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Development of Binocular Vision
and Stereopsis

Richard Held

Introduction

Developmental studies become particularly interestng
when systematic changes in function with age can be dem-~
onstrated. The process of change can be revealing of the
manner in which mature organization and function arc
achieved. Such indeed appears to be the case for the
achievement of binocular wvision. This chapter will focus
upon recent rescarch which casts light on mechanisms
which may account for the abrupt onset of binocular
vision and the consequent rapid increase in resolution of
the stereoptic system in human infants.

The difficulties of investigating development are not to
be underestimated. Human infants have reiadvely limited
response capabilities and must be tested with special
psychophysical procedures often resembling those used in
animal studies. Response measurcs are limited and easily
fatigued. These difficultics constrain the acquisition of
information about the development of binocular vision.
Yet within these limitations a significant amount of know-
ledge has been obtained and some intriguing questions
have arisen from it.

During the last two decades progress in research on
vision in human infants has accelerated rapidly. Many
visual and oculomotor functions have been studied in
infants and their changes during development have been
acked. Brief reviews can be found in Atkinson {1984),
Gwiazda et af. (198%a), and Boothe et al. {1985). Reviews
of research up to 1980 on the development of depth and
binocular vision cn be found in Aslin and Drumais {1980),
and Fox (1981). A recent review of both animal and
human research on development of depth vision is to be
found in Timney (1988) and a review of visual space per-
ception in Yonas and Owsley (1986).

The 1980 Watershed

Although much relevant research had been done earlier on
depth perception, including 2 few atempts to study
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stereopsis, the year 1980 witnessed major progress to-
wards understanding the development of human binocu-
lar vision. During that year several laboratories
independently confirmed the finding that aduitlike bin-
ocular vision is apparendy lacking in infants during the
first few months of life. It has an abrupt onset beginning
on average at three to four months of age. Consequenty, it
differs from other forms of spatial vision which appear to
be present at birth, however poor their sensiovitics may
bc.Thisrsultgnined:su-ikingdegrecofaedcnccbc-
Quse its discovery was made more-or-jess contempo-
raneously by several different laboratonies using different
methods and procedures. :

Braddick et a/. (1980) used a dynamic random-dot dis-
play in which the interocular relation alternated between
correlated and andicorrelated states. They recorded the
timedocked visually-evoked response to the alternacon
and found that it did not appear before an average age
between three and four months. (Evoked potential tech-
niques are reviewed by Regan (1989)). Petrig ¢f al. (1981)
used a similar procedure to measure response o the alter-
nation between interocularly correlated and disparate
states. Their results showed a similar age of onset of the
time-locked response. They added the cauton that the
random-dot procedures do not efficiently. distinguish re-
sponses to binocular, as opposed to the more specific
disparity-sensitive channels. In these procedures disparity
alternates with non-disparity but so does interocular cor-
reladon and decorrelation between corresponding rednal
loci thereby confounding the two. Fox ef al. (1980) used
the infant's direction of gaze in pursuit responses [0
motion of disparity-produced targets in dynamic random-
dot stercograms with similar resuits.

Although dynamic random-dot displays have the ad-
vantage of eliminating monocuiar cues to depth, they have
the disadvantage mentoned above as well as requinng
global stereopsis to resolve the ambiguity of correspon-
dence (Chapter 3). As an alternative Held & al. (1980)
used line stereogratns, separated by polarization, in a two-
choice preferential looking procedure. One side of the dis-
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Fig.9.1 Development of uncrossed (@ ) and crossed (O] stereoacuity. The mmallest disparity presented was 0.5 for infanis A.D..
O.RP.B.T and DM.and 1.0 for the others. Figure adapted from Birch ef al., (1982).

play had a dispanity, ranging from 1-58', the other side
had zero disparity. In this procedure a trial is inidated
when the infant, held by the mother, gazcs directly at 2
flashing LED centred in the display, whereupon the
bipartte sumuli are presented and the LED turned off.
An obscrver, blind to the display, watches the infant and
within a few seconds decides which side the infant prefers.
OVerascﬁcsofuials,r.hcdispnrityisvaﬁedmdzsterw-
scuity threshold obtained. Suitable controls against dis-
arimination based on non-dispanity cucs to depth were
added. In a longirudinal study, the subjects were run at
Jeast once every two weeks. The results agreed with pre-
viously mentioned research in showing that the onset of
stercopsis OCCUrS at an average age of 14 weeks. The fine
time-grained analysis revealed that stereoptic discrimin-
ation may appear less than two weeks after none had been
found on the previous test (Fig. 9.1). 1t also showed the

considerable range of ages over which infants show acqui-
sition of stereopsis. This age range is shown in cumulaove
curves (Fig. 9.2) of percentage of infants showing stereop-
gis (Birch, 1983; Teller, 1982). Following the onset of
coarse stereopsis, the disparity threshold measures re-
vealed that stereoacuity rises within a few weeks 1o 1’
(Fig. 9.1), the resolution limit of the testing device used by
Held er al. (1980). It also revealed the first evidence that

“the onset of crossed stereopsis sntedates that of uncrossed

mental differences among several aspecs of binocularity
tested. Both tests of giobal and local stereopsis revealed
ugsofmsetthztdonoupparmbed.iﬂ'amt.ﬁcrsulu
obtained comparing correlogram {correiated vs non-
correlated stimuli) with stereoptic discrimination also did
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Fig. 9.2 Summary of three studies of the drvelopment of
detection of bnocular dispariry. The circles show data from
Birck et al. (1982) for crossed disparities of 58 {open circles)
and I (closed civeles). The large open squares show data from
Peinig et al. {1981 ) taken with the VEP. The open tnangles
include the da1a of Fox et al. { 1980} plus unpublished data
supplied by R. Asiin { personal communication ). Figure taken
from Teller (1982).

not reveal significant differences in age of onset (but see
section on a two-stage model).

The convergent results of the early 1980’s set the stage
for further understanding of issues in the development of
binocular vision. An equally important contributon came
from animal studies of which most have been concerned
with the fine anatomnical structure of the visual projection
system. The one exception is the study of the development
of depth discrimination in kittens by Timney (1981) n
which kirtens are shown to have a rapid rise in sterecacuity
at the same age 2s the appearance of disparity selective
cells in their visual cordces (Pettigrew, 1974).

Progress in the 1980s

Following the burst of results in the early 1980s, 2 number
of new and sometimes unexpected findings have been
made. Using the reaching test technique developed in the
Yonas laboratory, Granrud (1986) showed that four-
month-old infants who had shown stereopsis by the Held
¢t al. (1980) test reached significantly more often for the
nearer of two visible objects than did those who did not
show stereopsis. Such reaching behaviour is suggestive of
true depth discrimination and not just discrimination of
dispariry.

The extensive datz of Birch ¢r al. (1982) confirmed that
crossed disparity discrimination antedates uncrossed dis-
crimination by several weeks and further revealed the fine
time course of acquisition. A confirmadon of the priority
of crossed over uncrossed discrimination was also made by

Reuss (1981). Recendy Gwiazda er 4/ (1989) demon-
strated the continued superiority of crossed over un-
crossed st is in the form of persistendy higher
sterecacuity during childhood. These results add to the
list of differences found between these two forms of
disparity and suggests that there are two separabic
processes involved. See Mustillo (1985} for review and
chapter 11 by G. Poggio for further discussion of this
difference. .

Another result obtained by Birch e /. (1983} showed
that the improvement of control of vergence did not ex-
plain the onset of stereopsis in the infant. They showed
that the onset age of stereopsis was unaffected when tests
were made with large redundant stereograms in which the
registration of disparities was minimally influenced by
errors of vergence.

In still another report Birch ef a/. (1983) showed that
when binocularly rivalling stimuli are paired with non-
rivalling (fusible) stereograms, a preference for the fusible
stimulus appears at about the same age as docs stereopsis.
This result was used in a further test of pre-stereopnc
vision discussed below {Shimojo ¢r al., 1986). Improve-
ments in stereopsis and vernier acuity have been shown to
continue through the early yaars of childhood (Birch and
Hale, 1989) and until sbout nine years of age although
gratng acuity reaches asymptote several years earlier
{Gwiazda er al., 198%a). This result suggests that the
continued improvement is not a matter of behavioural
responsivity but of oue visual development. Otherwise
why would similar and equally difficult behavioural tasks
marure at different rates?

Recendy, significant differences berween the sexes in
the ages of onset of both stereopsis and response to bin-
ocular rivalry were discovered (Gwiazda er al., 1989b).
Females tend to show erlier onsets than males. These
results followed upon the discovery of such sex differences
in the development of vernier acuity (Held et al., 1984).
Since the differences arc not found in grating acuity
measurements, suspected of being heavily constrained by
retinal factors, their discoverers have suspected thac they
are specific to processes going on in cortex (Held, in press).
This conclusion has been confirmed in the auditory
modality in which the precedence effect in localizaton
shows a significant sex difference in the same directon
while no such difference is found in auditory localizanon
(Muir ¢1 af., in press). Held ¢r a/. (1984) speculated that the
neurotrophic influence of the high ievels of testosterone
present in males during the earty months of life, combined
with the intense synaptogenesis of this penod may account
for the sex difference. Measurements of the level of plasma
testosterone have since been reported to be correlated with
the age of onset of mature binocularity as measured by the
age of shift of the fusion-tivairy preference (Held ef 4/,

1988).
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Developing Loci in the Visual
System

As has been discussed elsewhere in this volume, the
achievements of binocular vision depend upon a sequence
of transmission and processing mechanisms beginning
with the light samulus and terminating with 3 perceptual
or other form of response of the system. Consequently its
development will depend upon the starus of these mech-
anisms, most of which show developmental changes. We
shall first consider the sources of these changes.

Dimensional Growth

Growth of the head is of course accompanied by growth of
the disance berween the eyes. This interocular distance
increases from birth to adulthood by an average of 60%
{Aslin, 1988), with 365, of the change occurring during
the first six years (Fledelius and Stubgaard, 1986). The
increase requires an increased amount of vergence to
maintain bifixation on targets. Since vergence may be con-
wolled by 2 number of mechanisms including retinal dis-
parity, foveal fixation responses, and the accommodative
linkage, it is necessary to factor out the contributions of
each. With other variables held constant, growth of the
interocular distance proportonally increases the size of
retina) disparitics. If the depths perceived by both infant
and adult are correct, the former corresponding to the
neonatal disparity and the laner to the increased adult
dispariry, we must infer that some sort of adapuve process
occurs during development. It is needed to recalibrate the
relation between disparities and the magnitudes of the
perceived depths that they produce. We have no direct
evidence for such a developmental process in adults
although there is some evidence for an adaptive process in
adults in response to an artificially increased interocular
distance (Wallach er a/., 1963). Analogous effects must
occur in sound localizacon with growth of the interaural
distance (Clifton e al., 1988).

Ocular Media

Like most other visual abilities, the first order dependency
is on the quality of the light transmitted and refracted by
the ocular media. Beginning at birth, these media appear
mbcatleasladurasindmeaduhuccpthmuf
pathology. Infant eyes do tend to have greater cylindrical
astigmatism than those of aduits with consequent produc-
Bon of meridional amblyopia (Gwiazda et al., 1986) but
unknown consequences for binocularity. The focusing
capabilities of the cye of the neonate are not at the adult
level. The accommodative efficiency of the lens of the eye
appears to be less than that of the adult, although the

visual consequences of this ineficency are muitgated by
the relative insensitiviry of the system to fine detail (Banks,
1980). Furthermore, by the age at which mature binocular
vision begins the saccommeodative system has already
begun to function quite adequately.

Retinal Transduction

G-ivcnanimagtfomscdmthcretim,d\enmmpis
transduction by the receptors of the retina. Recent find-
ings concerning anatomnical development of the receptors
and their connections in the human retina show profound
dxmgmoecurﬁngdmingﬂ\cﬁmfcwyearsofﬁfeﬂ-len-
drickson and Yuodelis, 1984; Yuodelis and Hendrickson,
1986). Although the detailed consequences of these
changes are subject to slternative interpretations, the
general conclusion is that they account for a considerable
increase in resolution (Banks and Bennert, 1988; Wilson,
1988). Such increases have important consequences for
further processing of spatial properties of stimuli includ-
ing some of those entailed in binocular vision (see below).

Neuronal Transmission

From the retina the axons of ganglion cells leave the eye-

balls in the optic nerves. In normal brains, those from the

nasal half of the retina cross the midline in the chiasm to

the contralateral side of the brain while those from the

temporal half remain on the same side {ipsilateral). These

fibres then form the optic tracts and terminate on SYNapses

in eve-segregated Lavers in the lateral geniculate nuclei.

Cells of the geniculate then send their axons through the

optic radiaton. The gross aspects of these structures ap-

pear adultlike at birth except for size. Cells are known to

increase their size for several years after birth (Hickey and

Peduzzi, 1987). From geniculate cells efferent fibres form

the optc radiations which terminate for the most part on

entry-level cells in layer IV of the stnate visual cortex. Our

knowledge of the detailed structure of connections in the

brain comes largely from studies of animals of which the

dosest to man is of course the monkey. In the absence of
deuiled knowledge of human brain structure and func-
tions our best guess is that they resemble those of monkey.
However, the rates of development of man relative to
monkey differ by a factor often estimated as close to one-
fourth.

Visual Cortex

Simethcﬁmimporummnvugmc:ofﬁgmls&mnthc
twoeyesoccursinmeuriatevisualmcx,itishcnthzt
processes crucial to the analysis of binocular differences
have their incepdon. In recent years a fairly dear picture
of the cortical levels and Joci concerned with binocular
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vision in the monkcy has emerged. In the mature monkey
the geniculocortical inputs from each eye remain segre-
gated in layer IV C of smiare correx (area 17) and available
evidence suggests that this stte is also oue in human
cortex (Hickey and Peduzzi, 1987). Consequendy, bin-
oculzr combination of signals must occur outside of this
kyer as a result of convergence of outputs from the eye-
specific columns. Some empirical evidence for this sup-
positon comes from work of Levay and Voigt (in press).

Yeshurun and Schwartz (1987) have provided a theoretical
account of the process. Of great interest for development is
the fact that these segregaved ocular dominance columns
are ather not present or are incompletely segregated at
birth in cat, monkey, and man (Hickey and Peduzz,
1987), Levay ¢ al., 1978, 1980). They segregate in carly
life and consequendy are candidates for explaining the
development of mature binocularity. Layer IV C is sub-
divided into two lamina, alpha and beta. This division is
important for our purposes because it is the further pro-
jection from IV Calpha via layer IV B which appears to be
concerned with stereopsis (Hubel and Livingstone, 1987).

Efferents from ['V B connect with cells in the broad stripes

of area 18, cells which are very frequently selectively sensi~
tive to binocular disparities, the basis of stercopsis. Signifi-
cant is the fact thar these cells are also invariably selectively

sensitive to the orientation of edges in their recepave

fields. From cells of the broad stripes connections are
made to area MT which also has afferents from IV B. In

that region are found many cells responsive to disparities
as well as interocular rivalry, as has recently been dis-
covered (Logothetss and Schall, in press).

Apart from the retina, it is in the cortex that the most
evident developmenmal changes in the visual nervous sys-
tem occur and present candidates for explanation of visual
development. Particularly evident is the process of segre-
gation of the ocular dominance columns which in at,
monkey, and man show incomplete segregaton, if any, at
birth. In human visual cortex the rate of post-natal sy-
naptogenesis peaks berween two and six months of age and
the total number of synapses is greatest at ren months for
the ennre life span (Hurenlocher er al., 1982). Wilson
(1988) has argued that during this peried inhibitory con-
nectons become established resulting in sharpened tuning
for the several forms of spatial discrimination.

Hypothetical Mechanisms of
Binocular Development

Given the known deveiopmental changes occurring at
various loci that determine binocular vision, can we assess
which make major contributions? In the following para-
graphs we consider the pros and cons of several non-

exclusive possibilities adducing additional data relevant to
them.

Vergence

The developent and maintenance of accurate control of
vergence has been suggested as determining the onset of
mature binocularity. Such control has a reciprocal relation
msmwpmmthemthatundanmml conditions of

vision vergence is necessary for accurate and precise regis-
tration of disparities, hence stereopsis, and at the same
time, disparities drive vergence. The control of vergence
movements is far from aduldike in infants less than four
months of age (Aslin, 1988). They have difficulty in fol-
Jowing all but the slowest movements of targets changing
distance from the eyes. This deficiency appears o reflecta
lack of open-loop control such as would be possible after
the development of vergence control by disparity (Held,
1988). Good control of vergence is in fact achieved at
about the same age as the onset of stereopsis although as
yet this correlation has not been experimentzily verified.
Consequently, as Aslin has suggested (1988}, the achieve-
ment of good vergence control might account for the onset
of stereopsis. Here there are two possibilities. First, the
stereoptic mechanisms might be present but not evident
because of inaccurate vergence. Second, chronically ac-
curate vergence might be required for development of the
mechanism. However, these possibilities are contrain-
dicated by several experimental results. The most directof
these is the result of Birch er al. (1983), discussed above,
demonstratng that the onset of stereopsis is not affected
by resting with stmuli that are insensitive to vergence.
Another counterindication comes from the finding that
crossed emerges before uncrossed stereopsis (Held ¢ o/,
1980; Birch ez ¢/., 1982), a result that counters the tmplica-
tion that the accuracy of vergence accounts for both. In
addition, that related indicant of mature binocular vision,
the onset of response to binocular rivalry (Birch e af,
1983; Shimojo et al., 1986) occurs at roughly the same age
as stereopsis (Gwiazda er a/., 1989b) and its testing is also
minimally dependent upon the accuracy of vergence.
Consequendy, although appropriate eye alignment, pro-
duced by vergence, can be crucial to accurate binocular
vision and its maintenance (see below), its perfection does
not appear to determine the onset age of mature binocu-
larity

Spatial Resolution

Spanalrcsolunonatboththereunalandcomallevds
improves markedly from birth. Banks has claimed that
dnngsatﬂ\emeptorkvdalonempmveommm
u\nty and may improve hyperacuity measurements (ver-
nier acuity) by an even greater amount (Banks and Bennet,

I T T e R )
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1988). There is every reason to suspect that this improve-
ment should also apply to stereopsis where the limit of
sterecacuity is close to that of vernier acuity and the
achievemnent of levels of hyperacuity occur concomnitantly
(Shimojo er al., 1984). It is less obvious how the abrupt
onset of stereopsis might be explained solely by improved
resolution. As mentoned above, this onset is corrclated
with that of response to rivalry (Gwiazda er al,, 1989b).
The rivalling graring may be quite coarse and far above the
resolution threshold. Moreover, the transicon from pre-
stereoptic preference for stereograms with orthogonal
gratings to the post-sterecptc preference for non-rivalling
fused gratings occurs abruptly within a week or two (Shi-
mojo ¢r al., 1986). Can an incremental improvement in
resolution such as might occur in a week or two be the
cause of onset of stereopsis’ To be fair, one must ask the
same question of any neuronal change suspected to ac-
count for such an abrupt behavioural change (see section
on two-stage model). Improvement in resolution is also
contraindicated by the significant differences in the ages of
onset of crossed and uncrossed stercopsis (Held er 2/,
1980; Birch er ai., 1982). The sex differences found in the
age of onset of stereopsis (Gwizzda ef a/., 1989b) as well as
the fusion-rivalry response (Bauer er 2/., 1986) can hardly
be expiained as a result of different rates of increase of
resolution since there is no evidence for sex differences in
the development of grating acuiry during this period {Held
¢f al., 1984). Any such differental increases in resolution
should have been evidenced by sex differences in graung
acuity.

It is possible that orientational resolution might play an
important role in both the onset and development of
marture binoculariny. Evidence from several sources sug-
gests that coarse orientational discrimination is present by
at most six weeks of age (Braddick ez a/., 1986; Held er a/.,
1989). Recent results suggest that orientaconal tuning
does not reach an asymptote until thres to five months of
age (Held er al., 1989). Since disparity sensitive cells ap-
pear alway's to be orientationally selective as well, one may
suspect that their development proceeds together. Further
research is required to examine this possible relationship.

A Two—Stage Model

Another possible explanation for binocular developmemt
is derived from the observation that the ocular dominance
columns of laver IV C are either not segregated or are
incompletely segregated at birth (Held, 1985; Shimojo e
al., 1986). Prior to segregation the right and left eye inputs
1o visual cortex are topographically arranged and those
from corresponding retinal lod overlap. Moreover, many
of the axonal endings from both eyes synapse upon the
same cells in layer IV (IVC in monkey) (Levay et al., 1978;
1980}. Depending upen the nature of the synaptic connec-

tions, gnals from the two eyes might either summate or
intubit or have more complex interactons within this
layer. Consequently, the system may have a considerable
degree of binocularity of a primitive sort. Held (1988) has
distinguished this primidve binocularity from the mature
binocularity which follows segregation of the columns and
has proposed a two-stage model of the development of
binocularity. The mode! (Fig. 9.3) incorporates a claim

NEONATE
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Fig. 9.3 (a} Gensculostriate afferents from both eyes (R and L)

_ synapse on the same cells im layer IV thereby losing information

about the eye of origin. (b) Gemiculestriate afferents are
segregated on the basis of eye orygin (R and L ) end consequentiy
reciprent cells m layer IV may send their axoms to cells outside of
that layer 0 as to synapse on cells whick may be disparity
selective. Figure taken from Held (1983).

that it is only when segregation is achieved that signals
ﬁmnﬂxesepantcevsm) be combined 50 as to form
arcuits which compare inputs from the two eyes. Such
arcuits could underlie both binocular disparity discrimin-
ation and binocular rivalry, Aecordmg to the ﬁzgmenta:)
information available, that segregation occurs in the
humanwsuzlmcxdurmgthcﬁmfn months of bife
(Hickey and Peduzzi, 1987). The proposal then is that
segregation of the columns is 2 necessary but not sufficient
condition for marure binocularity. In addition, further
connections must be made to produce circuits that analyse
for disparity, up to hyperacute levels (approx. 10" or bet-
ter), rivalry and other binocular properties of the mature
system.
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As has been discussed, another test said to indicate bin-
oculariry is the visually evoked response (VEP) to alterna-
tion of binocularly correlated and uncorrelated dynamic
random-dot patterns. The onset of this response, specific
to binocular interaction has been claimed to occur con-
comitandy with that to stereoscopic disparity (Braddick
and Atkinson, 1988). Moreover, preferential looking tests
have 2greed with this conclusion insofar as the preference
for correlated over uncorrelated stimuli occurs concomi-
tantly with the onset of stereopsis (Gwiazda et al., 1989b).
Recendy, Eizenman er a/. (1989) recorded the binocular
VEP using liquid crystal shurters to present correlated and
uncorrelated dvnamic random-dot sumuli. Previous
investigators used anaglyphic colour separation. Eizen-
man ef a/. reported time-locked VEPs to the alternation at
a few weeks of age and before any such response to dispar-
ate stimuli had appeared. This result is predictable from
the binocular mixing that appears to occur in layer IV C
before segregaton of the ocular dominance columns
(Held, 1988). That mixing could result in differences be-
tween correlated and uncorrelated patterns. After segrega-
tion binocular interaction can only occur outside of layer
IV C and some of it must occur at disparity selective sites.

The preceding discussion suggests that 3 primitive
form of binocularity exists before the achievement of
mature binocularity marked by the onset of stereopsis and
binocular rivalry: hence the two-stage model. Tt was just
this suspicion that suggested the experiment on pre-
stereoptic binocular vision carried out by Shimojo er al.
(1986). If geniculocortical afferents from both eyes syn-
apse on common cells in faver IV C, the simplest assump-~
gon in combination of post-synaptic excitation (Fig. 9.3).
If the summed excitation is within the linear range of the
cell’s activation, the outcome should resemble the super-
position of two images. By stereoscopic methods Shimojo
et al. (1986) presented orthogonal gradngs to the separate
eves paired with parallel (fusible} granngs in a two~choice
looking preference. The summed excitation assumption
should vield the appearance of a plaidlike figure for the
orthogonal gratings paired with an ordinary appearing
grating for the parallel grarings. Infants of various ages
prefer a plaid to a grating with other factors held constant.
However, as discussed above, binocularly rivalling stimuli
are avoided in favour of fusible stimul at and after the
onset of mature binoculzrity. In the Shimojo ez a/. experi-
ment pre-stereoptic preference was for the plaid. But a
sudden (within one or two wecks) shift to preference for
the fused grating occurred at the expected age of onset of
stcreopsis.Thisrtsultisthcnaparn'alconﬁrmztionofthe
existence of primitve early binocularity. Gwiazda ef al.
(1989} confirmed that the age of onset of this preference
shift occurs at roughly the same age as the onset of sterco-
psis and is significantly correlated with it across infants.
The result again shows that increasing accuracy of ver-

gence control is not involved in the age of onset of mature
binoculanty.

Binocular summation of visually evoked potentials has
been regarded as an index of cordcal binocularity (Shea et
al., 1987). These authors recorded monocular and binocu-
lar VEPs in a group of young, mostly pre-stercoptic
infants, and 2 group of older infants, presumably with
stereopsis. When tested with a counterphased checker-
board (26° square checks) they found that binocular VEP
exceeded monocular VEP by approximately 185% in the
younger infants. However, the older infants, responding
like adults, showed binocualr superiority of only 40%,.
Although in their introduction the authors suggest that
this result might indicate that cortical binocularity is pre-
sent in infants prior to the onser of stereopsis, they never-
theless conclude that their results are best accounted for
by summation of two independent pools of monocularty
driven neurones. They were apparently driven to this con-
clusion by the great amount of binocular summation in
young infants prior to the onset of stereopsis. Their con-
clusion is, however, contraindicated by their data. In prin-
ciple, summaton of independent pools of monocularly
driven neurones cannot yield more than 1009, supenonty
of binocular over monocular VEP and 1859 is substan-
tially in excess of that. Part of this large superiority might
be accounted for by the relatively low monocular VEP
shown by the younger group of infants. But this too would
probably entail interaction between the two eye channels
requiring synaptic contacts. These results are more con-
sistent with the two-stage mode! of binocular develop-
ment, which, in principle, could provide binocular
facilitation during the early months, than with the inter-
pretation of Shea and Aslin (1987). As those authors sug-
gested, but did not accept, young infants may well be
binocular in the primitive sensc discussed above. Just 25
correlated inputs to the two ¢yes summaic to produce
grater exciation than uncorrelated inputs in the very
young infant (Eizenman et al., 1989), so binocular input
may act with respect to monocular input. In the larter case,
signals from the two retinas will have a considerable de-
gree of decorrelation because of the intrinsically noisy reg-
nal discharge from an occluded eye. More sophisticated
VEP procedures may help disentangle the origins of bin-
ocular interaction {Regan and Regan, 1989).

The twostage model has its problems (Held, 1988).
The onset of marure binocular vision is very abrupt, much
quicker than the process of segregation of the ocular do-
minance columns. Some thresholding device must be in-
voked. Another objection comes from comparison among
animals who appear to have binocular vision and stercop-
sis without evident ocular dominance columns. Here onc
can only look for other types of mechanism. Despite its
shortcomings, the two-stage model currendy appears to
account for more data than the alternatives.
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Looking Ahead with Both Eyes

Where do we go from here? 1 would suggest that several
topics need exploration. The first of these concerns two
rvpes of stereoptic sumuli whose developmental course
has not been established. So far only positional disparity
has been studied and we cannot assume that orientational
and motion disparides show the same developmental
tming. There is evidence that static disparity and stereo
moton in depth are processed in different psychophysical
channels, thar different rypes of neurones are sensitve to
static and changing disparities, and that changing dispar-
ity neurones are comparatively insensitive to static dispar-
irv (chapter 8). It has been suggested that there are two
ranges of dispariry mechanisms: coarse and fine (Poggio
chapter 11). Although we have no evidence that large dis-
paritics may show a developmental course different from
that of fine disparities, the possibility should not be over-
looked. Study of the global versus local difference is also in
order. Only a first step has been taken in understanding
what binocular vision is like in the very young infant be-
fore the onset of mature binoculanity. It scems unlikely
that the inputs from the two eyes merely summate as has
been suggested by Held (1985) and Shimojo ef al. (1986).
A particularly important question concerns the relation
between disparity selectiviry and vergence movements of
the eves. These are mutually dependent but correlations
berween their developmental time courses have not been
studied empirically.

Since the onset of infantile strabismus (a developmental
disorder of vergence control) is reported to occur at
roughly the same age as that of marure binocularity
(Nixon ef al., 1983), one might suspect that the link be-
tween vergence control and binocularity is implicated.
Finally, further study of the development of binocularity
under pathological conditions should be pursued. Clinical
evidence shows that deficits in binocularity follow even
brief periods of binocular asymmetry during infancy re-
sulting from strabismus, anisometrapia, monocular occlu-
sion, or other eve disorders. However, there are only a few
prospective studies of the developmental course of these
losses. The existing evidence suggests that mature binocu-
larity develops initially within the normal age range
(Bechtoldt and Hurz, 1979; Birch and Suager, 1984, Mo-
hindra ¢! af., 1983). 1t is aiso possible that, in some cases,
early failure 1o develop stereopsis, hence disparity control
of vergence, plays a rolc in the origin of infantle stra-
bismus. However, this possibility may be contraindicated
by the existence of only one report of such a failure (Held
¢t al., 1980) among large numbers of infants tested for
stereopsis. We do not know how many such failures may
have gone unreported. For clinical purposes, as well as
scientfic mterest, we should like to gain further know-

ledge of the process by which the normally developing bin-
oculariry is disrupted. Clearly, there is much to be done in
this area.

Acknowledgements

Preparation of this report and the research of the author
and his colleagues have been supported by grants from the
NIH-2R01 EY1191, SP30-EY02621, BRSG 2507440747
and the Education Foundation of America. Joseph Bauer,
Eileen Birch, Jane Gwiazda, and Frank Thomn have con-
tributed valuable criticism in addition to their scientific
contributions.

References

Aslin, R. N. (1988). Anatomical constraints on oculomotor develop-
ment; Implications for infant perception. In Perceprual Develepment
o Imfancy. ed. Yonas, A. pp 67-104. Hilisdale, NJ: Lawrence
Erlbaum Associates.

Aslin, R. . and Dumais, 5. T. (1980). Binocular vision in infants:
review and a theoretical framework. In Advences rm Child Develop-
meni and Behavior, Vol. 135, eds. Reese and Lipsitt, New York: Acade-
mic Press.

Atkinson, J. (1984). Human visuai development over the first 6 mon-
ths of life. A review and a hypothesis. Hum. Newrobsol., 3, 6l-74.

Banls, M. S. {1980). The development of visual accomsnedation dur-
ing early infancy. Chuld Drv., 51, 646666

Banks, M. and Bennet, P. J. (1988). Optical and photorecepior imma-
turities limit the spstisl and chromatic vision of human neonates.

7. Opt. Soc. Am_ A, 5, 2059-2079. :

Bauer, J. A, Shimojo, S., Gwiazda, J. and Held. R.(1986). Sex differ-
ences in the development of binoculariry in human infants. Javes.
Ophthaimol. b 11, Sev. { Suppl. ), 27, 165,

Bechtolde, H. P. and Hutz, C. S. (1979). Stereopsis in young infants
nd s1ereopsis in an infant with congenital esotropia. J. Pediair, Oph-
thaimol Sirabismus, 16, 49-34. .

Birch, E. E. (1983). Assessment of binocular function during infancy.

- Ophthaimic Paediatr. Gener., 2, 181-185.

Birch, E. E. and Hale, L. A. (1989). Operant sssessment of stereo-
acuity. Clin. Vision Set. (in press).

Birch,E. E.and Stager, D. R. (1984). Monocular acuiry and siereopsis
in infantile esotropia. Javest. Ophthaimol. }1s. Sa (Suppl. 1.25.217.

Birch, E. E., Gwiszda, ). and Held, R. (1982). Stercoscuity develop-
ment for crossed and uncrossed disparities in hurman infanes. § uron
Res., 22, 50%-513.

Birch, E. E., Gwiazda, |. and Heid, R. (1983). The:development of
vergence does not sccount for the onset of scereopsis. Perceprion, 12,
131-336.

Birch, E. E.. Shimojo, 5. and Held, R. (1983). The development of
sversion to rivalrous stimuli in human infanis. Jwvess. Ophriaimol.

Vis. Scr. (Suppl }, 14,92,

Boothe, R., Dobsoa, V. and Teller, . (1983). Postnatal development
of vision in human and non-human primates. Anw. Rev. Newrosri B,

495545,

Braddick, O. and Atkinson, ]. (1988). Sensory selectivity, snencional
control, and cross-channel integration in early visual development.

In Prrceptual Development oo Infancy. ed. Yonas, A. pp. 105-143.
Hillsdale, N]: Lawrence Erlbaum Associates.

Braddick, O., Atkinson, ] ., Julesz, B. and Kropfl, W. (1980). Cortical
binocularity in infanus. Natare, 288, 363-365.

Braddici, 0., Atkinson, }. and Wartam-Bell, J. {1986). Onentation-

e B e a S e R N e gt o drae bk -



178  Bmocular Vision

specific cortcal resporses develop in early infancy. Natwre, 320,
617-619.

Clifton, R., Gwiazda, J., Bauer, J., Clarkson, M. and Held, R. (1988).
Growth in head size during infancy: implications for sound locali-
anon. Der. Poychol | 14, 477483 :

Eizenman, M., Skarf, B. and McCulloch, D. (1989). Development of
binocular vision in infants. fevenr. Opirhaimol. bis. Sa1. (Suppl ),
30, 313.

Fledetius, H C. and Stubgaard, M. (1986). Changes in refraction and
corneal curvarure during growth and adult life A cross-sectional
study. Acra Ophthaimol., b4, 487-491.

Fox, R. {1981)}. Stereopsis in animals and human infants. In Detelop-
wmeni of Perceprion: Prychobrological Perspectices, Vol. 2, The visual
system. eds. Aslin, R. N, Alberts, J. R. and Petersen, M. R, New
York: Academic Press.

Fox, R, Aslin, R. N, Shea, S. L. and Dumais, $. T. (1980). Stercop-
sis in human infants. Scuemce, 207, 323-124.

Granrud, C. E. (1986). Binocular vision and spacial perception in 4
and-3-month oid infanes. J. Exp. Psyckel (Hum. Percepr.), 11,
Jo—4.

Gwiazda |, Bayer, J. and Held, R. (198%). From visual acuiry to
hyperacuiry: 2 ten-vear update. Can. 7. Psychol , 43, 109-120.

Gwiazda, ]., Bauer, . and Held, R. (1989b}. Binocular function in
human infanes: correlanon of stercopric and fusion-rivalry discrim-
inations, 7. Pediatr. Ophthaimol. Strabuzmus., 26, 128-132.

Gwiazda, J., Bauer, ., Thomn, F. and Held, R. (1986). Meridiona)
ambylopia does result from asdgmacism in early childhood. Clin.
bissom Ses., b, 143152

Gwiazda, J.. Bauer, J., Thom, F. and Held, R. (1989). Stercoacuiry
development for crossed and uncrossed disparities in children.
Imvest. Ophthalmol. Vis. Scr. { Suppd.), 30, 313,

Held. R. (1985). Binocular vision — Behavioural and neural develop-
ment. In Neonate Cogmuzen: Beyond the Blooming, Buzzing Confu-
mow. ed. J. Mehler. J. and Fox, R. pp. 37-44. Hillsdaie, NJ:
Lawrence Erlbaum Associates.

Held, R. (1988). Normal visual development and :its deviztions. In
Strabumus and Amblyopa. ed. Lennersrand, G., von Noorden, G.
and Campos, E. pp. 247-257. London: Macmillan Press.

Held, R. (1n press) Development of cortically mediated visual pro-
cesses in human infants. In Newrobology of Early Infani Behatvior.
ed. von Euler, K. London: MacMillan Press.

Held, R.. Bauer, J. and Gwiazda, ]. (1988). Age of onset of binocu-
tarity correlates with level of plasma testosterone in maie infans.
Imvest. Ophthaimol. Vis. Sei. {Suppi.), 19, 60.

Heid, R., Birch, E. E. and Gwiazda, J. (1980). Stercoacuity of human
infants. Proc. Narl. 4cad. Sor. USA, 77, 55723574

Heid, R., Shimoso, S. and Gwiazda, ]. (1984). Gender differences in
the early development of human visual resolution. favest. Opathal-
mol. Vis. Sci. { Suppl.}, 25, 220.

Held, R., Yoshida, H., Gwiazda, J. and Bauer, ). (1989). Deveiop-
ment of onentation selectivity measured by a3 masking procedure.
Invest. Ophthalmel. Vis. Sa1. Suppl. ), 30, 312

Hendnickson, A. E. and Yuodelis, C. (19384). The morphological de-
velopment of the human fovea. Ophrkamol., 91, 603-612.

Hickey, J. L. and Peduzzi, ). D. {1987). Structure and development of
the visual system. In Handbook of Infans Perception. ed. Salaparek, P.
and Cohen, L. pp. 1-42. New York: Academic Press.

Hubel, D. H. and Livingstone, M. S. (1987). Segregation of form,
color, and stereopsis in primare area 18. 7. Newrosrr., 7, 3378-3415.

Huttenlocher, P. R., de Courten, C., Garey, L. |. and van der Loos,
H. (1982). Synaptogenesis in human visual cortex—Evidence for
synapse ¢limination during normal development. Newrescs, 33,
247-52.

Levay. S. and Voight, T. (in press), Ocular dominance and disparity
coding in cat visual cortex. b Newrescr.

Levay, S., Soyker, M. P. and Shacz, C. J. (1978). Ocular dominance
columns and their deveiopment in layer I'V of the cat’s visual cortex:
A quantianve scudy. 7. Comp. Newrol., 179, 223-244.

Levay, 5., Wiesel, T. N. and Hubel, D. H. (1980). The development
of ocular dominance columns in normal and visuzily deprived mon-
keys. 7. Comp. Neurol., 192, 1=51.

Logothetis, N. K. and Schall, J. D. (198%). Neuronal correlates of
motion perception in the superior temporal sulcus of monkeys dur-
ing binocular rivairy. Sciemce, 245, 761-763.

Mohindra, 1., Zwann, J., Held, R., Brll, S. and Zwaan, F. (1983).
Development of acuiry and stereopsis in infants with esotropia.
Ophthaimol., 92, 691-697. ’

Muir, D. W, Clifton, R. K. and Clarkson, M. G. (1989). The devel-
opment of 3 human suditory localizacon response: A U-shaped
function. Can. 7. Psychel., 43, 199-2]6.

Mustillo, P. (1985). Binocular mechanisms mediating crossed and
uncrossed stereopsis. Prychol. Bull., 97, 187-201.

Nizon, R. B., Helveston, E. M., Miller, K., Archer, S. M. and Ellis,
F. 3. (1983). Incidence of strabismus in neonates. Am. J. Ophrhal-
mol., 100, 798-801.

Pearig, B., Julesz, B, Kropfl, W., Baumgariner, G. and Anliker, M.
(1981). Development of stereopsis and cortical binoculanty in
human infanes: Elecrrophysiological evidence. Saence, 213, 1402-
1404.

Pertigrew, J. D. (1974). The effect of visual experience on the
development of sumulus specificiry by kirten cortical neurones.

J. Phyniol, 237, 49-74.

Regan, D. (1989). Human Bram Elecerophynoiogy. New York: El-
sevier.

Regan, M. P. and Regan, D. (1989). Objective investgation of visual
function using a nondestrucnive zoom-FFT technique for evoked
potential analysis. Can. 7. Newrol. Sci, 16, 1-12.

Reuss, J. {1981). Human stereopsis: detection and development. Dis-
sertation Abst. Int., 42, 1961B.

Shea, S. L., Aslin, R. N. and McCulloch, D. (1987). Binocular VEP
summaton in infants and adults with abnormal binocular histones.
Invess. Ophthalmol. Vis. Ser, 28, 356165,

Shimoio, S., Bauver, J. A., O’Connell, K. M. and Held, R. {1986}
Pre—stereoptic binocular vision in infants. Fiston Res., 26, 501-510
Shimojo, S., Birch, E. E., Gwiazda, ]. and Held, R. (1984}. Develop-

menz of vernier acuity in infants. Finon Res., 24, 721718

Teiter, D. Y. (1982). Scotopic vision, color vision, and stereopsis in
infants. Curr. Eye Res., 2, 199-210.

Timney, B. N. (1981}, Development of binocutar depth perception
kittens. Savess. Ophthaimol, Vis. Sor., 21, 493496

Timney, B. N. (1988). The development of depth perceprion. In
Advances iw Newral and Bekavioral Development. ed. Shinkman, P.
G. pp. 133-207. New Jersey: Ablex Publishing.

Wallach, H., Moore, M. E. and Davidsen, L. (1963). Modification of
stereoscopic depth-perception. 4m. J. Pryckel., 76, 191-204.

Wilson, H. R (1988). Development of spanioremporal mechanisms in
the human infant. Fisen Res, 28, 611-628.

Yeshurun, Y. and Schwartz, E. L. (1987). An ocular dominance coi-
umnn map s a data structure for stereo segmentacion. Proc. [EEE Int
Anaual Ini. Conf. Newral Networks, 369-377.

Yonas, A. and Owsley, C. (1986). Development of visual space per-
ception. In Handbook of Infant Perception, Vol 2, From Perception to
Cogmiuten. eds. Salapatek, P. and Cohen, L. Orlando, FL: Academuc
Press. '

Yuodelis, C. and Hendrickson, A. (1986). A qualitative and quantita-
tive analysis of the human foves during development. Fissen Res.,
26, B47-855.

(o












INTERNATIONAL ATOMIC ENERGY AGENCY | e
UNITED NAT]ONS_EDUCATIONAL, SCIENTIFIC AND CULTURAL ORGANIZATION " x

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS ==
I.CT.P., P.O. BOX 586, 34100 TRIESTE, ITALY, CaBLE: CENTRATOM TRIESTE

SMR.853 - 44

ANTONIO BORSELLINO COLLEGE ON NEUROPHYSICS

(15 May - 9 June 1995}

T P o T i - " ——

“The Development of Eye Alignment, Convergence,
and Sensory Binocularity in Young Infants”

Richard Held
Department of Brain and Cognitive Sciences
Massachusetts Institute of Technology
Cambridge, MA 02139
U.S.A.

- o ot ot o s T A o o

These are preliminary lecture notes, intended only for distribution to
participants.

Man Buoise StRapa CosTIERA, ]I TeL. 22401 TeLEFax 224163 Tecex 460392 Apmiatico GuesT HousE  Via GRIGNANO, 9 TEL. 224241 TeLEFan 224531 TeLex 460449
TeL. 224471 TeLEFax 224163 TeLex 460392 Garinto Guest Houst  Via Boayt, 7 Tet. 22401 Teveran 224559 Terex 460392

Micrornocessor Las.  Via Berur, 31



The Development of Eye Alignment, Convergence, and
Sensory Binocularity in Young Infants

Frank Thorn,*t Jane Gwiazda,* Antonio A. V. Cruz,}
Joseph A. Bauer,* and Richard Held*

Purpose. To measure and compare the development of ocular alignment, sensory binocularity,
and convergence in infants during the first 5 months of life.

Methods. Heaithy infants were tested between 2 and 21 weeks of age. Ocular alignment was
measured by the Hirschberg test; convergence was determined by visuzl examination as an
illuminated toy approached an infant’s face; and sensory binocularity was measured by prefer-
ential looking for fusible versus rivalrous gratings. In experiment 1, we compared the propor-
tion of infants at different ages demonstrating orthotropic ocular alignment with those show-

ing convergence. In experiment 2, we compared the age of onset of convergence to that of
sensory binocularity.

Results. Experiment 1: Most infants were orthotropic during the first month, and almost ail of
the others showed small amounts of exotropia. None of the infants showed accurate conver-
gence until 6 weeks of age. By 4 months of age virtually all were orthotropic and had good
convergence. Experiment 2: The onset of sensory binocular fusion occurred at 12.8 + 3.3
weeks. Full convergence did not occur until 13.7 £ 3.2 weeks, aithough the first signs of
convergence occurred slightly earlier. For individual infants there was a high correiation be-
tween the age of onset of sensory binocularity and convergence, and both onsets occurred
earlier in girls than in boys.

Conclusions. Ocular alignment did not require the development of binocularity mechanisms,
and the development of binocularity mechanisms did not await the onset of good ocular
alignment. The relatively sudden onset of binocularity, both sensory {preference for fusion
and stereopsis) and motor (convergence) at about 3 months of age and the high correlation

between these measures indicate 2 common causal mechanism that probably involves refine-
ments in striate cortex circuitry. Invest Ophthalmol Vis Sci. 1994;35:544-553.

Normal binocular vision requires orthotropic align-
ment of the eyes and the binocular mechanisms for
disparity-controlled convergence, sensory fusion, and
stereopsis. Many studies indicate that these different
aspects of binocularity approach adult levels by 4 to §
months of age.!"* However, differences in data and

interpretation concerning the development of ocular
alignment, convergence, binocular fusion, and
stereopsis have made it difficult to determine the
causal relationships among these components of bi-
nocularity.

The most consistent binocularity data are for sen-
sory binocularity. Preferential looking toward binocu-
larly fusible rather than rivalrous stimuli occurs sud-
denly in individual infants between 6 and 16 weeks of
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age. Previous studies show that young infants prefer
viewing binocularly orthogonal gratings that are seen
as rivalrous by adults who have normal binocularity.
Older infants prefer the fusible grating.>®” Stereopsis
tested with preferential looking,** motion tracking® or
visual evoked potentials'®!! also occurs with a sudden
onset at this time. The onsets of binocular fusion and
stereopsis occur at the same average age®’ and at the
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Binocular Development in Infants

same relative age for individual infants within a sample
as shown by the high correlation between the two on-
sets. 1?2

The development of convergence is more complex
because the convergence response is driven by several
cues including accommodation, retinal disparity, and
“proximity.””'* Under some conditions partial conver-
gence can be demonstrated to occur intermittently in
infants during the first month. It is believed that this
sporadic convergence is triggered by accommoda-
tion."!* According to Aslin and Jackson,!* very young
infants show inaccurate, inconsistent convergence to
an approaching object but by 3 to 4 months their con-
vergence is accurate and consistent.’”® Held'® pro-
posed that this accurate convergence results from the
acquisition of disparity control mechanisins within the
visual cortex, Using electro-oculograms, Mitkin and
Orestova* demonstrated a sudden improvement in
convergence between 12 and 15 weeks of age. The age
of this sudden improvement matches the age of onset
of stereopsis and suggests that retinal disparity plays
an essential role in the improvement of accurate con-
vergence,

Base-out prisms placed before the eyes provide
retinal disparity cues that induce conyergence in
aduits but do not trigger convergence in infants be-
fore 6 months of age.!"'” This does not mean that dis-
parity is not an effective convergence cue before this
age. However, the disparity induced by a prism is in
direct conflict with the information for convergence
provided by accommodation and proximity cues.
Thus, the prism technique may simply show that dis-
parity cues cannot dominate over competing accom-
modative and proximity cues until 6 months of age.

Until recently, the literature concerning the tem-
poral development of ocular alignment has aiso been
relatively consistent. Most laboratories using corneal
reflections from a fixation light have shown that, when
large angle kappas (8° to 10°) are assumed, most in-
fants are approximately orthotropic during the first
month.''*!51% Data that demonstrated small consis-
tent amounts of exotropia in young infants using a
sirnilar technique'%#? have since been explained by the
infant’s large angle kappa.?! Recently, Sondhi and col-
leagues®™ and Archer and colleagues,® using the exam-
iner’s face as a fixation target, reported that infants up
to 2 months of age tend to have very large angles of
exotropia (> 404) and then become orthotropic dur-
ing the 3rd and 4th months. The cumulative percent-
age increase in orthotropia with age coincides with
that of stereopsis and has led some authors to specu-
late that there might be a causal relationship between
the basic alignment of the eyes and binocular fusion.?
But, these findings differ sharply from those in which a
standard Hirschberg test was used.

Because of their crucial importance in under-
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standing the development of binocular mechanisms,
we have examined the relationships among the devel-
opment of eye alignment, convergence, and sensory
binocular fusion in young infants, By comparing the
presence of orthotropic ocular alignment and conver-
gence in young infants we hope to determine if con-
vergence is delayed until the eyes are aligned (consis-
tent with Sondhi and coileagues® and Archer and col-
leagues®) or if the eyes are aligned at a much earlier
age''*1*1% and convergence develops according to its
own mechanisms. By comparing the development of
binocular fusion preference and convergence, both of
which involve binocular circuitry, we hope to deter-
mine if these two processes develop together in an
infant. If they do, this suggests that two similar mecha-
nisms are developing in unison or that the onset of
these two functions awaits the development of a
shared binocular mechanism.

METHODS

This research followed the tenets of the World Medi-
cal Association Declaration of Helsinki. Informed
consent was obtained from parents after the nature
and possible consequences of the study were dis-
cussed. The research was first approved by the Massa-
chusetts Institute of Technology Commiitee on the
Use of Human Experimentai Subjects.

Experiment 1

Subjects. Thirty-four healthy infants, who were the
product of uncomplicated pregnancies and deliveries,
were examined. All births had occurred within 3 weeks
of the expected due date. In accord with the previous
convention of the laboratory, all ages cited are relative
to due date rather than the actual date of birth. This
convention is used because grating acuity, the most
widely studied visual siandard for infants, has been
shown to be best predicted by gestational age rather
than postparturitional age.**

Each infant was examined during several visits
(one to seven visits; mean 3.2 visits) usnally on a weekly
or biweekly schedule (mean time between visits 1.8
weeks). The mean starting age was 6.6 weeks (range 0
to 12 weeks). Two infants were excluded because they
already demonstrated convergence (9 and 11 weeks of
age). In this group, 22 infants were girls and 12 infants
were boys.

Procedures. Eye Alignment: A standard Hirsch-
berg test was performed in a dark room by two experi-
enced examiners, one optometrist (FT) and one oph-
thalmologist (AC), at a distance of 1 m using a
transilluminator. This fixation light was jiggled and
flashed to obtain the infant’s attention and fixation. It
was never directed toward his or her eyes for more



U U P

546 Investigative Opht.lnlmology & Visual Science, February 1994, Vol. 35, No. 2

than a 2-second period without jiggling or flashing
because young infants' orienting reflex often habi-
tuated so that it could be difficult to elicit repeated
fixations.

The observer's score sheet had a series of three
drawings of a pair of eyes. On each trial for which the
observer believed the infant was fixating the target
light, he carefully drew the position of the corneal re-
flections on a pair of eye drawings. Infants’ pupils had
approximately a 4-mm diameter (between 3.5 and 4.5
mm for six infants whose pupils were measured) and a
conversion for the Hirschberg test of 20 A/mm was
used.?'***" Because an infant’s angle kappa is nor-
mally 8° to 10°,2' we considered decentered corneal
reflections to indicate exotropia only when they were
more than midway from the pupillary center 1o the
nasal pupillary margin. We believe this method pro-
vides an accuracy significantly finer than 0.5 mm per
eye (< 5.7° or 104). A comparison of interocular dif-
ferences is even more accurate (< 3° to 49). Unmea-
sured interocular differences in angle kappa might in-
troduce additional uncertainty. However, Barry and
colleagues,® using the first and third Purkinje images
of three infrared lights to precisely measure the angie
alphas of infants and children, have demonstrated
asymmetries of less than 1° in infants. Accordingly, we
are confident that our estimates of ocular alignment
are accurate to within 10A. Such an estimate allows us
to measure eye alignment accurately enough to state
that alignment is adequate for binocular fusion or
coarse stereopsis, but we cannot estimate if the eyes
are aligned well enough for fine stereopsis.

The unilateral cover test could resolve the prob-
lem of interpreting the Hirschberg test, but it is diffi-
cult to perform a cover test on young infants because
they normally withdraw from or look at the cover
placed before one eye. Examiner ¥T performed a
standard unilateral cover test on 12 unusually coopera-
tive infants between 4 and 8 weeks of age whom he
Jjudged to be orthotropic by the Hirschberg test de-
spite a slightly nasalward position of the corneal re-
flex.

Convergence: An examiner (FT) jiggled an illumi-
nated toy in a dark room approximately 0.5 m from
the infant's face until the infant fixated on it. It was
then moved slowly toward the bridge of the infant’s
nose while the examiner observed the infant’s eyes.
Convergence was classified as none, the first sign of
convergence (any bilateral adduction), and full (com-
plete binocular pursuit to within 12 ¢cm of the face).
The toy used for a fixation target was a brown rubber
pony, the face of which was internally illuminated by
the transilluminator. The toy's face was approximately
2 em in diameter and contained no fine details. The
data for the second observer were not included be-
cause he often used a different criterion.

Experiment 2

Subjects. Fifty-nine infants (23 girls and 36 boys)
were included in this experiment. Fifteen of these also
participated in experiment 1. The infants had a mean
of 6.5 visits. The mean age for initial testing was 7.5
weeks (range was 1 to 11 weeks). As in experiment 1,
all ages are relative to due date.

In order to compare the ages of onset of conver-
gence and binocular fusion preference, we have in-
cluded in our data analysis only the infants who com-
pieted both tasks after showing neither response on
their first visit (n = 59). We did not include infants who
started the study at an age more than 11 weeks after
their expected due date (n = 11, first visit between
11.5 and 16 weeks), infants who did not complete one
or both tasks because they did not return before the
expected onset of binocularity (n = 2), infants whose
ansets were 50 late that the parents tired of the study
(n = 5, discontinued between 22.5 and 29 weeks), and
infants who already demonstrated one or both of the
binocular responses on their first visit (n = 4, first visit
between 7 and 11 weeks}). The exclusion of these in-
fants should not alter the overail mean onsets signifi-
cantly but may truncate our distribution of onsets by
eliminating primarily infants with very early or very
late binocuiarity onsets. This truncation would be ex-
pected to reduce variance of onset age and therefore
reduce the correlation between convergence and bin-
ocular fusion onsets.

Procedures. Convergence: Convergence was tested
by one examiner (FT) using the same procedures de-
scribed in experiment 1. The age of onset for the first
sign of convergence was the earliest age at which any
bilateral adduction was observed in response to the
approaching illuminated toy; the age of onset for full
convergence was the earliest age at which complete
binocular pursuit to within 12 cm of the face was ob-
served.

Binocular Fusion: Sensory fusion was tested by the
fusion-versus-rivalry preferential looking technique.®
During this procedure the infants sit on their mothers’
laps and wear lightweight goggles containing crossed-
polarized filters. They view a screen from a 70 cm dis-
tance. Flashing fixation lights are used to bring an in-
fant’s attention to the center of a dark 3.6° vertical
region bounded on both sides by 17°-horizontal by
27°-vertical screens. One screen side has crossed-po-
larized superimposed vertical gratings, which are
readily fused by normal aduits; the other side has non-
fusible crossed-polarized orthogonal gratings, a verti-
cal grating viewed by one eye and a horizontal grating
viewed by the other, which are not fusible by normal
adults. Gratings consisted of a rectangular wave of
0.40 cycles per degree.

The criterion for the onset of sensory binocular
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FIGURE 1. Cumulative proportion of infants showing stereop-
sis and fusion preference as a function of age. Data from
Gwiazda and colleagues” (n = 17) and Birch and colleagues®
{n=9).

fusion is the age at which an infant first has a iooking
preference for the binocularly fusible gratings on 12
or more of the 15 trials in one session provided that
the infant preferred the fusible gratings on 2] or more
of the 30 trials during that session and either the pre-
ceding or following session. Both the single session
and two session performance ievels have been chosen
because the probability of reaching either is less than
0.05. The experimenter performing the binocular fu-
sion preferential looking testing (JG) was unaware of
the results of convergence testing, and the experi-
menter performing convergence testing (FT) was un-
aware of the fusion preference results.

Preference for binocularly fusible versus rivalrous
patterns normally switches suddenly from a prefer-
ence for viewing binocularly orthogonal gratings, that
are seen as rivalrous by normal adults, to a preference
for the fusible grating®®” at about the same age as the
onset of stereopsis.>*7 The similarity in fusion and ste-
reopsis development is shown in Figure 1 using data
fron Birch and colleagues® and Gwiazda and col-
leagues.” The original data from these articles have
been grouped into 3-week intervals in the same way
that we have grouped our data in experiment 1. In
both studies data from individuals show that the onsets
of stereopsis and binocular fusion preference occur
within 1 week of each other for a majority of the in-
fants. This laboratory generally uses the binocular fu-
sion—rivalry preferential looking test rather than ste-
reopsis because it requires simpler instrumentation
and calibration and because it is designed to be unaf-
fected by significant amounts of ocular misalignment
even though it is highly correlated with stereopsis. It is
also easier to score.
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Quantifying the Relationship Between Conver-
gence and Fusion Onset: We have quantitatively re-
lated the age of onset of full convergence to that of
binocular fusion preference. Such a relationship is
usually calculated by means of a linear regression
equation. However, a linear regression equation is
only valid when relating a dependent variable that was
acrually measured to an independent variable. Our
data involve the measurement of two dependent vari-
ables. The simple linear regression function, which as-
sumes that the measurements on the x axis at given
points are without significant variance, minimizes vari-
ance on the y axis only. This leads to a slope thar is
always less than it would be if realistic assumptions had
been made abourt variance on the x axis. Therefore, we
have calculated a murual regression function based on
the best-fit line of principal axis analysis to compare
the age of onset of fuil convergence to that of binocu-
lar fusion preference.?

RESULTS

Experiment 1

The proportion of infants showing orthotropia and
convergence is plotted in 3-week intervals in Figure 2.
At less than 6 weeks of age, most infants showed orth-
otropia, but none showed full convergence. The age at
which 50% of the infants demonstrated full conver-
gence was 11.9 weeks.

The discrepancy between the observations of the
two examiners can be accounted for as follows. The
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FIGURE 2. Proportion of infants demonstrating orthotropia
according to two examiners and demonstrating full conver-
gence, as a function of age.
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two examiners judged about the same total amount of
nasal decentration of the corneal reflection for almost
all infants. Often this was about halfway from the pupil
center to the nasal margin of the pupil because of the
infant’s large angle kappa. If both reflections were less
than half way from the pupil center our criterion for
orthotropia was reached. If one was closer to the pupil
center and the other closer to the nasal margin of the
pupil, then it was judged that the reflections were
asymmetrical and that an exotropia occurred. Thus,
the difference between an orthotropia and a small
exotropia involved a subtle measurement difference
(usually within our measurement error range). One
observer accepted symmetry of corneal reflections

more often than the other (for infants less than 1

month of age, 33% versus 56%). It should be noted
that both corneal reflections always fell within the pu-

pillary margins for both observers, indicating that exo-

tropias were never more than 304A.

During the 80 subject visits when an infant was
seen by both examiners, they agreed that the infant
was orthotropic 62 times and exotropic two times. Ex-
aminer FT judged exotropia only twice when examiner
AC judged orthotropia, but examiner AC judged exo-
tropia 14 times when examiner FT judged orthotro-
pia. During 32 visits the infant was too uncooperative
for one of the examiners to make a judgment. On
these visits, the successful examiner showed the same
proportion of orthotropic judgments as when both ex-
amniners were able to make successful judgments. One
infant was judged to have intermittent esotropia on all
four of his visits.

The unilateral cover test was performed success-
fully on 10 of the 12 infants tested between 4 and 8
weeks. In each case, the infant’s fixation did not move
when one eye was covered, indicating that the infants
were indeed orthotropic.

Experiment 2

Figure 3 shows cumulative onset functions for binocu-
lar fusion preference and the two criteria for conver-
gence (first sign of convergence and full convergence)
with each data set being fit by a Gaussian integral. The
three best-fit functions are very similar with the same
slope.

There were no positive responses before 5 weeks
of age. The mean onset for binocular fusion prefer-
ence was 12.8 £ 3.3 weeks. Fusion preference is pre-
ceded by the first indication of convergence (mean
12.1 = 3.2 weeks) and followed by the onset of full
convergence (mean 13.7 + 3.2 weeks). These onsets
for binocular fusion are slightly later than in previ-
ously published studies®*’ and these convergence on-
sets are significantly later than those in experiment 1.
This discrepancy is partially explained by the fact that
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FIGURE 3. Cumulative proportion of infants showing the on-
set of partial and full convergence and binocular fusion-ni-
valry preference, as a function of age.

most studies calculate the population onset age as the
age when 50% of the infants achieve a particular behav-
ior. Because the distributions for the data in this ex-
periment are positively skewed normal distributions,
the 50% achievement criteria occurs earlier than the
means (fusion preference 12.1 weeks, first sign of con-
vergence 11.4 weeks, and full convergence 13.1
weeks). This age of onset estimate is 0.6 to 0.7 weeks
earlier than the calculated means. The other identifi-
able factor is that, through chance differences in
scheduling, most of the infants in experiment 2 were
boys, whereas most of those in experiment 1 were girls
(see below).

For individual infants both the preference shift
from rivalry to fusion and from no convergence to full
convergence occurred during a brief period, normally
less than 2 weeks. For 53% of the infants, the first sign
of convergence was full convergence pursuit. Al-
though the onset of fusion occurs only 1 week before
full convergence, the difference is statistically signifi-
cant (paired ¢ = 2.43, P = 0.018 two-tailed).

The similar onset functions for the group as a
whole are reflected in the individual data. The onsets
for sensory fusion and full convergence for the individ-
ual infants showed a significant correlation (r = 0.59,
P < 0.0001), as shown in Figure 4. The magnitude of
this correlation is somewhat limited by a narrow distri-
bution of onset ages (SD 3.1 weeks). The principal axis
best-fit line for this scauer plot is C = 0.941 (F) +
1.668, where C is onset age of full convergence, and F
is onset age of fusion preference, both in wecks of age.
The slope of this best-fit line is not significantly differ-
ent from 1.0. The age of onset of the first sign of
convergence also demonstrated a significant correla-
tion with the age of onset of binocular fusion (r = 0.54,
P < 0.0001).
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FIGURE 4. Scatter plot for age of onset of full convergence
and binocular fusion—rivalry preference for all 59 infants in
experiment 2. Open circles, girls; filled circles, boys.

As in earlier studies,”*® girls have an earlier mean
onset age than boys for binocular fusion preference
(11.6 versus 13.5 weeks). The mean onset of full con-
vergence also occurred earlier in girls (13.0 versus
14.2 weeks). A two-dimensional analysis of variance
shows that girls have a significantly earlier onset than
boys for these binocular measurements (F[1,57] =
4.329, P = (.042) and that fusion preference occurs
significantly earlier than convergence (F[1,57) =
6.584, P = 0.013). However, there is no significant
interaction effect between gender and the visual task
(F(1,57] = 0.838, P = 0.364). The lack of an interac-
tion suggests that a subject’s gender does not induce a
significant difference between the ages of onset of the
two tasks even though ¢ tests show that girls precede
boys by a highly significant amount for binocular fu-
sion (t = 2.26, P = (.014 one-tailed) and a not quite
significant amount for convergence (¢ = 1.44, P =
0.078 one-tailed).

DISCUSSION

Our data show that the onset of convergence and sen-
sory fusion can neither be the cause nor the result of
good eye alignment because most infants’ eyes are
orthotropic or very close to orthotropic during the
first month. On the other hand, the close link between
convergence and sensory fusion onsets is unmistak-
able. The two onsets occur at about the same time and
the correlation between the two onsets is highly signifi-
cant. This suggests a common causal factor, which we
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believe is the onset of functioning fusion and disparity
mechanisms in the central visual system.*®

Factors in Judging Ocular Alignment

Our ocular alignment data are similar to those in most
previous studies.'*!5!® However, our examiners con-
sidered the differentiation between orthotropia and
small angles of exotropia to be the most difficult judg-
ment that they performed. The four major sources of
uncertainty or error in making these judgments are:
the large angle kappa of infants, the absence of con-
vergence, difficulty in judging when an infant is look-
ing at a fixation target, and the infant’s arousal level.
All of these factors can increase the likelihood that
aligned visual axes will be judged as exotropic.

The basic factor confounding the interpretation
of an infant’s ocular deviation is the angle kappa. We
might expect the reflection of a light on a subject’s
cornea to be centered in the pupil when the subject
fixates the light, but this is rarely the case. The corneal
reflection is usually displaced relative to the optical
axis or pupillary center by an amount denoted as angle
kappa. Slater and Findlay*' showed (using photo-
graphs of corneal reflections during monocular view-
ing) that the mean empirical angle kappa of neonates is
8°, consistent with the 8.5° angle kappa calculated on
anatomical considerations. This finding implies that,
based on the Hirschberg test, neonates would appear
to have a2 30A exodeviation when their eyes are per-
fectly aligned on a distant target.

The lack of convergence shown by young infants
can add to the illusion of an exodeviation, because an
infant must be tested with a relatively near target. We
have tested as far away as we deemed practical (1 m). If
the interpupillary distance of an infant is assumed to
be about 40 mm, this viewing distance would add 44
exo to a nonconverging infant’s apparent exodevia-
tion. The nearer viewing distances (25 cm to 50 cm),

~ that are commonly used in testing infants, also add to

the appearance of an exodeviation (16A and 8A, re-
spectively). :
The calibration of a zero point for the Hirschberg
test is very difficult because we can never be certain of
precisely where an infant is fixating. We believe the
primary reason that our two observers did not always
agree with each other is that infants do not always look
at the fixation light. For exampie, if an infant looked
directly at the fixation light on each of three fixation
trials, each eye would have a corneal reflection decen-
tered nasally by about 8° from the center of the pupil.
If the infant looked just 8° to the side of the fixation
light on one trial, the corneal reflection would be cen-
tered in one eye and 16° nasal in the other eye, and
this infant would be categorized as having an intermit-
tent small-angle exotropia. Thus, judgments of when
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the infant is fixating the light or off 1o the side are
crucial. Photographic or video records of the Hirsch-
berg test appear to provide 2 more accurate measure-
ment of eye alignment than simple direct viewing as
used in our study.!-+1%18-2% These techniques provide
a hard copy of the infants’ looking behavior and there-
fore allow for repeated precise measurements. But,
the key factor causing inaccuracies in using the
Hirschberg test on infants is the judgment of where
the infant is looking and this must be made by an ob-
server. The unilateral cover test can resolve the prob-
lem of interpreting the Hirschberg test when fixation
and the size of the angle kappa are uncertain. For the
ten infants under 8 weeks of age on whom the unilat-
eral cover test was successfully performed, the infants
were indeed orthotropic even though large angle kap-
pas made the interpretation of the Hirschberg test dif-
ficult.

Finally, an infant’s arousal level can influence eye
alignment. Rethy®! used the Hirschberg test to mea-
sure eye alignment in sleeping neonates. He judged
37% of his premature and 43% of his fuil-term sleep-
ing infants to be orthotropic with the remainder show-
ing 15° to 35° of exodeviation. He believed that this
tendency toward exotropia approximates the anatomi-
cal position of the eyes at rest, noting that when the
neonates awoke their exotropic eyes wouild often as-
sume an orthotropic position. By 3 weeks of age most
infants showed an orthotropic alignment during test-
ing due, he believed, to increased wakefulness, ac-
commodative convergence, and stronger fixation be-
havior.

Using a Face as a Fixation Target

Recently, a group used a very different technique for
measuring the ocular alignment of young infants.>%2-2

* The examiner held the infant on his or her arm with

the head in the examiner’s hand so that the infant
could fixate on the face of the examiner. The exam-
iner then used the corneal reflection of his or her own
face, which appears as a dark silhouette against a light
background. Thus, rather than judging the position of
a small light spot on the cornea tested from a 0.4- to
1.0-m viewing distance, the examiner judged the posi-
tion of a large dark area against a slightly lighter back-
ground from a 0.2 to 0.25 m viewing distance. The
rationale for this technique was that infants attend to a
face better than to a light. However, our examiners
found the task of judging the position of their own
reflection from an infant’s cornea to be far more diff-
cult than the Hirschberg test.

Nixon and colleagues,®® using the novel technique
described above, report that 58% of 1031 testable
newborn infants were orthotropic and 39% exotropic.
Sondhi and colleagues,*? using the same technique,

found that 30% of 2271 newborns were orthotropic
and that almost all the others were exotropic. These
proportions remained constant through 6 weeks of
age. There was then a rapid increase in orthotropia to
75% at 3 months and 97% at 6 months. Archer and
colleagues,”® again using the same technique on 3316
newborn infants, found that fewer than 25% were
orthotropic vith 72% showing an exotropia. At 3
months, 75% were orthotropic and at 6 months 97%
were orthotropic. We do not know why Nixon and
colleagues® found a much higher percentage of orth-
otropic neonates, because this study involved the same
group of experimenters using the same technique as
the two subsequent studies. In Archer and colleagues’®
study moderate exotropias (defined as a corneal re-
flection falling more than halfway to the limbus from
the pupillary center) were seen in 52% of newborn
infants and 30% of 1-month-old infants. If the infant’s
pupillary diameter is 4 mm, the horizontal width of the
infant’s cornea from limbus to limbus is 10 mm, and
we assume 204/mm angular deviation, then this de-
viation amounts to 40A to 100A of exodeviation,
which most examiners would consider a large-angle
deviation, and is in direct contradiction to all the other
studies cited.!1415-18
Because of the large samples used in these stud-
ies,>* the findings have received considerable atten-
tion. Thus, it is important to try to understand why
they differ from our findings and those of so many
others. A large angle kappa and a lack of convergence
for a near viewing distance can account for about a
45A exodeviation. However, if the infant is alert and
fixating on the examiner’s eyes, the corneal reflections
would be approximately symmetrical and the exam-
iner would interpret this as orthotropia with a large
angle kappa. We think the unusual confounding fac-
tor, when using the examiner’s face as the fixation
target, is that the facial features on which the infant
fixates change with age. Infants younger than 2
months of age tend to fixate on the largest high con-
trast feature of the head, namely the hair line and the
silhouette of the head.*®* In Archer and colleagues™
procedure, the room lighting comes from behind the
examiner so that features of the face are especially dim
relative to the silhouette of the examiner’s hair. If
Archer and colleagues’® young infants fixated on the
lateral hairline and silhouette, then the examiner
would be 15° to 20° (26A to 35A) eccentric to the line
of sight and would conclude that the infant was highly
exotropic. By 4 months of age, infants act more like
adults, spending most of their time looking at the fea-
tures of the face®%® with special atiention on the
eyes.>
It is surprising that the cumulative distribution of
the age of orthotropia onset from Archer and col-
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leagues’® study is so similar to the cumulative distribu-
tion of the age of onset of stereopsis and binocular
fusion®®*** and convergence (Figs. 1, 3) if Archer and
colleagues’ data are due to a mechanism as seemingly
unrelated as the change in an infants’ strategy for fa-
cial scanning. A portion (about 154) of the reduction
they show in exotropia during the 3rd and 4th month
can be explained by the onset of consistently accurate
convergence. The similarity in the development of fa-
cial scanning and binocularity may be explained by the
findings of Kleiner and Banks.*® They have shown that
the proportion of time that 2-month-old infants look
at a drawing of a face versus a competing pattern is
related to the phase spectrum of facial features rather
than the contrast spectrum of the pattern. It is the
phase spectrum of borders within a picture or draw-
ing, not the contrast spectrum, that allows adults to
recognize faces and other objects although an altered
contrast spectrurmn may degrade the visibility of the
face or object.

Our laboratory has demonstrated that vernier
acuity, which measures sensitivity to phase changes
within a pattern, develops in parallel with stereopsis
and binocular fusion preference.®® In fact, vernier
acuity is similar to stereopsis and binocular fusion in
that girls develop it at an earlier age than boys.* We
have hypothesized that vernier acuity develops parallel
to binocularity because it also depends on the develop-
ment of the visual cortex. Thus, the serendipitous par-
allel development of binocular mechanisms and eye
alignment as described by Archer and colleagues® may
represent the development of mechanisms within the
visual cortex both as they relate to fusion-induced
convergence and to the phase-sensitive mechanisms
needed for aduldike facial scanning.

Eye Alignment Versus Sensory Binocularity

Most young infants are within a few prism diopters of
orthotropia even though functional binocular mecha-
nisms do not develop until about 3 months of age.
Thus, it is clear that binocular mechanisms are not
necessary for good ocular alignment in early infancy.
The question of whether good ocular alignment is nec-
essary for the development of binocularity is not as
clear. We know that surgically induced exotropia in
kittens*! and infant monkeys** during the critical pe-
riod for susceptibility to abnormal visual experience
causes a loss of cortical binocularity and therefore a
loss of the mechanisms required for fusion-induced
convergence. However, the critical period for the de-
velopment of sensory binocularity in humans with
strabismus does not start at birth but at about &
months of age.**** In addition, Birch and Stager*’
have shown that infants who become strabismic have
as high a probability of developing stereopsis before

o e it b i

551

strabismus onset (between 3 and 5 months of age) as
do normally developing infants. Thus, it may be that
good ocular alignment is not necessary for the develop-
ment of the neural mechanisms underlying binocular-
ity, although the maintenance of these binocular mech-
anisms requires good alignment.*® Because good eye
alighment exists in most young infants, this is difficult
to test.

Convergence Versus Eye Alignment and
Sensory Binocularity

Convergence involves ocular alignment and sensory
binocularity because the function of convergence is to
align the eyes for different viewing distances using bin-
ocular information. Ocular alignment is important for
fusional convergence because fusional convergence
cannot be expressed if the eyes deviate excessively,
even if the necessary retinal disparity control mecha-
nisms exist in the brain. Similarly, stereopsis and binoc-
ular fusion cannot normally be expressed if the ocular
deviation is excessive or if convergence does not allow
bifixation at a near distance. Our data indicate that
convergence depends on mechanisms similar to those
of sensory fusion and stereopsis. These similarities in-
clude the gender difference in which girls develop ear-
lier than boys. Thus, just at the time binocular mecha-
nisms require reinforcement as they enter into their
critical period, fusional convergence is initiated to
provide this fine control of ocular alignment at al
viewing distances.

Cortical Control Mechanisms

The visual cortex, as well as other cortical areas of
postnatal infant primates, continues to develop along
a number of parameters including neuron size, neuro-
pil density, dendritic spine density, and the number of
synapses.***” Although these  quantitative changes
imply functional change during the postnatal period,
they do not lend themselves to an analysis of the func-
tional neural refinements expected to be associated
with visual refinement. The ocular dominance col-
umns of the striate cortex provide a model system for
visualizing refinement of columnar circuitry. In the
newborn rhesus macaque, ocular dominance columns
are readily identified in layer 4 of the striate cortex but
the boundaries between adjacent columns are highly
blurred. This indicates a diffuse lateral geniculate nu-
cleus input to layer 4 that crosses the functional
borders that must be maintained for proper binocular
function.*® In effect, the information from the two
eyes is mixed together at their entrance into the striate
cortex so that the interocular comparison needed for
retinal disparity comparison would be scrambled.'®*
By 2 months of age the boundaries between adja-
cent columns are sharply delineated and the monkey's
stereopsis can approach adult levels. In humans, ste-
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reopsis suddenly develops in individual infants at an
average age of 3 months, consistent with a refinement
of the ocular dominance boundaries.*® At the same
time infants stop preferring a pattern containing or-
thogonal gratings to the two eyes and start to look
preferentially at binocularly fusible gratings. Shimojo
and colleagues® suggest that in the young infant the
orthogonal gratings may be integrated into a pre-
ferred grid pattern and that only when the informa-
tion from the two eyes is segregated within layer 4 of
the striate cortex can the two gratings be disengaged
so that one can be suppressed by the other through
binocular rivalry. At that time the fused (or summed)
parallel gratings would suddenly be preferred to the
rivalrous pattern.

The parallel between the development of vernier
acuity and the sensory binocular functions is expected
if vernier acuity also depends on a refinement of corti-
cal columns (though not ocuiar dominance columns).
In this case, precise relative monocular position sense
(or spatial phase) rather than a precise relative inter-
ocular positional sense between the two eyes develops
rapidly at about the same age. This refinement of the
positional sense appears to underlie the mature facial
scanning behavior of the 3- and 4-month-old infant
that allows an examiner and parents to observe the
infant looking directly at their face.

Conclusions

Most infants are orthotropic at 1 month of age; almost
all the others are just slightly exotropic. Thus, the re-
suits of this study indicate that early infantile ocular
deviations cannot delay the development of binocular-
ity mechanisms, nor can the binccular mechanisms
that develop at about 3 months of age have an effect
on the initial alignment of the eyes. The relatively sud-
den onset of binocularity, both sensory (preference
for fusion and stereopsis) and motor {fusional conver-
gence), at about 3 months of age and the high correia-
tion between these measures suggest a common causal
mechanism. We hypothesize that this important
benchmark invalves the refinement of circuits in the
cerebral cortex, especially those of the ocular domi-
nance columns.
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