame (right) visual cortex as does the fixing left evye,
C\?éogter. (Ogle KN: Researches in Binocular Vision. Philadelphia: and the regioied projects to the same (Ieft) visual cortex
aunders, 1950) . .
as does the fixing left eye. Although not in the exact
corresponding areas, these projections of the left eye
can potentially reconnect with the normal cortical areas
magnitude as little as 1 diopter difference in refractive(see Fig. 15, arrows). In fact, the reconnection may be
power between the two eyes. at a higher level of processing, but the concept is equally
Anomalous retinal correspondenisea condition that  applicable. The regiorb in one eye potentially can
occurs in certain types of strabismus, wherein equal visreconnect to the other eye’s image region: (1) through
ual direction (correspondence is established for certaithe corpus callosum and (2) by means of nasotemporal
retinal regions that are disparate in normal vision. Con-overlap. However, it is doubtful whether there is devel-
sider the case of concomitant esotropia with the visuabpment of anomalous retinal correspondence to com-
image symbolized by the lingbcdeat the top of Figure plete the horopter in this anomalous regidf.
15. This image projects optically to each eye (symbol- One important feature of early esotropia is a profound

FCO-05



0331_Foundations of Clinical OphthalmologyCh24__R2__05-21-04 15:35:56_

18 Vol 2 / Chap 24 FOUNDATIONS OF CLINICAL OPHTHALMOLOGY

suppression of the perception from the central region omblyopes implied that the sampling frequency is 2—6
whichever eye is not fixating. This effect probably arisestimes lower than the sampling frequency of the foveal
from the anatomy. The representation of the retina orcones, suggesting sparse cortical sampling in the foveal
the cortex is not linear; the central retina is greatly mag-+epresentation of the amblyopic eye.

nified. Lateral interconnections in visual cortex are of However, there is also a factor of suppression of the
similar size but, whereas a 1-mm region of cortex will amblyopic eye by the stronger fellow eye. Norcia, Har-
process a few seconds or minutes of arc of the visuatad and Brow® used a visual evoked potential tech-
field near fixation, it will process several degrees of nique to evaluate the separate effects of the two eyes
visual field in the periphery (see Fig. 15). The stretchduring binocular vision in patients lacking normal stere-
from b (right eye) toh (left eye) is a long one in the opsis. The two eyes were stimulated at different tem-
cortex, although it is a small one in angle of vision. poral frequencies, providing a label by which the activ-
The adaptation is difficult here, so the interconnectionity associated with each eye can be tracked during
is often not made and suppression of one image resulthinocular interactions. Although they had lost the re-
However, the stretch froma to a and frome to eis  sponse component representing facilitatory binocular
shorter in the cortex, and binocular function can con-interactions, these patients retained suppressive binocu-
tinue. Thus, one often finds suppression of the centralar interactions. The consequent dichoptic suppression
visual field with maintained binocularity for motor fu- was stronger with the masker in the dominant eye, as
sion and stereopsis in the peripheral visual field in esoexpected if this inhibitory binocular interaction forms
tropic cases of moderate amounts. Where the strabismubke basis of clinical suppression.

angle is extremely large, reconnection may be impossi- Amblyopic losses with moderate levels of both spher-
ble anywhere in the cortex. Suppression is then the adageal and cylindrical types of anisometroptd?°are ac-
tation everywhere. Anomalous retinal correspondenceompanied by deficits in stereoacuity. Of the varieties
and suppression are adaptations that do not take plae# strabismus, intermittent exotropia does not degrade
when the misaligned projection occurs in adult visualstereopsis and can be successfully treated with surgery

cortex. in most case$?®

Infantile esotropia, however, has a profound effect
CHARACTERISTICS OF AMBLYOPIA on stereoacuifi?”*?8that is only partly relieved by cor-
AND STEREOACUITY DEFICITSIN rective surgery within the first 2 years after bi?.
BINOCULAR VISION DISORDERS For congenital esotropia, the two main prognostics for

recovery of stereopsis after surgery are smaller preoper-

Amblyopia is typically considered to be a deficit in spa- ative angle of deviation and earlier surgical interven-
tial acuity with no detectable organic cause. In a largeion.**° In acquired esotropia, however, the only prog-
scale study, McKee, Levi and Movshd#d confirmed ~ nostic factor is the preoperative angle of deviatiéh.
that the two main causes of such deficits are reduce§ongenital cataract also severely affects stereoacuity,
optical resolution in one eye (anisometropia) and losgilthough compensating for both strabismus angle and
of binocular coordination (strabismus). Deficits of bin- the acuity loss of amblyopia by aligning coarse stereo-
ocular vision affected the letter and vernier acuity moregrams on the visual axes revealed residual stereopsis in
than contrast sensitivity, anisometropia typically had a2 small proportion of cases, particularly those with later
greater effect on contrast sensitivity, and anisometropi@nset:>" Early treatment was successful in recovering
typically had a greater effect on contrast sensitivity. In-Stereopsis in a substantial proportion of congenital cata-
terestingly, the deficits in depth perception that accom-act patients*?rising to a 58 level with the inclusion
pany amblyopia seem to extend to depth from nonbinoca partial occlusion regimet?
ular cues. Thompson and Nawttt found that
amblyopic observers perceived less depth than normal
from purely motion parallax displays, implying that the BINOCULAR FUSION
whole system for processing depth from any source is
disrupted by binocular vision deficits. . . CLASSIC THEORIES OF BINOCULAR FUSION

One hypothesis for the particular losses in strabis-
mic amblyopia is a reduction in the density of cortical There have been four classic approaches to understand-
neurons that are driven by the amblyopic eye, theing the binocular fusion of stimuli in the two eyes into
cortical undersampling hypothesis of Levi and col- asingle percept: (1) the synergy hypothesis; (2) the local
leagues?>~121To assess the spatial sampling with max- sign hypothesis; (3) the eye movement hypothesis; and
imal retinal contrast, Sharma, Levi and Collét&im- (4) the suppression hypothesis. Each is subject to serious
aged gratings on the fovea of each observer using a lasenisgivings, and all have essentially been rendered obso-
interferometer. Orientation discrimination by strabismic lete by neurophysiologic data on binocular responses.
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Because elements of several of the classic hypothesd®ms a much finer resolution than fusion, whereas the eye
are incorporated into the physiologic hypothesis, theymovement hypothesis, implies that fusion would have
are briefly described. a similar resolution.

In the synergy hypothesis, Pantithoriginated the Lastly, thesuppression hypothedisiilds on observa-
suggestion that binocular fusion is caused by the “bin-tions that dissimilar stimuli in corresponding retinal re-
ocular synergy of single vision by corresponding circlesgions of the two eyes tend to produce reciprocal
of sensation.” By this description, he appeared to mearsuppression in perception, resulting in rivalry of alter-
that the stimulus in one retina could be physiologically nate perceptions of one or the other stimulus, but not
fused with a range of similar stimuli around the point both. Developed in an early form in the"18entury by
of precise correspondence in the other retina. This rangdu Tour, this hypothesis was revived by Verho€f.
is known as Panum'’s area. Nevertheless, information aBusion is explained as alternating suppression between
to which point is stimulated within the “corresponding the two monocular images, resulting in the perception
circle of sensation” is not lost but remains available in of a single image.
the visual system for the perception of depth. This last What is ignored by the suppression hypothesis is that
stipulation is necessary because, although the range afiternation between two disparate positions would pro-
binocular disparities allowing fusion is typically in the duce a perception of apparent motion or displacement
region of 10 to 20 arc-minutes, stereoscopic depth mayf the stimulus from one position to the other. No such
be perceived from a disparity 100-times smaller. displacement is observed in fused disparate images.

The problem with thesynergy hypothesis that, it ~ Thus, while interocular suppression undoubtedly occurs
seems contradictory that the positional informationin many situations in which one eye is dominant or
within the region of the corresponding circle of sensa-the two are in alternating rivalry, it cannot provide an
tion is simultaneously lost for fusion and yet available explanation for fusion.
for stereopsis. In this sense, Panum’s hypothesis does The conclusion to be reached is that, although each
not progress much beyond a description of the data. hypothesis may have some degree of validity in special

Thelocal-sign hypothesiwas first applied to stereop- circumstances, none provides a complete explanation of
sis and binocular fusion by Herin§® The essence of sensory fusion, one of the most compelling phenomena
this hypothesis is that when any point on the retina isof binocular vision.
stimulated, information as to its position is coded as a
“local sign” (or what computer users call an “ad-
dress”) as to where the stimulation occurred. As in the
synergy hypothesis, there is a small range of binoculaAn appropriate resolution of the controversy over fusion
disparities for which the local sign is identical, and thusarises from consideration of the physiologic basis of
the image is seen as single. The finer resolution of stebinocularity in the visual cortex, as suggested by
reoscopic depth is treated by positing a further “depthRoenne-*6 An initial version of the physiologic hypoth-
sign” that codes the precise binocular disparity informa-esi$® is based on the distribution of disparities of the
tion separately from the lateral sign information. binocular receptive fields. In its current form, this hy-

The difficulty with the local-sign hypothesis is that pothesis would use the neurophysiologic data on differ-
it does not explain the occurrence of rivalry betweenent types of binocular neurons in the visual cortex.
dissimilar forms projected to corresponding points in Hubel and WieséP’ showed that one set of neurons in
the two eyes3° For example, a dot to one eye may fall cat cortex could be driven by stimulation of an appropri-
in precise correspondence with one part of a line to theate region of either eye (binocular neurons) whereas
other eye. Fusion is not obtained; instead, rivalry andhere were two further sets of neurons that would be
suppression occur between the dot and line in the regioactivated only by stimulation of a single eye (monocular
of correspondence. This result is contradictory to theneurons). In addition, several groups of investiga-
local sign hypothesis, because each stimulus shoultbr'-8¢have found that, while some binocular neurons
have the same local sign at this point and thereforéhad receptive fields at exactly corresponding points on
should be perceived as fused. the two retinas, others showed a preference for fields

As an alternative, von Helmhoft? proposed aeye-  with various degrees of binocular disparity away from
movement hypothesi$ fusion, based on the idea that exact correspondence, not only in the horizontal plane
small eye movements make the image so unstable thddut also in all retinal directions. The extent of binocular
accurate specification of stimulus position was impossi-interactions and problems with their interpretation of
ble within some range. This range corresponded to théhese disparities as the basis for stereoscopic depth per-
region of fusion by virtue of positional confusion. The ception is discussed in the stereopsis section, but the
eye movement hypothesis of fusion is immediately in-relevance for the theory of binocular fusion is difficult
validated, however, by the fact that stereoscopic deptho dispute.

PHYSIOLOGIC BASIS OF FUSION AND DIPLOPIA
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Thus, neurophysiologically we may define four with a different visual direction; therefore, two separate
classes of neurons having binocular-corresponding, binstimuli are perceived in diplopia. What happens to the
ocular-disparate, monocular-right, and monocular-leftvisual direction associated with the binocular disparate
excitatory receptive fields (Fig. 16). Presumably, eachneurons? No ghost image is seen between the diplopic
neuron is “labeled” as deriving stimulation from a spe- images when the disparity is large. It is possible that no
cific visual direction. The visual direction is unambigu- visual direction was assigned in the first place, or that
ous for all classes except the binocular disparate, ihere is suppression of the visual direction of the dispar-
which it is simplest to assume that the visual directionate neurons by the monocular excitatory neurons. How-
falls midway between the visual directions of the two ever, there is a more likely explanation. As discussed
monocular receptive fields for that neuron. To completemore fully under the Stereopsis heading, the binocular
the neurophysiologic framework, we shall assume thatlisparate neurons probably operate in a small range,
binocular interactions with simultaneous stimulation of essentially only in the region of fusion. Larger dispari-
both eyes are negligible for the present purposes.  ties do not stimulate these neurons, so that the question

Now consider the aggregate of neuronal responses & their visual direction would not arise when the dispar-
stimuli to the two eyes are presented on correspondingjies are beyond Panum’s area.
points and then moved gradually away in disparity until
fusion between the two images breaks and diplopia iRETINAL ECCENTRICITY, FUSION,
perceived. When the stimuli are at corresponding pointsAND CYCLOFUSION

the three classes (binocular corresponding neurons anginqcylar fusion of similar contours does not have a
monocular right and left neurons) derived from a singleqnsant limit but varies as a function of spatial position
visual direction label are not in conflict, and the stimu- 4, the retina. The variation in fusion limit as a function
lus, encoded as the sum of all neurons responding, ig¢ eccentricity® is shown in Figure 17A. Thus, “Pa-
seen as single. When a small disparity is introduced,,my's area” is not of fixed size but increases approxi-
some binocular disparate neurons are stimulated, anﬁ\ately in proportion to distance from the fovea.
the binocular corresponding neurons should cease re- Thjs increase in fusion limit is adaptive from three
sponding. But now the monocular right and monocularstandpoints. One is that the size of retinal receptive
left neurons each are stimulated for a visual directionfie|ds and, hence, visual acuity both show a correspond-
shghtlly to e|thgr side of the mean V|su'al direction for ing proportional change with eccentricity. It is appropri-
the binocular disparate neurons (see Fig. 16). Thus, thgte for the size of Panum’s area to be matched to the
two monocular visual directions, which would be dis- monocular grain of the retina at that point.
criminately different if presented singly, are integrated  The increase in Panum’s area also is adaptive in terms
with a third set of responses from the binocular disparatey the binocular environment. Figure 17B shows the
neurons. There should, therefore, be a range of smallisparities produced by binocular viewing of a plane
disparities for which the binocular response gives a unioptimally slanted at the angle of the vertical horopter
tary perception of a fused stimulus. at a distance of 20 cm. This situation might be approxi-
Finally, a point is reached at which the disparity is mated by a person reading a book or looking at a flat-
increased beyond the range in which the binocular rescreen monitor at a comfortable distance. The disparities
sponse can be integrated with the two monocular represent at large distances from fixation are substantial
sponses. Now each monocular response is associateaid increase roughly in proportion to degree of eccen-

Fig. 16. Model of binocular fusion and STIMULUS ﬂ ﬂ
diplopia considered from the point of

view of three classes of cortical neuronal

receptive field with similar visual direc-
tions—monocular left eyeML), monocu- NEURONS
lar right eye MR), and binocular corre-

sponding BC). Stimulus inputs to these

receptive fields are shown as fuléft eyg

and dashedright eye lines for zero,

sm_all,' and Iarge pihocular disparﬁties. VISUAL

Thlrd I|n_e shpws individual and combined DIRECTION

visual direction codes for the three types CODE

of neurons.
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Fig. 17. A. Variation in Panum’s area of binocular fusion with retinal eccentridtyThe field of geometric
disparities of a flat plane viewed at 20 cm and slightly in front of the fixation point. This shows that relatively
large disparities can occur in peripheral regions under conditions that might occur while reading or w&iting. (
Ogle KN: On the limits of stereoscopic vision. J Exp Psychol 44:253, 185XNakayama K: Geometric and
physiological aspects of depth perception. Proc SPIE 120:2, 1977)

tricity. A corresponding increase in Panum’s area, theretion. The case for asymmetric fixation (see Fig. 18B)
fore, allows a much larger region of such a plane tois based on the von Helmholtz one-turn helix described
appear fused than would otherwise be the case. in a previous section. The narrowing of Panum’s area
The third reason why it is helpful to have fusion in- near fixation produces the thinning of the fusion horo-
creasing with eccentricity is that it allows a degree ofpter in this region. These rather strange forms represent
sensory cyclofusion. If Panum’s area remained constarthe only regions of space that produce fused visual im-
at all eccentricities, then the maximum interocular ori- ages of point sources of light under the selected condi-
entation difference between two lines that would remaintions of fixation. Suggestioi&that the fusion horopter
fused would be only about 4 arc minutes for a line acrossias the form of a torus are based on the incorrect as-
the full extent of the retina, such as the horizon. As itsumption that the horopter is defined by the trajectory
is, the increase in Panum’s area at large eccentricitiesf the Vieth-Muler circle as the eyes rotate vertically,
allows fusion of orientation differences of as much asand is not empirically validated.
2 degrees.

SPATIAL LIMITS OF FUSION

FUSION HOROPTER . - . . .
It is common clinical experience that larger objects in

As an application of this idea of the range of sensorythe field remain fused over a greater range of distances
fusion, one can measure the range of fusion around ththan smaller objects. It is also evident that blurred im-
horopter of corresponding points to show the total re-ages will show a greater fusional range than sharply
gion of space before the observer within which pointfocused images. In this manner, fusion depends on the
stimuli will appear fused. This empirical fusion horopter spatial extent of the stimulus.

is depicted in Figure 18 for the special case of symmetric More systematically, TyléP has examined fusion as
fixation in the visual plane (A) and the general case ofafunction of size of the waves in a sinusoidal line stimu-
asymmetric fixation of the visual plane (B). Note that lus. A sinusoidal wavy line was presented to one eye
the fusion horopter runs wide of the geometric Vieth-to be fused with a straight line in the other. When the
Muller circle because of the Hering-Hillebrand devia- stimuli were horizontal, the threshold for fusion re-
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Fig. 18. A. The empirical fusion horopter for symmetric fixation in
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mained reasonably constant (Fig. 19), but when the
wavy stimulus lines were vertical, Panum'’s area varied
dramatically with the size of the waves (or spatial fre-
quency). The maximum retinal disparity could be as
much as 1 degree when the waves had a period of 30
degrees per cycle. These variations all occurred with
the stimulus passing through the fovea.

Thus, the traditional concept of Panum’s area as a
fixed property or a particular retinal region must be re-
placed by the awareness that the fusional extent is
strongly dependent on the stimulus used to measure it.
Hence, the fusional horopter presented in the previous
section is not a fixed range around the point horopter;
the depictions in Figure 18 provide only an indication
of the fusional range in the real world, which will ex-
pand and contract according to the objects present in the
field and the optical characteristics of the eyes viewing
them.

TEMPORAL ASPECTS OF FUSION

One interesting aspect of the fusion limit is that it is
established in a very short time. Von Helmhéftzhad
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the visual plane. Note the spread away from the geometric horopter

(dashed lingdue to the Hering-Hillebrand deviation and the vertical Fig. 19. Fusion limit as a function of stimulus pattern of a sinusoidal
tilt caused by the Volkmann-Helmholtz shear of the vertical meridi- line (inse). A. For horizontal disparity pper inse), fusion limit
ans.B. The generalized empirical fusion horopter for any other fixa- increases for stimuli with large cycles and decreases for stimuli with
tion point. Note that asymmetric fixation produces a dramatic thinningvery small cyclesB. For vertical disparitiesi¢wer inse}, the fusion

of the fused region near the fixation point.

limit remains much more constant. (Tyler CW: The spatial organiza-
tion of binocular disparity sensitivity. Vision Res 15:583, 1975)
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experimented with fusion in stereograms illuminated bythreshold response. However, these studies all involved
a (microsecond) electric spark. Wb examined the transient VEPs measured at a single peak. An earlier
effect of duration systematically and found that fusion study by Spekreijsé® had used sinusoidal flicker of a
appeared to be complete by approximately 30 mseauniform field for the stimulus. This study revealed that
This duration is probably the same as the luminancesaturation of the VEP occurred in many circumstances
integration time under his conditions, so the speed ohigh-amplitude stimulation, which could eliminate any
simple fusion seems to be limited mainly by the rate ofappearance of binocular summation. Often an appropri-
integration of luminance. ate choice of contrast and field size would reveal full

However, the fusion of complex targets is a very dif- (2.0) summation. More detailed wdf® using sinusoi-
ferent matter. It is possible to generate fields of dynami-dal patterns flickering in counterphase at high rates (e.g.,
cally changing random dots that are identical in the two30 reversals/sec) has shown that the degree of summa-
eyes (and can be perceived as fused) or dots whod®n depends on the precise stimulus configurations and
positions are spatially uncorrelated between the twacan vary from values of 1.0 to high values of 5.0 repre-
eyes, which are perceived as entirely unfused. Fusiosenting marked facilitation of the binocular response.
will persist even though the dots are rapidly changing,Such binocular facilitation is presumed to reflect the
providing they always occupy instantaneous corre-activity of stereoscopic neurons.
sponding positions in the two eyes. Such a stimulus
provides the opportunity to examine the speed of fusion
and defusion in complex stimuli. A change from correla-
tion (correspondence) to complementation between thQ|CHOPT|C STIMULATION
eyes is not visible to either eye alone when the rando
dots are dynamically changing.

Julesz and Tyléf° used this paradigm to show tha
the minimum time required for fusion between two pe-
riods of unfused stimuli (complemented fields) was an
average of 30 msec. But when they measured the tim
required to detect a break in fusion immediately fol- 1 - pepth with fusion: The fused binocular image is per-
lowed by areturn to the fused stimulus (identical fields),  cejved in depth relative to its background
the duration was about ten times shorter. This kind ofp, Depth with diplopia: The disparity becomes great
temporal anisotropy was found to be a particular prop- - enough for the stimulus to split into separate mono-
erty of the fusion mechanism, and no equivalent effect - ¢jarimages, but paradoxically their depth continues
occurred for a comparable stereoscopic task. Some ex- {4 jncrease even while being seen as double
treme nonlinearity of binocular temporal processings piplopia without depth: With further disparity in-
would be required to account for this bias between the  creases; the perceived depth of the double image de-

mWhen binocular stimuli fall on noncorresponding points

¢ on the two retinas, the stimulation is strictly described
as dichoptic, or different in the two eyes. There are six
classes of percept that are obtained, depending on the
gegree of noncorrespondence between the stimuli:

two types of binocular correlation threshold. clines back to the level of the background
4. Dichoptic fusion: If dissimilar images to the two eyes
VISUAL EVOKED POTENTIALS AND FUSION overlap, they will be seen as their additive sum if

. . . . they are of low effective contrast
Many types of binocular interaction are reflected in _the5' Binocular rivalry and suppression: At high-contrast,
VEP recorded from the human scalp. These fall into rivalry alternation between the two monocular im-

the categories of binocular summation, binocularrivalty  gges’sets in
and suppression, and stereopsis, each of which is cors Binocular luster: If the images are of opposite con-

sidered separately. o _ trast in the two eyes, they will be with a kind of
VEP amplitude shows partial binocular summation  |ystrous shimmer as though both light and dark are
under most conditions of binocular corresponding stim-  gimyltaneously visible

ulation}4-144whether the stimulus is a flickering field

or an alternating pattern of some kind. Here complete The first two classes are dealt with in the section on
summation is defined such that the binocular responsstereoscopic vision. They are not generally referred to
is the algebraic sum of the two monocular responsesas dichoptic, because the two retinal patterns are suffi-
or the stimulus contrast required to produce a giverciently similar as to be combined into a unified impres-

response is half as great for binocular stimulation assion (particularly for fused stereopsis). The latter four

compared with a monocular condition. In fact, most of classes are clearly dichoptic. There is not much to be
the cited studies report partial binocular summation orsaid about diplopia, except as an indicator of the failure
the order of 1.4 times greater than the mean monoculaof fusion. As such, it has been included in the previous
response, both for high-contrast stimulation and close t@ection. This section on dichoptic stimulation therefore

FCO-05
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covers the remaining topics: dichoptic fusion, binocularspects to fluctuations of attention and are widely sup-

rivalry, binocular suppression, and binocular luster.  posed to be under voluntary control. Actually, a number
of studied®°~1%2has found that there is little voluntary

DICHOPTIC FUSION control over which eye dominates at any given time. In

The first reports of fusion between dichoptically dissim- fact, the' fluc'guatlons in rivalry are we]l descr'|bed by a
ilar image$**2were obtained with very brief expo- sequentially independent random variable with no peri-
sures of the dichoptic stimulf?-48 High-contrast or- odicities, as though the arrival of each change in domi-
thogonal gratings in the two eyes appeared to form g1ance had no effect on the occurrence of subsequent
fused dichoptic plaid, but only for durations shorter thanchanges== ,
150 msec*? Until recently, the effect of contrast of A series of studies by Fox and co-workers on the
binocular combination had not been explored. Liu andcharacteristics of binocular rivalry has made some head-
associated® found that orthogonal dichoptic gratings Way in localizing the site in the visual pathway at which
show complete perceptual summation for periods of up’ivalry operates. Even though the localization is derived
to 30 seconds after stimulus onset. The dichoptic sumby inference from psychophysical evidence, the result
mation lasts the longest for high spatial frequencies ands quite significant in determining the processes of bin-
near threshold contrasts, but at medium spatial frequerscular cooperation and their breakdown in pathologic
cies (e.g., 3 cycles per degree) and/d6ontrast, di- conditions.
choptic summation into a perceived plaid was still ob- Interocular suppression has a number of interesting
tained for an average of 5 seconds, which might be aharacteristics. The suppression state is inhibitory. Test
typical trial duration for a free-viewing task. This abil- stimuli presented during suppression are attenuated rela-
ity, hitherto unrecognized in the human brain, may ex-tive to the same stimuli presented during dominance or
plain the role of the 5& of primate cortical cells that during nonrivalry conditions. This attenuation occurs
are binocular and have circularly symmetric receptivefor a variety of test probes and testing procedures, in-
fields that Cann.Ot dI_SCfImInate the difference betWeerkﬂuding forced-choice detection of incremental ||ght
the bar orientations in the two ey&¥. flashes, forced-choice recognition of letter forms, and
reaction time for detection of targets set into motion
BINOCULAR RIVALRY AND SUPPRESSION during suppressiotP*—158
If the images in the two eyes are sufficiently different  The magnitude of the inhibitory effect varies among
not to fuse and if they fall in the same general visualsubjects and with stimulus conditions but is generally
direction, the resulting conflict is resolved not by binoc- approximately a factor of three, a value frequently ob-
ular summation but by a temporal alternation betweerserved in studies of saccadic suppression and visual
one image and the other. In a given region of retinamasking. The inhibitory effect of suppression endures
the image in one eye predominates while the other ishroughout the duration of the suppression phase, and
suppressed and suddenly the suppressed image emergkes magnitude of the inhibition remains constétit.
into perception and dominates the region (Fig. 20). The inhibitory suppression state acts nonselectively

Binocular rivalry fluctuations are similar in many re- on all classes of test stimuli independent of their simi-
larity to the rivalry stimulus. Evidence of nonselectivity
is the attenuation of several different kinds of test probe
stimuli. More systematic evidence of nonselectivity is
provided by experiments that use a spatial frequency
grating as a rivalry stimulus and then change either fre-
guency or orientation of the grating during suppression
while keeping mean luminance and contrast constant.
Changes in orientation of 45 degrees and of a factor of
two or more in frequency remain undetectéd.

These studies suggest that rivalry is a process that
is independent of monocular pattern recognition but is
Fig. 20. Stimulus demonstrating strong binocular rivalry when left triggered by a binocular mismatch and then continues
panel is viewed by left eye and right panel is viewed by right eye in ith jts own characteristics independent of most stimu-
the same retinal location. The opposite contrasts in each eye tend s parameters. However, one factor that is very impor-

switch at random between perception of the light and dark phases . . . . .
They also exhibit a lustrous, shimmering quality. Note that there istantis the stimulus effectiveness in each eye. The higher

a disparity between the center pentagons in each eye that may bthe stimulus str_ength (in terms of luminance, contrast,
perceived as a relative depth signal even though the contours are @ movement) in one eye, the greater the suppression
opposite contrast at all points in the figure. of the other eye. If the stimulus strength is increased in
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both eyes equally, the rate of alternation between thelepth see (Fig. 20). The lustrous appearance of surfaces
two increased?’155-157 like a waxed tabletop or a car body is largely attributable
Finally, two interesting experiments have exploredto binocular luster. It results from the different position
the relationship between aftereffects of visual adaptaef partially reflected objects in the surface by virtue of
tion and rivalry suppression. Examples of visual afteref-the different position of the two eyes. This kind of lus-
fects are the perceived motion obtained as an aftereffe¢tous appearance is distinct from both the shininess of
of adaptation to a moving display, threshold elevationa surface as seen by reflected highlights and from the
and perceived spatial frequency shift after adaptation telear depth image seen in a mirror, both of which may
a grating. Perceptual occlusion of the stimulus duringbe depicted in a photograph corresponding to the image
binocular rivalry did not affect the strength of these by a single eye. Viewed binocularly, the lustrous surface
aftereffects, whereas equivalent physical occlusion ofappears to have a translucent quality of depth due to
the stimulus reduced the aftereffect dramatic&tf/in diffusion from the surface as well as the partial reflected
effect, the brain was adapting to an invisible stimulus.providing a fixation plane at which the partially re-
Because these aftereffects are almost certainly corticaflected image usually has a large disparity and, hence,
binocular rivalry must be occurring at a higher level in areas of binocular luminance difference.
the cortex. That the phenomenon of binocular luster has been
largely ignored except as an incidental observation is
surprising in view of the fact that it is qualitatively dif-
ferent from depth, diplopia, or rivalry. The lustrous re-
gion is not localizable in depth, but it seems unitary and
VEPs to pattern reversal can be recorded during binocudoes not fluctuate in the manner of binocular rivalry.
lar rivalry conditions. Cobb and colleagd&Sused a  Binocular luster may also be observed in static and dy-
stimulus with vertical bars to the left eye and horizontal namic random-dot stereograms in which all the elements
bars to the right eye, with pattern reversals at 12 Hzhave opposite contrast in the two ey&3*°These stud-
180 degrees out of phase for the two eyes. The responses have shown that detection of binocular luster is even
changes from the phase appropriate to each eye weraore rapid than the detection of depth changes and can
well correlated with the subjective responses, indicatingoe accomplished for a presentation of random dots of
changes in perceptual dominance at any given momenapposite contrast interocularly for only 2 msec with
(No correlation was found between rivalry suppressionmasking stimuli beforehand and afterward. This remark-
and the amplitude of potentials evoked solely by lumi-able performance is the most powerful yet demonstrated
nance changes.) Similarly, Van der Tweel and co-work<for an exclusively binocular (cyclopean) task and sug-
erst®® found that perceptual suppression of a flickeringgests that binocular luster is a phenomenon worth fur-
pattern presented to one eye by a static pattern presentéaer study.
to the other eye was accompanied by almost complete
suppression of the VEP from the stimulated eye.
How do the VEP rivalry data accord with neurophysi- REFERENCES
ology? The two are in conflict because the known physi-
0|Ogy would Suggest that during riva“‘y the monocular 1 Walls GL: The Vertebrate Eye. New York:Hafner, 1967
neurons for both eyes would be stimulated, whereas the 2. Wheatstpne C: Some remarkable phenomena of binocular vi-
VEP reflects the subjective suppression of one eye ata S Philos Trans R Soc Lond 128:374, 1838
time. It therefore appears that binocular rivalry operates 3- Bough EW: Stereoscopic vision in the macague monkey: A
. . . behavioral demonstration. Nature 225:42, 1970
before the site at which the pattern VEP is generated Fox R, Blake RR: Stereoscopic vision in the cat. Nature 233:
(at least for low frquen.ci_es of alternation). The rivalry 55, 1971 ' P ' '
process must then 'nh'b't, the response of one Set_ of . Fox R, Lehmkuhle SW, Bush RC: Stereopsis in the falcon.
monocular neurons at a time, producing the reduction Science 197:79, 1976
in the VEP. 6. Steinbach MJ, Money KE: Eye movements in the owl. Vision
Res 13:889, 1973
7. Wiesel TN, Hubel DH: Ordered arrangement of orientation
columns in monkeys lacking visual experience. J Comp Neurol
Binocular luster is the final class of percept that can 158:307, 1974

occur with noncorresponding stimuli. It occurs in areas 8 Anker RL, Cragg BG: Development of the extrinsic connec-
tions of the visual cortex in the cat. J Comp Neurol 158:307,

VISUAL EVOKED POTENTIALS
AND BINOCULAR RIVALRY

BINOCULAR LUSTER

of uniform illumination in which the luminance or color 1974

of the.reﬂeCted |Ight is different for the twogeyes. I.t was . Blakemore C, Van Sluyters RC: Innate and environmental fac-
described by von He|mh9&94 and Panurhz_ as a kind tors in the development of the kitten’s visual cortex. J Physiol
of lustrous or shimmering surface of indeterminate 248:663, 1975
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