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ABSTRACT 

ODOM, JAMES VERNON. Young Infants' Binocular Interaction: 
Evoked Potential Measures. (1978) 
Directed by: Dr. M. Russell Harter. Pp. 124. 

The primary purpose of the dissertation was to deter

mine the presence or absence of binocular interaction in 

young infants. The anaglyphic (color separation) method of 

splitting the visual field was employed to present a stimu

lus continuously to the right eye (continuous stimulus) 

while another stimulus was flashed (flashed stimulus) to the 

left eye with neither eye seeing the stimulus presented to 

the other. The continuous stimuli were darkness, a diffuse 

light (equal in space-averaged luminance to that of the 

patterns), a pattern of 20' dots and a pattern of 80' dots. 

The flashed stimuli were diffuse light, a pattern of 20' 

dots and a pattern of 80' dots. 

The dependent measure was the electrical voltage changes 

recorded over the visual cortex (Oz referenced to the right 

ear) during the first 500 milliseconds following the 

flashed stimulus. Any changes in the visually evoked po

tential related to variations in the continuous stimuli were 

interpreted as indications of binocular interaction. 

Data from the experiments were analyzed to examine 

intraocular and interocular effects. The presence of three 

suppression phenomena were examined: suppression by 



continuous diffuse light relative to continuous darkness 

(luminance suppression); suppression by patterns relative to 

diffuse light, the magnitude of suppression increasing as 

pattern element size increases (pattern suppression); ancl 

suppression to patterns of a given element size by patterns 

with the same sized elements (size-specific suppression)'. 

Prior to the present set of studies, neither the 

anaglyphic method nor redundant dot patterns had been used 

to study interocular suppression. Therefore, a first experi

ment with adults was necessary to demonstrate the feasi

bility of using the present procedures. Using eight adult 

subjects, all three forms of interocular suppression were 

demonstrated. A unique contribution of the first experiment 

was the demonstration that binocular size channels are not 

coded within binocular color channels, otherwise size-

specific interocular suppression would not have been observed. 

In the second experiment, three infants were tested. 

Each infant was tested for at least five separate replications 

of the experimental procedure. Ages at testing ranged 

from 20 days to 112 days. In young infants, an interaction 

between the flashed and continuously presented stimuli and 

pattern suppression were demonstrated statistically. The 

failure to demonstrate luminance suppression interocularly 

was attributed to inability of the young infants to maintain 

accommodation in darkness, resulting in extremely variable 



VEPs in the dark conditions. The presence of interocular 

suppression in infants 20-112 days of age was interpreted as 

demonstrating the presence of binocular neurons in infants 

as young as 20 days postnatally, and indicating that bino

cular neurons may be present at birth in human infants. 
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CHAPTER I 

INTRODUCTION 

One of the major areas of nativist-empiricist contro

versy has been depth perception. A binocular cue for the 

perception of depth is disparate input to the two retinae 

(Boring, 1942; Hochberg, 19 62). For retinal disparity to 

serve as a cue for depth perception, there must be neural 

binocular interaction. The anatomical and physiological 

basis for binocular interaction has been extensively studied 

in the cat, and the type of binocular interaction which 

serves as the basis of depth perception is not observed be

fore the cortical level (Bishop, 1973). The purpose of this 

research is to explore the feasibility of studying young 

infants' neural binocular interaction using visual evoked 

potentials (VEPs). The introduction will review the 

literature in three areas: VEPs as a measure of adult 

binocular interaction, VEPs as a measure of infant visual 

development, and the development of infant binocular inter

action as indicated by behavioral experiments. 

VEP Correlates of Binocular Interaction; Adult Data 

This section will review investigations which used VEPs 

as a measure of adults' binocular interaction. Harter (1977) 
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reviewed the methods by which VEPs have been used to study 

binocular interaction; therefore, this review will be limited 

to experiments which present a transient stimulus to one 

eye, usually by flashing it (flashed stimulus) , and ..changes 

in the resulting VEP were observed as a function of the 

nature of the stimulus presented continuously to the other 

eye (continuous stimulus). In these studies the flashed 

stimulus was not visible to the eye receiving continuous 

stimulation, nor was the continuously presented stimulus 

visible to the eye viewing the flashed stimulus; therefore, 

any changes in monocular VEPs was a result of binocular 

interaction. 

VEPs to diffuse flashes. Several experiments have ex

amined the effects of presenting a continuous stimulus to 

the nonflashed eye on the VEPs evoked by diffuse flashes. 

Lehmann and Fender (1967, 1968) presented a diffuse flash as 

an evoking stimulus while a target (diffuse, dot, cross, or 

grid) was continuously presented to the nonflashed eye. The 

root mean square VEP amplitude was reduced as the target 

presented to the nonflashed eye increased in structure 

(diffuse to dot to cross to grid). As structure increased, 

so did the visual angle subtended by the pattern. The root 

mean square amplitude changes were attributable to changes 

in the amplitude of a component with a peak at 120 msec 

after the flash (Lehmann & Fender, 1968). Comparable results 
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were obtained as the continuous stimulus was changed from 

darkness to pattern (Lehmann, Beeler, & Fender, 1967). 

Absence of interocular effects in a subject with a split 

chiasma indicated that the effects are the result of the 

binocular innervation of cortical neurons (Lehmann & Fender, 

1969). 

Investigations which continuously present grids (Harter, 

Seiple, & Musso, 1974) and gratings (Harter, Conder, & 

Towle, Note 2) to the nonflashed eye have observed that 

VEPs to diffuse flashes are reduced in amplitude. Increas

ing the between-line distance increased the suppressing 

effects of pattern (Harter, Seiple, & Musso, 1974). VEPs 

evoked by diffuse flashes when the continuous stimulus is 

diffuse light are reduced in amplitude relative to diffuse 

flash evoked VEPs when the contralateral eye views darkness 

(Harter, Conder, & Towle, Note 2; see Paris & Prestrude, 

1975). 

VEPs to patterned stimuli. The VEPs to patterned 

stimuli are reduced in amplitude by the presentation of 

continuous stimulation to the other eye, either diffuse light 

or pattern. Harter, Conder, and Towle (Note 2) presented 

diffuse light or gratings as the evoking stimulus. The 

continuously presented stimulus was either darkness, diffuse 

light, or gratings. As the continuous stimulus was changed 

from darkness to diffuse light, a negative measure at 
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100 msec became more positive and another measure at 200 

msec became more negative. Further, the response to 

evoking stimuli was more variable in darkness than when dif

fuse light was continuously viewed. VEP amplitude was 

further reduced when pattern was presented to the eye con

tinuously stimulated. 

Harter, Seiple, and Musso (1974) varied the between-

line distance (diffuse, 15*, 30', and 60') of dichoptically 

viewed grids for both the flashed stimulus and the con

tinuous stimulus. The grids presented to both eyes were 

continuously visible. VEPs were elicited by a momentary 

increase in the intensity of the grid viewed by one or both 

eyes. Amplitudes of two measures, at 110 and 175 msec, 

reflected binocular interaction. The greater the between-

line distance of the contralateral grid, the greater the 

reduction in VEP amplitude. This effect was greatest when 

the evoking stimulus was diffuse light. Harter, Towle, 

and Musso (1976), using checkered patterns, varied check 

size of the flash evoked pattern (121 or 35') and the con

tinuously viewed pattern (91, 12", 18', 24', 35', 48', or 

95'). Negative measures at 120 and 160 msec indicated 

a size-specific binocular interaction such that the smallest 

amplitude VEP was elicited when the continuously stimulated 

eye viewed a pattern with the same sized checks as the 

evoking stimulus. Both latencies also showed an effect of 
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the continuously viewed stimulus, similar to that observed 

by Harter, Seiple, and Musso (1974). Towle (Note 4) also 

observed size-specific suppression of VEP amplitude. 

Several factors affect the interocular suppression of 

VEPs evoked by patterned stimuli, including background il

lumination of the flash, the luminance of the continuous 

stimulus, the relative contrast of the flashed and con

tinuous stimulus, and the relative loci of stimulation in 

the two eyes. Lehmann, Koukkou, and Dittrich (1977) varied 

the background illumination of the flashed stimulus, nature 

of the flash (diffuse, dot, or grid), and the nature of the 

continuously presented target (none, diffuse, dot, or grid). 

Cluster analysis of intercorrelations of the wave forms of 

the VEPs elicited by the ten stimulus combinations employed 

indicated three cluster levels. The first level clustered 

conditions according to the presence or absence of back

ground illumination of the flashed eye, indicating the im

portance of background luminance of the flash. 

Harter, Towle, Zakzrewski, and Moyer (1977) varied the 

level of illumination of the continuous stimulus, the between-

line distance of flashed and continuously viewed grids, the 

eye flashed and quality of the subjects' stereoacuity. 

Binocular interaction was found only under conditions of 

high illumination of the continuous pattern. In the high 

luminance condition the effects of size of the continuously 
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viewed pattern and size-specific interaction were evidenced 

by amplitude changes in measures between 150 and 260 msec 

after stimulus onset. The differences between good and poor 

binocularity groups were most obvious when small (15*) 

checks were the evoking stimulus. The VEPs of the poor and 

good stereoacuity groups were reduced in amplitude as the 

between-line distance of the continuous stimulus increased, 

but the effect was greater for the good binocularity group. 

The good binocularity group showed greater size-specific 

interocular suppression. It appears that suppression of 

pattern flashes occurs only when the continuous stimulus 

is relatively bright compared to the flashed stimulus. 

Moreover, the suppressing effects of increased element size 

of the continuous stimulus appear to be functionally dif

ferent than the size-specific interocular effects. Size-

specific suppression appears more closely related to the 

mechanism of stereopsis than does the suppression due to the 

element size of the continuous stimulus, though both types 

of suppression are greater in the good binocularity group. 

Spekreijse, van der Tweel, and Regan (1972) examined 

VEPs to the appearance and disappearance of 151 checks 

presented to one eye as a function of the contrast of 15" 

checks continuously presented to the other eye. Suppression 

of the VEP amplitude was most evident when the continuous 

stimulus was of greater contrast than the transient stimulus. 
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The use of hemifield stimulation and varying the fusion of 

transient and continuous stimuli indicated that suppression 

occurred only with stimulation of corresponding retinal 

regions. Varying the relative orientation of the checks did 

not alter suppression, indicating that the corresponding 

regions of suppression did not interact on a point-to-

point basis. Harter (1977; see Westendorf & Fox, 1977) also 

reported that the regions of suppression did not require 

point-to-point correspondence, although the same region of 

the retinae must be stimulated. VEP suppression resulting 

from continuous stimulation of the contralateral eye is 

virtually complete in 1.5 seconds, indicating that it is a 

central rather than a peripheral process (Harter, 1977). 

Summary. VEPs evoked by either diffuse or patterned 

flashes are affected by stimulation presented continuously 

to the nonflashed eye. Binocular interaction is evidenced 

at latencies from 100-250 msec. Diffuse light presented to 

the nonflashed eye reduces the amplitude of VEPs to flashes 

presented to the other eye relative to the VEP amplitude 

evoked by the same stimulus when the nonflashed eye views 

darkness. Pattern continuously presented to the nonflashed 

eye further reduces VEP amplitude, the amplitude being smaller 

the larger the size of the pattern elements. VEPs evoked by 

pattern are reduced in amplitude not only by contralateral 

luminance and increasing pattern element size; the greatest 
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reduction in VEP amplitude occurs when the continuous 

stimulus and the flashed stimulus have the same pattern 

element size. The interocular suppression effects resulting 

from continuous stimulation of one eye require binocular 

cortical neurons; size-specific suppression is loosely re

lated to mechanisms of stereopsis. VEPs show greater 

amplitude reduction if the continuous stimulus relative to 

the flashed stimulus is brighter, has greater contrast, and 

is presented to the same retinal area. 

Psychophysical experiments. A number of psychophysical 

experiments have examined interocular suppression of a 

pattern viewed by one eye when the other eye has been adapted 

by a pattern having the same spatial frequency (Blakemore & 

Campbell, 1969; Lema & Blake, 1977; Blake & Fox, 1972; 

Cosgrove, Kohl, Schmidt, & Brown, 1974; Sharpe, 1974; 

Ware & Mitchell, 1974; Pantle & Sekuler, 1968). These 

studies did not investigate the size specificity of inter

ocular suppression in that the spatial frequency of the 

adapting stimulus was not varied. 

Maudabocus and Ruddock (1973) varied the wavelength 

and spatial frequency of the adapting stimulus. The adapt

ing pattern was projected to one retina via a laser at 5 log 

units above threshold for three minutes. During the follow

ing two minutes, the contrast threshold of the test pattern 

(4 or 7 c/d) was measured. The more similar the spatial 
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frequencies of the adapting and test stimuli, the higher 

the contrast threshold of the test stimulus, irrespective of 

the wavelength of the adapting stimulus. Abadi (1976) varied 

the spatial frequency of a continuously presented adapting 

pattern of constant contrast and measured the contrast of 

a test stimulus presented to the other eye. The more 

similar the spatial frequencies of the adapting and test 

stimuli, the higher the contrast of the test stimulus re

quired to suppress the adapting stimulus. 

Ware and Mitchell (1974) compared the interocular sup

pression of subjects with good and poor stereoacuity. The 

adapting and test stimuli were of the same spatial fre

quencies. Suppression was greater for those with good 

binocularity. 

In summary, psychophysical studies with adults which 

have examined interocular suppression concur with VEP 

studies. Interocular suppression is size-specific and its 

presence is related to normal binocular vision. 

Infant VEPs 

This section will review those experiments which have 

examined the effects of binocularly presented transient 

patterns, flashed or pattern appearance-disappearance, on 

infants' VEPs. The effects of diffuse flashes have been 

reviewed by Ellingson (196 7). 
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VEPs have several potential advantages relative to 

behavioral techniques in the study of infant visual processes. 

Young infants have few coordinated behavior patterns, look

ing and sucking being the exception, and those which are 

present are not comparable to the behaviors used to study 

adult visual processes. Absence of behavioral discrimina

tion by infants among patterns is ambiguous. In the case 

of differential fixation, it may represent a lack of prefer

ence for one stimulus over another, not a lack of discrimina

tion. In the case of more global responses or fixation, it 

may represent a deficit in motor ability or sensorimotor in

tegration rather than sensory or perceptual immaturity. The 

VEP represents neural activity and does not require a motor 

response; therefore, it is presumably a more direct measure 

of both the infants' sensory abilities and neural maturation. 

The VEP methodology is the same for both adults and infants 

providing a greater comparability of results between adults, 

children, and infants. Lastly, adults' VEPs correlate 

highly with their verbal reports of visual functioning 

(see Regan, 1972), lending credibility to the methodology. 

Infants' VEPs to patterned stimuli have been used to 

investigate infants' basic visual functions, especially 

visual acuity, and the relationship of VEPs and pattern 

preferences. Based on the results of these experiments, 

hypotheses have been proposed relating VEPs to neural de

velopment. 
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VEPs and the development of visual acuity. Harter and 

Suitt (1970) studied the VEPs of a single infant from 21-

155 days of age. Checkered stimuli, with checks from 20' to 

133', and a diffuse flash were presented binocularly. The 

amplitude changes of an early positive measure (P2) and 

of a negative potential (N2) indicated that the check size 

which evoked the largest amplitude response decreased with 

age, reflecting changes in visual acuity with age. Based 

on the check size evoking the greatest VEP amplitude, the 

subject's acuity was estimated as 20/500 at one month and as 

20/250 at three months. The changes in acuity were attributed 

to changes in refractive error and macular development. It 

was noted that the estimates of acuity agreed with available 

behavioral data on visual acuity. 

Harter, Deaton, and Odom (1977a) simultaneously recorded 

the VEPs and looking behavior to a diffuse flash and to 

checkered stimuli with checks subtending 11.24' to 180'. 

Ten infants 6-45 days of age were subjects. Extrapolating 

to threshold from obtained VEPs to pattern, the estimated 

visual acuity of infants 27-45 days old was 20/200. Re

fractive error was estimated as +1.66 diopters. VEPs to 

pattern reversal (Sokol & Dobson, 1976) and constant 

luminance pattern appearance (Marg, Freeman, Peltzman, & 

Goldstein, 1976) have indicated that the visual acuity of 

infants reaches 20/20 by six months of age. The greatest 
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improvements in acuity occur during the first two months 

(Marg, Freeman, Peltzman, & Goldstein, 1976). Banks (1977), 

using a logarithmic scale of Marg's data, argued that the 

rate of acuity development is constant between one and six 

months of age. 

Because several nonneural factors which affect visual 

acuity, including refractive error (shape of the cornea), 

pupillary size, and accommodation (Harter, Deaton, & Odom, 

1977b), have not been considered sufficient to account for 

changes in visual acuity, macular and central neural matura

tion have been used as explanatory mechanisms to account 

for improved visual acuity (Harter, Deaton, & Odom, 1977a, 

1977b). One major nonneural factor has not been considered, 

however—sagittal length of the eye. The length of the eye 

increases in a manner similar to improvement in visual 

acuity (see Larsen, 1971; Rusoff & Dubin, 1977). 

VEPs and pattern preferences. Harter and Suitt (1970) 

noted that the check size evoking the largest amplitude VEP 

corresponded to the check sizes reported in behavioral 

studies as being preferred by infants of the same age, sug

gesting that developmental trends in infant looking behavior 

were a function of changes in visual acuity. The relation

ship of check size to VEP amplitude could be described as an 

inverted U-shaped function after 70 days of age. 
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Karmel, Hoffmann, and Fegy (1974) studied the VEPs of 

33 infants 55-107 days of age. The stimuli were a diffuse 

flash and checkered stimuli with checks from 20' to 5°. 

The check size evoking the largest amplitude P2 decreased 

as a function of age and P2 latency (neurological age). 

The mathematical functions relating the check size evoking 

maximal amplitude P2 and age were very similar to the 

functions derived from earlier studies relating check size 

eliciting maximal looking preference and age. The fact that 

smaller sized checks elicited greater amplitude VEPs and more 

looking with increasing age was attributed to the presumed 

decreasing modal receptive field size in the infant retina, 

so that the optimal stimulus for "exciting" cortical neurons 

would decrease in element size with age. 

Hoffmann (Note 3; see Karmel & Maisel, 1975) investi

gated the relationship of check size to VEPs in infants 28-96 

days of age. Subjects were divided into groups based on 

neurological age (P2 latency). Three VEP measures were 

significantly related to pattern, P2, a later positive 

measure (P4) , and a later negative measure (L-N). 

P2 was quantified at both a fixed latency and by identifi

cation of the positive peak. P4 and L-N were both quantified 

by the use of a fixed latency. Using the identification 

procedure, P2 amplitude was greatest to 80' checks for both 

age groups. Using the fixed latency procedure P2 was greatest 
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to 5° and 40' for the long latency (neurally younger) and 

short latency (neurally older) groups, respectively; P4 

was greatest to 40' and 5° checks'; and L-N was greatest to 

80' and 5°. Mathematical functions were calculated for each 

of the three measures, as determined in each latency group, 

relating the measure's amplitude and check size. The 

function relating P2 and check size for the short latency 

group and the functions relating P4 and L-N to check size in 

the long latency group were similar to functions relating 

looking preference and check size in groups aged, respectively, 

4-6 weeks and 10-12 weeks. 

Harter, Deaton, and Odom (1977a, 1977b) measured both 

the VEPs and percentage of time looking (PTL) at patterns 

in infants 6-45 days of age, enabling them to directly 

compare the relationship of VEP amplitude and looking beha

vior. The early positive measure (p2), while related to 

pattern size, was unrelated to PTL. A later positive 

measure (P4) was unrelated to either pattern or PTL in 

infants 6-26 days old. However, in older infants (27-45 

days), larger check sizes evoked greater P4 amplitude and P4 

amplitude correlated .92 with PTL. P2 amplitude was largest 

to 11.24' and 22.5' in both the 6-26 and 27-45 day old 

groups. In the 27-45 day old group, P4 was largest to 90' 

and 180' checks. 
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VEPs and neural development. The differential rela

tionship of VEP measures and visual preference observed by 

Hoffmann (Note 3, 1978) and Harter, Deaton, and Odom (1977a) 

have led to hypotheses about the relationship of VEP 

measures to infant neural development and the relationship 

of that development to visual behavior. Hoffmann tentatively 

identified the neurological substrates of P2, P4, and L-N. 

P2 was identified as reflecting the cortical activity of the 

geniculostriate system and a late negative measure (L-N 

was identified as reflecting the cortical activity of the 

collicular system. P4 was presumed to reflect other sub

cortical processes, possibly the pulvinar. P4 and L-N 

amplitudes were correlated significantly, reflecting the 

interrelationship of the superior colliculus and pulvinar. 

The identification of P2 and L-N with geniculostriate and 

collicular systems, respectively, was based on a study of 

VEPs in kittens (Rose & Lindsley, 1968). Identification of 

P4 with the pulvinar was based on its relationship to L-N. 

Given that P4 and L-N were related to the visual behavior 

of infants in their second month and that P2 was related to 

the visual behavior of infants in their third month, it was 

proposed that changes in visual preference during this period 

are attributable to a shift in the control of visual be

havior from subcortical to cortical structures (see 

Bronson, 1974). 
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Harter, Deaton, and Odom (1977a), also, attributed P2 

and P4 to separate neural processes. P2 and P4 amplitudes 

were greatest to 11-22' and 90-180' checks respectively in 

27-45 day old infants suggesting that they represented two 

aggregates of neurons. One aggregate tuned to higher spatial 

frequencies was reflected by P2; another tuned to lower 

spatial frequencies was reflected by P4. The differential 

relationship of the two measures to PTL suggested that 

P2 might reflect subcortical activity or the first stages 

of processing at the cortex and P4 might reflect cortical 

activity. The specific structures presumed to underlie the 

components were not stated. 

Given this paper's concern with the development of 

binocularity, the relationship between the development of 

visual acuity, changes in pattern preferences and the develop

ment of binocularity is of particular interest. In cats, the 

development of visual acuity is related to the critical 

period for the development of binocular cortical neurons 

(Freeman & Marg, 1975). The visual acuity of the kitten 

as measured by VEPs reaches adult levels at the end of the 

critical period, suggesting that the critical period for 

humans is ended at six months of age, because by that age 

adult acuity levels are reached (Marg, Freeman, Peltzman & 

Goldstein, 1976; see Sokol & Dobson, 1975). 

Summary. Major changes occur in the visual behavior 

of infants during the second month as reflected behaviorally 
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(Salapatek, 1975; Karmel & Maisel, 1975; Fantz, Fagan, & 

Miranda, 1975) and electrophysiologically (Harter, Deaton, 

& Odom, 1977a, 1977b; Hoffmann, Note 3, 1978; Karmel & 

Maisel, 1975). The changes have been attributed to a shift 

from subcortical to cortical control of vision (Bronson, 

1974; Karmel & Maisel, 1975; Harter, Deaton, & Odom, 1977a, 

1977b). Given that the binocular interaction reflected by 

adults' VEPs is cortical in origin, infant binocular inter

action as measured by VEPs should reflect cortical function

ing. Several suggestions regarding the neural origins of 

infant VEP components have been made (Karmel & Maisel, 1975; 

Harter, Deaton, & Odom, 1977a, 1977b; Hoffmann, 1978). 

Binocularity is presumably of cortical origin (Bishop, 

1974); therefore, differences in the relationship of VEPs 

to binocularity might aid in determining the neural origin 

of VEP components. 

Infant Binocularity: Behavioral Experiments 

This section will review studies which examine infants' 

binocular vision. Most of the experiments examining infant 

binocularity have been conducted by researchers interested 

in the development of binocular depth perception (stereopsis). 

Two basic procedures have been used: comparison of infant 

performance under binocular and monocular viewing conditions 

and the use of techniques which attempt to eliminate all but 

binocular depth cues. 
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Comparison of monocular and binocular viewing condi

tions . Walk (1968), using the visual cliff apparatus, 

compared the performance of infants in the normal procedure 

(binocular condition) and with an eye patch over one eye 

(monocular condition). Infants in the monocular condition 

performed as well as infants in the binocular condition 

at a visual depth of 25 cm. However, at a depth of 12.7 

cm infants younger than 9 months turned consistently 

toward the uncovered eye, i.e., did not show a preference 

for the shallow side, revealing a monocular weakness. 

Fantz (1961) studied depth perception using the visual 

preference technique. He used either solid balls or pic

tures of the balls. The balls were either smooth or 

textured under direct or indirect lighting. Stimuli were 

viewed either monocularly or binocularly. Only the tex

tured sphere viewed under direct lighting was preferred to 

a circle. The preference was found at all ages, one to 

six months, under monocular viewing conditions. Infants 

in the binocular condition showed no preference for the 

directly lighted, textured sphere pr^ior to three months of 

age, indicating that prior to three months of age infants 

either lack or have poor binocularity. A subsequent com

parison of monocular and binocular viewing of a three-

dimensional face and an outline of a face yielded similar 

results (Fantz, 1965, 1966). 
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Bower (1965) conducted an investigation of depth per

ception using infants 40-60 days of age. Three groups were 

taught to turn their heads upon presentation of a cube at a 

given distance; one group was trained under binocular condi

tions, another under monocular conditions, and a third with 

projections of real objects. After training, infants were 

tested to determine if they could discriminate the condi

tioned stimulus from stimuli of the same shape subtending 

the same retinal angle. The binocular and monocular groups 

performed comparably on the posttest. Binocular cues did not 

improve performance of this age group, suggesting that 

infants in their second month use monocular cues rather than 

retinal disparity to discriminate the relative depth of ob

jects subtending the same retinal angle. 

Experiments eliminating monocular cues. Adults who 

possess normal stereoacuity perceive a three-dimensional 

object when viewing separate two-dimensional projections. The 

visual field is split by the use of polarized lenses and the 

separate two-dimensional images are projected using different 

polarization. The perception of depth is presumed to rely 

solely on binocular cues. If the images projected are 

shadows of a three-dimensional object, the mechanism is 

called a stereoscopic shadow caster, and the adult percept 

is one of a single, solid object (virtual object) hanging 

in space. 
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Bower, Broughton, & Moore (1970a, 1970b), using a 

stereoscopic shadow caster, studied infants in their first 

month. Infants as young as eight days reached for the virtual 

object and cried when it was not grasped, implying that 

binocular depth perception is innate (see Bower, 1971; 

Bower, 1975). Bower's conclusions have been questioned on 

several bases. First, directed reaching of the kind reported 

by Bower has not been observed by others prior to several 

months of age. Second, crying by young infants could be 

accounted for by either increasing conflict of accommoda

tion and convergence or increasing binocular rivalry as 

the virtual object is brought close to the infant (Gordon & 

Yonas, 1976). Given that infants less than two months show 

poor convergence (Wickelgren, 1967, 1969; Aslin, 1977) and 

accommodation (Haynes, White, & Held, 1965), make these 

suggestions seem reasonable. 

Gordon and Yonas (1976) used a stereoscopic shadow 

caster to study the response of infants 20-26 weeks of age 

to binocular cues for depth. When the image projected by 

the shadow caster was beyond the infants' reach, they tended 

to lean farther forward (which makes the image appear to be 

closer), make fewer reaches, and the proportion of reaches 

which included grasping movements was less. The results 

were interpreted to indicate that infants five months or 

older perceive disparity. There was no evidence of 
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frustration (crying) at failure to touch the object, but 

Bower (1971) mentions that infants older than five months 

fail to show this behavior. 

Random patterns presented dichoptically by means of 

polarized light through polarized lenses may give rise to 

stereopsis if portions of the pattern are displaced hori

zontally (vertical disparities do not give rise to stereop

sis) and the person has binocular vision. 

Typically, subjects are permitted to scan the stereo

grams while making judgments of depth. Permitting scanning 

of the figures introduces the monocular cues of relative 

convergence. Only flash presentation of the stereograms 

totally eliminates the use of monocular cues (Richards, 

1977). Investigations of infant disparity detection have 

continuously presented the stereograms, thereby confounding 

their interpretation by failing to eliminate the cues of 

relative convergence. 

Bower (1970) indicated that 20-30 percent of the young 

infants tested looked longer at stereograms" with horizontal 

disparities than those lacking disparity. Atkinson and 

Braddick (1976) used both visual preference and dis-

habituation of high amplitude sucking to assess the ability 

of four two-month-old infants to discriminate disparity 

using stereograms. Both measures indicated that two of the 

four infants had stereopsis; only one of the four showed 
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stereopsis on both tests. Appel and Campos (197 6) used 

stereograms and measured the dishabituation of high ampli

tude sucking and heart rate deceleration in two-month-old 

infants as stimuli were changed from disparity to nondis-

parity or from nondisparity to disparity. 'Infants failed 

to show statistically significant response reduction in either 

condition; however, the difference between the response 

amplitude in the habituation phase and the dishabituation 

phase was significant for both heart rate and sucking as 

conditions changed from nondisparity to disparity but not 

as conditions were changed from disparity to nondisparity. 

The results were interpreted as indicating the presence of 

disparity detection in two-month-olds. 

Aslin (1977) investigated infants' ability to detect 

disparity by measuring the presence of the saccadic response 

to prism-induced disparity. If one is fixating an object 

and a prism is placed in front of one eye, the perceived 

location of the object changes and one makes a saccadic 

movement in the direction of the perceived change, if one 

can detect binocular disparity. Infants were three, four 

and one-half, and six months old. Prisms which altered the 

visual image of one eye by 2.5° or 5° were employed. Only 

six-month-olds made a saccadic response to the introduction 

of the prism-induced displacement of the visual image. 
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Summary. The results of several studies have been 

interpreted as indicating the presence of binocular dis

parity detection or binocular interaction in infants two 

months of age or less. In each of these studies alterna

tive explanations of the observed behaviors are possible. 

Furthermore, lack of improved depth discrimination with 

binocular viewing, observed in infants less than three 

months old, would argue against the presence of mature 

mechanisms of stereopsis. Relatively mature disparity de

tection does not seem to appear prior to five months of age. 

On the other hand, binocular mechanisms related to binocular 

rivalry may be present at an earlier age: both the impair

ment of depth discriminations with binocular viewing and the 

crying of infants when presented virtual images are con

sistent with this interpretation; however, a convincing 

demonstration of binocular rivalry does not exist. 

Conclusion 

Investigations of adult binocular interaction using 

VEPs indicated three interocular suppression mechanisms, 

one related to the luminance of the continuously stimulated 

eye, one to the pattern element size of the continuously 

stimulated eye, and one to the similarity in size (or other 

feature) of the patterns presented to the flashed and con

tinuously stimulated eyes. All three of the interocular 
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suppression effects require binocular cortical neurons, but 

only the size-specific suppression has been related to stereo-

acuity. Prior use of VEPs to study infant visual processes 

indicated the feasibility of using interocular suppression, 

as measured by VEPs to flashed patterns, to study the pre

sence of binocular interaction in human infants. The lack 

of an unambiguous behavioral demonstration of binocularity 

in infants indicated the desirability and potential merit 

of a VEP investigation of infant binocular interaction. 

Several considerations suggested the desirability of 

first conducting an experiment with adults. Preliminary 

consideration indicated that the use of infant subjects 

would require the use of different stimuli (dots instead 

of checks, grids, or gratings) and a different method of 

splitting the visual field (color separation instead of a 

haploscope; see Fox & Blake, 1971; Fox & Lehmkuhle, 1977; 

LeGrand, 1967). The primary purpose of the adult experi

ment was to determine if all three forms of binocular inter

action obtained using other methods and stimuli could be 

obtained using the new method and stimuli (color separation). 

The use of the color separation method of splitting the 

visual field afforded the opportunity to determine the re

lationship, if any, of color and size channels in the visual 

system. The experiment presented below is the first to 

study all three interocular suppression effects concomitantly, 
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permitting a comparison of the relationship of the effects 

when all other variables are held constant. 

In the available laboratory situation there would be 

no independent methods of testing infants' binocularity or 

of telling infants which aspects of the visual displays to 

attend to. It was decided, therefore, that a heterogeneous 

sample of largely naive, uninstructed subjects should be 

used in the adult study. 
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CHAPTER II 

EXPERIMENT 1 (ADULT BINOCULAR 

INTERACTION): METHODS 

The binocular interaction of eight adults, 22-37 years 

of age, was investigated using VEPs. Each subject partici

pated in one experimental session consisting of two repli

cations of the experimental procedure. Prior to the begin

ning of the session subjects' monocular acuities, binocular 

acuity, and stereoacuity were determined (see Appendix A). 

Further, they were asked about any history of visual 

problems. A child 5.5 years old was also tested. No be

havioral measures were taken of the child's visual capacity. 

VEPs were recorded monopolarly using a single gold-cup 

scalp electrode placed approximately 2.5 cm above the inion 

on the midline and held in place using a headband. The 

reference electrode was attached to the right earlobe. 

Cortical activity was amplified by a Grass polygraph with 

one-half amplitude high and low filters set at 35 and 

1 Hz respectively. Cortical activity occurring during the 

512 msec post-stimulus interval was recorded on an FM 

tape recorder, averaged on a Fabri-Tek signal averager and 

recorded on graph paper using a Hewlet-Packard X-Y plotter. 

Data were plotted after every four conditions. Subjects 

rested while the data were plotted (two to four minutes). 



27 

The stimuli were three 2" x 2" slides consisting of 

two patterned slides and one diffuse slide. The patterned 

slides consisted of dots subtending 20' and 80'. In the 

horizontal and vertical meridians the between dot distance 

was twice the dot size. In the diagonal, the between 

dot size and the dot size were equal. The diffuse slide 

was a neutral density filter (.50 log units) having the 

same luminance transmittance as the patterns (approxi

mately 30 percent). The patterns were back projected 

onto a translucent screen that covered a window at one end 

of a large box. Two Kodak projectors, mounted at the 

other end of the box 179 cm from the screen, were on 

continuously. The projected patterns were located approxi

mately 59 cm from the subject's eyes and their boundaries 

subtended a visual angle of 45 x 45 degrees of arc. 

A revolving disc placed in front of one projector 

occluded the light from that projector except when a square 

hole cut into the disc passed before the projector's lens 

system. Passage of the hole in front of the projector 

created a flash with a total rise and fall time of approxi

mately 40 msec. At the revolution rate used in this experi

ment, the time from the onset of one flash to the onset of 

the next flash was 1025 msec. 
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Before reaching the screen, the light from the projector 

with the revolving disc passed through a red filter (Kodak 

Wratten Filter No. 29) and the light from the projector 

which continuously illuminated the screen passed through a 

green filter (Kodak Wratten Filter No. 47)i An opaque 

slide was used to terminate the continuous stimulus during 

the dark conditions. The intensity of the continuous stimu

lus was approximately 9.5 foot-candles and that of the flash 

approximately 2.5 log units above threshold with the con

tinuous light on. 

During the experimental session, the subject wore a set 

of specially-constructed glasses with one green filter 

(Kodak Wratten Filter No. 47) and one red filter (Kodak 

Wratten Filter No. 29). These two filters effectively split 

the visual field of adult viewers so that the eye with the 

green filter saw only the continuous green pattern and the 

eye with the red filter saw only the flashed red pattern. 

The red filter covered the left eye. Subjects' eyes were 

approximately 59 cm from the screen. 

The experimenter monitored the subjects by means of a 

closed-circuit television. A television camera lens was 

inserted through the wall of the chamber at the level of 

the subject's right ear. A 28 volt dc lamp placed immediately 

above the camera illuminated the right side of the subject's 

face. The experimenter, by monitoring subjects' head and 
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eye movements on the television monitor, could determine if 

the subject was oriented toward the stimulus display. Sub

jects were given no instructions regarding which aspect of 

the stimuli to attend. They were merely told to try to 

remain alert and to keep their eyes open and directed toward 

the screen. 

The experiment was conducted in an electrically-

shielded, partially-soundproofed room. Stimulus presenta

tion was remotely controlled by the experimenter. Stimuli 

were presented when the subject's eyes were open and 

oriented toward the stimulus display. 

A recording session consisted of two blocks of thirty-

two presentations of each of nine stimulus combinations. 

The flashed/continuous stimulus combinations were: 

diffuse/dark; 20'/clcirk; 201 /diffuse; 20V201; 20'/80'; 

80'/80'; 80'/20'; 80'/diffuse; 80'/ciark. Stimulus order 

was counterbalanced across subjects and replications. 

Counterbalancing was accomplished by reversing the order of 

stimulus presentation—ABCDEFGHI/IHGFEDCBA or IHGFEDCBA/ 

ABCDEFGHI—with four subjects receiving each order. 
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CHAPTER III 

EXPERIMENT 1 (ADULT BINOCULAR 

INTERACTION): RESULTS 

Figure 1 shows the data from three of the eight adults 

who participated in Experiment 1. The data of a five and 

one-half year old child are also shown in the figure. 

Visual inspection of the raw VEPs indicated amplitudes 

at four latencies varied with the experimental conditions. 

They were 100, 150, 200, and 260 msec after trace onset 

(see Figure 1). There was a delay of 40 msec between trace 

onset and flash onset when flash onset was defined as the 

point where three-fourths of the rise in flash luminance 

had occurred; therefore, the actual latencies after the 

flash were 60, 110, 160, and 220 msec. These latencies 

were comparable to VEP measures measured in other experi

ments (Harter, Seiple, & Musso, 1974; Harter, Towle, & 

Musso, 1976; Harter, Towle, Zakzrewski, & Moyer, 1977; 

Harter, Conder, & Towle, Note 2; Towle, Note 4) which re

flected interocular activity. Measurement of the ampli

tudes were made relative to a baseline, which was the average 

of the first 20 msec of the VEP following trace onset. 

When the flash was changed from diffuse to pattern, the 110 

msec measure shifted negative and the 160 and 220 msec 
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measures shifted positive; thus, they were termed respec

tively N110, P160, and P220. Measurements were made at the 

same latencies for all conditions and subjects, except for 

N110 (the bar indicates that the latencies at which measures 

were taken varied with the subject). The peak of N110 

varied for subjects, but was in all cases between 100-120 

msec after flash onset. The average latency of this sur

face-negative peak when the nonflashed eye viewed diffuse 

light and the flashed eye viewed 20' and 80' dots was 

determined for each subject and defined as N110 for that 

subject. 

Data from four subjects are presented in Figure 1. 

Two subjects (RH and MJ) had good stereoacuity with no 

history of poor binocularity. Their data showed normal 

intraocular effects and interocular suppression due to 

luminance and pattern size. Visual inspection indicated 

VEP amplitude was generally smallest when a) the flashed 

stimulus was diffuse light and b) when the flashed and 

continuous patterns had the same size dots (20'/20' and 

80'/80'). One subject (DB) had poor stereoacuity, had 

suffered from exotropia and diplopia as a child (corrected 

with lenses at seven years of age) and had been told by 

his doctor that he lacked good binocular vision. His data 

reflected a normal intraocular size effect; it did not 

reflect the interocular suppression due to shared pattern 
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size of the flashed and continuous stimulus. The fourth 

subject (KH) was a five and one-half year old child whose 

father (RH) had normal binocular vision. Although KH's 

data were not quantified or analyzed, they are included 

in Figure 1 as a comparison with adult subjects. Her 

data, like DB's, show normal intraocular effects, but the 

intraocular effects of pattern size are absent. 

Graphic presentation of the group means for the eight 

adult subjects for each condition and measure is made 

in Figure 2. The quantified raw data of these subjects 

are presented in Appendix A, and their visual characteristics 

are presented in Appendix B. No visual characteristics 

were taken from KH, nor were her data quantified or included 

in subsequent statistical analyses. 

Analyses of variance (ANOVAs) for repeated measures 

were calculated for each measure to assess treatment effects 

statistically. Three analyses were performed, an analysis 

to assess the intraocular effects of pattern in the flashed 

stimuli when the nonflashed stimulus was darkness; an 

analysis to examine the interocular effects of changing the 

continuously viewed stimulus from darkness to diffuse light 

on VEPs to the dots; and an analysis to examine the inter

ocular effects of changing the continuous stimuli (diffuse 

light, 20' or 80' dots) on VEPs to dot patterns. Following 

the ANOVAs, Newman-Keul tests were performed to compare the 
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means. Correlation coefficients were also calculated be

tween all variables as a test for linear trends in the data. 

These are presented in Appendices C, D, and E. 

Intraocular Effects 

VEP amplitude at 60, 110, 160, and 220 msec after the 

presentation of the flashed stimulus varied as a function 

of the nature of the monocularly presented evoking flash 

when the nonflashed eye viewed darkness continuously (N60, 

F=6.74, df=2,30, p<.005; NITO, F=21.12, df=2,30, p<.0002; 

P160, F=6.19, df=2,30, p< .007; P220, F=7.17, df=2,30, 

p<.005). The patterned flashes (20' and 80' dots) elicited 

larger amplitude N110, P160, and P220 than did the 

diffuse flash (p < .05). 

When the nonflashed eye viewed either darkness or dif

fuse light, N60 amplitude was less positive to the flashed 

pattern of 20' dots than to the 80' dots (F=21.11, df=l,7, 

p< .01). When the continuously presented stimulus was 

diffuse light, a pattern of 20' dots or of 80' dots, N60 

and NllO amplitude were more negative when the flash was 

80' as compared to 20'. In general, VEP amplitude was 

greater to patterned than to diffuse flashes and greater 

to patterns of 80' dots than to patterns of 20' dots. 
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Interocular Luminance Effects 

Changing luminance presented to the nonflashed eye from 

darkness to diffuse light generally reduced VEP amplitude. 

Amplitude at 60 msec shifted positive (F=57.44, df=l,7, 

p<.001); P160 shifted negative (F=39. 82, df=l,7, p<.001); 

and P220 shifted negative (F=20.50, df=l,7, p< .01). 

Changing the level of luminance presented to the nonflashed 

eye did not significantly affect N110 (p> .08). 

Interocular Effects of Pattern 

Presenting pattern to the nonflashed eye had two ef

fects on the amplitude of VEPs to flashed patterns. First, 

as the size of the pattern elements increased, VEP ampli

tude grew smaller. Second, VEP amplitude was smallest when 

~the flashed pattern and the continuously presented pattern 

were the same patterns. The nature of the continuous stimu

lus affected N110 amplitude (F=4.12, df=2,14, p<.05) and 

P160 amplitude (F=6.71, df=2,14, p<.01). N110 and P160 

were reduced in amplitude as continuous stimulation was 

changed from diffuse light to dots. The effects-of the 

continuous stimulus also depended on the nature of the 

flashed stimulus at N110 (F=24.72, df=2,54, p< .001), P160 

(F=10. 56 , df=2 ,54 , p<.001), and P220 ' (F=3 . 70, df=2,54, 

p< .05). N110 amplitude was reduced when the flashed and 

continuous patterns had the same sized dots (p< .05), 
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i.e., 20/20 and 80/80, indicating size-specific reduction in 

VEP amplitude. P22 0 amplitude elicited by the 80' dots was 

smallest when the 80' dots were viewed continuously (p < .05). 

The amplitude changes at P160 indicated that the smallest 

amplitude was elicited by 80" dots when 20' dots were con

tinuously viewed (p < .05) . 

KH's Data 

The data of the one five and one-half year old child 

tested under these conditions were not quantified. However, 

visual inspection of the VEPs (see Figure 1) indicated the 

presence of two of the three effects observed in adults. 

VEP amplitude was reduced as the continuous stimulus was 

changed from darkness to diffuse light. When the continu

ous stimulus was further changed to pattern, a further re

duction of VEP amplitude was evident. Size-specific reduc

tion was not evident, however. 

Summary 

When the nonflashed eye viewed darkness all latencies 

of the VEP indicated that VEPs elicited by pattern were of 

greater amplitude than those elicited by diffuse light. 

Introduction of light to the nonflashed eye reduced the 

amplitude of VEPs at 60, 160, and 220 msec (interocular 

luminance suppression). Interocular effects of presenting 
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pattern to the nonflashed eye were evidenced in two ways. 

NllO and P16 0 amplitudes were smaller the larger the dot 

sizes of the continuously presented stimulus pattern 

(interocular pattern suppression). NllO and P220 ampli

tudes were smallest when the flashed and continuous patterns 

had dots of the same sizes (interocular size-specific 

suppression). 
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CHAPTER IV 

EXPERIMENT 1 (ADULT BINOCULAR 

INTERACTION): DISCUSSION 

Relationship to Previous Research 

The major purpose of this experiment was to assess 

whether size-specific interocular interaction as measured 

by VEPs could be obtained with the color separation method 

of splitting the visual field in adults. This relation

ship is prerequisite to assuming this method may be used to 

assess binocular vision in infants. 

When the nonflashed eye was in darkness, the amplitudes 

of all four VEP measures varied as a function of the flash. 

The most pronounced effects/ however, were at N110, which 

has frequently been shown to vary with pattern element size 

or spatial frequency for binocularly elicited VEPs 

(Spekreijse, 1966; Rietveld, Tordoir, Hagenouw, Lubbers, & 

Spoor, 1967; Armington, Gaardner, & Schick, 1967; Harter & 

White, 1970; Harter, 1970, 1971; May, Forbes, & Piantanida, 

1971; Lesevre & Remond, 1972). The spatial frequency or 

element size eliciting the largest amplitude VEP presumably 

reflects the modal receptive field size of the visual 

neurons stimulated, presumably 10-20' for human adults 

(Harter & White, 1970; Harter & Suitt, 1970; Harter, 1970, 

1971; Harter, Deaton, & Odom, 1977a, 1977b; Armington, 
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Gaardner, & Schick, 1971). The fact that the amplitude 

elicited by 80' flashes was greater than the 20" flashes 

is somewhat puzzling in this context. The same pheno

menon has been observed before, however (Harter, Towle, 

Zakzrewski, & Moyer, 1977). The effect is not attributable 

to acuity, for the poorest Snellen acuity found for a sub

ject in this study was 20/29, nor could the nature of the 

stimuli (dots) cause the discrepancy (Towle & Harter, 

1977); however, the large stimulus field size may (Harter, 

1970) . 

The suppressing effects of presenting continuous 

diffuse light to the nonflashed eye were more apparent in 

the latter (160-220 msec) VEP amplitudes as has been re

ported previously (Harter, Conder, & Towle, Note 1). 

As in other experiments which have indicated interocular 

suppression of VEP amplitude due to pattern (Harter, Towle, & 

Musso, 1976; Harter, Towle, Zakzrewski, & Moyer, 1972; 

Towle, Note 4; Harter, Seiple, & Musso, 1974), N110 and 

P220 are, generally, reduced in amplitude as the element 

sizes of the continuously presented patterns are increased 

up to about 60' (Harter, Seiple, & Musso, 1974; Harter, 

Towle, & Musso, 1976; Harter, Towle, Zakzrewski, & Moyer, 

1977). N110 and P220 also reflect a size-specific inter

ocular suppression of VEP amplitude (Harter, Towle, & Musso, 

1976; Harter, Towle, Zakzrewski, & Moyer, 1977; Towle, 



Note 4) such that, for each patterned flash, the smallest 

amplitude VEP was elicited when the same sized pattern 

was continuously presented to the nonflashed eye. 

In summary, the color separation technique for split

ting the visual field was comparable to haploscopic tech

niques, reported previously. Three distinct interocular 

suppression effects were found. One effect, dependent on 

the luminance (either absolute or relative) presented to th 

nonflashed eye, does not appear to affect one flashed 

pattern more than another. A second effect, dependent on 

the size of the continuously presented stimulus, also af

fects all patterned flashes. A third effect, dependent on 

the sizes of both the flashed and the continuous pattern, 

was evidenced by size-specificity of suppression. These 

three effects can be seen to some degree in all of the 

measures; however, the relative magnitude of the effects 

varies with measures. An early measure at 60 msec shows 

only the interocular suppression effects of luminance. 

The nonspecific interocular effects of luminance are 

least readily observed in the measure which most clearly 

indicates size-specific suppression (N110); P220, which 

indicates size-specific interocular suppression, fails 

to show the nonspecific suppressing effects of pattern. 

The separability of the three effects with respect to VEP 
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components suggests separable neural mechanisms of inter-

ocular suppression, one with respect to luminance, one to 

pattern which is nonselective, and a third mechanism which 

suppresses similar patterns. 

Physiological Bases of the Effects 

Binpcularly activated cortical neurons (Hubel & Wiesel, 

1962, 1968) as opposed to binocularly activated LGN neurons 

(Sanderson, Bishop, & Darian-Smith, 1971; Bishop, 1973) 

most likely account for the interocular effects of lumi

nance, increasing element size, and size-specific VEP ampli

tude reduction (see Harter, 1977; Harter, Towle, & Musso, 

1976; Harter, Musso, & Salmon, 1974; Harter, Conder, & 

Towle, Note 2). The mechanisms by which the receptive field 

properties of binocular cortical neurons create these 

effects cannot be stated with certainty. Investigations of 

single cortical neurons have not examined the size-specificity 

of interocular suppression, the effect of increasing element 

size, nor the interocular effects of luminance; rather, 

they have explored position disparity (Hubel & Wiesel, 1962; 

Barlow, Blakemore, & Pettigrew, 1967; Pettigrew, Nikara, & 

Bishop, 1968; Bishop, Henry, & Smith, 1971; Minke & 

Auerbach, 1977; Joshua & Bishop, 1970) and orientation 

disparity (Nelson, Kato, & Bishop, 1977; Blakemore, Fiorentini, 

& Maffei, 1972) and postulated their relationship to 



43 

stereopsis. Despite their speculative nature, it seems 

worthwhile to frame hypotheses about the neural basis of 

the binocular interactions observed in this experiment. 

Interocular luminance suppression. Presentation of 

diffuse light to the nonflashed eye reduced' the amplitude 

of VEPs elicited by a flash relative to the VEP amplitude 

elicited by that stimulus when the nonflashed eye viewed 

darkness. Investigations of the properties of single cells 

in the cat's visual cortex (area 17) suggest a means to 

account for interocular luminance suppression. The activity 

of cortical cells is influenced by regions beyond the 

bounds of the usual receptive fields (unresponsive regions). 

Stimulation of these regions by diffuse light inhibits the 

activity of cells (Maffei & Fiorentini, 1976). The un

responsive region, presumably, results from facilitory and 

inhibitory input to the cell from other cortical cells in 

a hypercolumn, composed of other cells which respond to 

stimulation in the same area of visual space (Maffei & 

Fiorentini, 1976, 1977; Hubel & Wiesel, 1974a, 1974b). 

These luminance effects were studied monocularly. 

However, the majority of cortical cells are binocular with 

similar receptive fields in each eye (Hubel & Wiesel, 1962, 

1968), suggesting that the above properties of cells may 

be binocular. In other words, diffuse light presented to 

one eye, presumably, reduces the responsivity of some 
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binocular cells to patterns presented not only in the one 

eye receiving diffuse light but from either eye. 

Non-neural confounds exist which could account for 

interocular suppression due to luminance. In general, the 

accommodation and pupillary dilation of one eye influence 

that of the other. The luminance in the nonflashed eye 

provides cues for accommodation and reduced pupillary size. 

Reduced pupillary size of the flashed eye could reduce the 

luminance of the flash actually impinging on the retina. 

Reduced flash luminance decreases VEP amplitude and in

creases the latency of measures (Regan, 1972). Accommoda

tion varies the refractive power of the eye; the eye's state 

of refraction alters VEPs to patterned stimuli (Harter & 

White, 196 8). Although the influence of non-neural factors 

cannot be discounted totally, their impact in the present 

situation is probably minimal, given that luminance effects 

similar to those in the present study have been found when 

artificial pupils were used to control for pupillary size 

(Harter, Conder, & Towle, Note 2). 

Interocular suppression by pattern. There are two in

terocular suppression effects resulting from the presenta

tion of patterned stimuli to the nonflashed eye, suppression 

by increasing pattern size and size-specific suppression. 

It was noted above that the two effects are differentially 

reflected by VEP measures suggesting different neural bases. 
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Size-specific interocular suppression. Size-specific 

interocular suppression measured psychophysically is related 

to stereoacuity (Ware & Mitchell, 1974) and the interocular 

suppression of strabismic individuals is feature.specific 

(Schor, 1977) suggesting that size-specific interocular 

interaction is related to stereopsis. 

In the case of VEP measurements, the relationship of 

interocular size-specific suppression to stereopsis is less 

clear (see Harter, Towle, Zakzrewski, & Moyer, 1977). 

Size-specific interocular suppression as measured by the VEP 

appears to reflect binocular but not necessarily stereo

scopic mechanisms. This might be expected from neural 

physiology. 

Stereopsis, presumably, results from activation of 

binocular cortical cells which are responsive to dispari

ties of horizontal position. In cats, these cells can be 

found in striate cortex (area 17; Barlow, Blakemore, & 

Pettigrew, 1967; Blakemore, 1970; Bishop, Henry, & Smith, 

1971; Joshua & Bishop, 1970; Blakemore, Maffei, & Fiorentini, 

1972; Nelson, Kato, & Bishop, 1977). Unlike cat, primate 

striate cortical cells do not appear to be disparity 

detectors. Seventy-seven to eighty percent of primate 

striate cortical cells (area 17) are binocular (Hubel & 

Wiesel, 1968; Baker, Grigg, & Von Noorden, 1974), with 

more complex cells binocular than simple cells—88 percent 
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and 49 percent, respectively (Schiller, Finlay, & Volman, 

1976). Large differences in disparity of stimuli presented 

to the receptive fields of the two eyes do not lead to 

changes in the cell's activity (Hubel & Wiesel, 1970). 

Almost all of the cells in area 18 are binocular (Baker, 

Grigg, & Von Noorden, 1974; Hubel & Wiesel, 1970; Baizer, 

Robinson, & Dow, 1977) . Most of the binocular cells of 

area 18 have properties similar to the complex cells of 

area 17. About 46 percent of the binocular cells are 

responsive only when stimulated through both eyes. These 

cells have predominately, though not exclusively, vertical 

orientations and alter their firing rates as a function of 

disparities between receptive fields of the two eyes (Hubel & 

Wiesel, 1970; see Baizer, Robinson, & Dow, 1977). 

In summary, the vast majority of size-specific corti

cal cells are not disparity detectors and, therefore, are 

not involved in stereopsis; furthermore, the nondisparity 

detecting, size-specific neurons are closer to the electrode 

placement used in this and other similar studies, so they 

would be more clearly'represented in the VEP. 

Interocular pattern suppression. Suppression by in

creasing element size is greater in subjects with good 

stereoacuity; however, it is present in subjects with poor 

stereoacuity (Harter, Towle, Zakzrewski, & Moyer, 1977). 

It appears to be less influenced by luminance than is size-
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specific suppression in that suppression by increasing 

pattern element size has been observed in dim light, but 

size-specific suppression has not (Harter, Towle, 

Zakzrewski, & Moyer, 1977). Binocular rivalry is a rela

tively non-selective suppression of input from one eye 

by disparate input to the other (Blake & Fox, 1974; Schor, 

1977), suggesting that suppression by increasing element 

size may be related to the neural mechanism of rivalry 

suppression (Harter, Towle, & Musso, 1976). Inter-

ocular pattern suppression might result from the sensitivity 

of binocular unresponsive regions to spatial frequency; 

the greater the element sizes presented to the unresponsive 

regions the greater the suppression of a cell's activity 

to patterns presented in the same eye (Bisti, Clement, 

Maffei, & Mecacci, 1977; however, see Relationship to size 

channels below). 

In summary, it has been suggested that the three in-

terocular suppression effects observed in the present ex

periment have different physiological bases. Interocular 

luminance suppression may be attributable to the suppressing 

effects of uniform illumination of cells' unresponsive re

gions on their responsivity. Interocular pattern suppres

sion due to increasing pattern element size may also be 

accounted for in terms of the characteristics of unresponsive 

regions. Interocular size-specific suppression is attributable 
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to the size selectivity of some binocular cells which in

hibit their responsivity to stimuli presented in the recep

tive field of one eye if there is input by the same sized 

stimulus to the other eye. 

Relationship to size channels. A number of investi

gators have proposed that the visual system may be composed 

of separate size (or spatial frequency) channels. The fact 

that intraocular and interocular adaptation to sinusoidal 

or square-wave gratings is spatial frequency specific 

supports the hypothesis of spatial frequency (or size) 

channels in the visual system with a half band width of 

one octave (Blakemore & Campbell, 1968, 1969; Blakemore & 

Sutton, 1969; Pantle & Sekuler, 1968). Square-wave stimuli 

are composed not only of their fundamental frequency but 

also of their harmonics. If stimuli are bars of equal white 

and black or checks, their odd harmonics (i.e., third, 

fifth, etc.) give the stimuli their square-wave appearance 

(Campbell, Howell, & Robson, 1971). Because any square-

wave stimulus has not only the fundamental frequency but 

its harmonics contained within the pattern, adaptation to 

a square-wave pattern of one fundamental spatial frequency 

also adapts the system to the harmonics contained within 

it (Blakemore & Campbell, 1969; Tolhurst, 1972). 

Size-specific interocular suppression may be presumed 

to result from the activation of binocular size (or spatial 
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frequency) channels. Interocular suppression by larger 

sized pattern elements may also have the same explanation, 

at least in the present experiment. If one assumes the 

fundamental frequency of the 20' dot pattern to be the fourth 

harmonic of the 80' dot pattern (1.5 and .375 cycles per 

degree respectively), then the suppression of the 20* dots 

may be a special case of the size-specific suppression, 

which may account for the fact that both types of pattern 

suppression are moderately related to stereopsis (Harter, 

Towle, Zakzrewski, & Moyer, 1977). 

Interaction of Color and Size Channels 

The primary purpose of Experiment 1 was to demonstrate 

the feasibility of using the color separation method to 

investigate size-specific binocular interaction. However, 

the fact that the color separation method yields size-

specific interocular suppression of VEP amplitude gives in

formation as to the organization of information processing 

channels for size and color in the human visual system. 

If size were binocularly coded within color channels so 

that for each color there were separate size channels, then 

presentation of green patterns to one eye would not neces

sarily cause reduced responsivity to patterns of the same 

size flashed in red to the other eye. The presence of 

size-specific interocular suppression in the present 
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experimental situation suggests that the binocular size 

channels influenced by the experimental conditions were 

either not spectrally selective or were activated by both 

the red and green channels. The most likely interpretation 

is that the size-specific binocular cells are not spec

trally selective. Although several instances of inter-

ocular transfer of pattern specific color effects (Sharpe, 

1974; Cosgrove, Kohl, Schmidt, & Brown, 1974) may best be 

explained by the presence of spectral and pattern speci

ficity of individual cortical neurons, the difficulties in 

finding pattern contingent color after-effects (McCullough, 

1965; Helper, 1968; Stromeyer & Mansfield, 1970; Murch, 1972; 

Stromeyer, 1972; Lovegrove & Over, 1973; Maudarbocus & 

Ruddock, 1973; but see Mikaelian, 1975; MacKay & MacKay, 

1973) and the indications that color differences alone do 

not yield perceptions of depth (Julesz, 1971, pp. 264-267; 

Lu & Fender, 1972) suggest that such neurons are rare. In 

the monkey, some cells are both spectrally and spatially 

selective (Dow & Gouras, 1973). However, most of the 

pattern selective cortical cells are either spectrally 

non-selective (Hubel & Wiesel, 1968, 1974) or receive input 

from both red and green channels (Dow & Gouras, 1973). 
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CHAPTER V 

EXPERIMENT 2 (INFANT BINOCULAR 

INTERACTION): METHODS 

The binocular interaction of three full-term, normal 

infants was investigated using visually evoked potentials. 

Each infant completed at least five replications of the ex

perimental procedure. Efforts to recruit a larger number 

of subjects were made. Additional mothers willing to 

participate for the required number of sessions were not 

located. 

Mothers were informed of the purpose of the investi

gation and of the procedure and were asked to talk to their 

pediatricians before agreeing to participate in the experi

ment. Mothers' permissions were received before the infants 

began the experiment. Mothers served as experimenters so 

that they might have full knowledge of the experimental 

procedure and could monitor their own infant's welfare. 

The procedure used was exactly the same as in Experiment 

1, with the following exceptions: 

1. Hypoallergenic tape was used to hold the active 

electrode approximately 1 cm above the inion. 

2. The reference electrode was placed on the left ear. 

3. Data were not plotted until the end of the session 

in order to reduce the length of the session. 
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4. Stereoacuity and other behavioral measures of 

visual capacity were not collected prior to the experiment. 

5. The infant was placed in an infant seat or held in 

his mother's arms at approximately a 45-degree angle with 

the eyes approximately 59 cm from the stimulus display 

screen. Eye position and activity level were monitored 

using a closed-circuit television. VEPs were recorded only 

when the infant was in a quiet, alert state with eyes open 

and oriented toward the stimuli. When these conditions of 

eye fixation and alertness were not met, the experimenter 

pressed a switch which stopped the recording. Pressing the 

"not looking" button also caused a recycling timer to acti

vate a counter each time it timed out, so that the number 

of seconds during which the infant did not look could be 

recorded for each stimulus condition. 

6. An assistant and the mother were in the experi

mental chamber to monitor the infant's state, electrode 

placement, position of the glasses, and stimulus presenta

tion. 

7. A recording session consisted of one block of 32 

presentations of each of nine stimulus combinations. The 

experimental conditions were replicated, counterbalancing 

for order across sessions. During some sessions control 

data were collected. If an infant fell asleep or became 

fussy during a session, recording stopped and began anew 

another day. 
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8. Responses were recorded from the right eye rather 

than the left. 

Subjects. The three subjects were JB (male), KW 

(female), and MO (male). All three were first-borns, 

judged normal, and their gestational ages were 284, 285, and 

285 days at birth. JB participated in five complete repli

cations at 20, 69, 75, 78, and 93 days of age; KW partici

pated in six at 99, 104 (two replications), 110, and 112 

(two replications) days of age; MO in ten at 33, 53, 63, 

69, 77, 84, 88, 95, 98, and 104 days of age. The average 

age for each infant was 65, 76, and 107 days respectively. 

Their average age at testing was 8 3 days. 
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CHAPTER VI 

EXPERIMENT 2 (INFANT BINOCULAR 

INTERACTION): RESULTS 

Figure. 3 shows the data from the three infants who 

participated in Experiment 2. Each tracing represents the 

average of 32 responses to the flashed stimulus. The wave

form of the VEPs consisted of three prominent components 

which were respectively surface-positive, surface-negative, 

and surface-positive in polarity and had peak latencies at 

200-100 msec, 350-200 msec, and 460-400 msec. These com

ponents were comparable in polarity and latency to those 

termed P2, N2-P3-N3 complex, and P4 (Harter & Suitt, 1970; 

Karmel, Hoffmann, & Fegy, 1974; Harter, Deaton, & Odom, 

1977a, 1977b). 

The data were quantified by measuring VEP amplitude, 

in reference to a baseline, at four latencies after trace 

onset, termed P2, N2, N3, P4 respectively. Baseline was the 

mean of the most surface-negative and surface-positive 

points in the entire VEP. Trace onset was approximately 

40 msec prior to the flash onset (flash onset being defined 

as the point where three-fourths of the rise in flash 

luminance had occurred). Because latencies of P2, N2, N3, 

and P4 decrease with age (see Harter & Suitt, 1970), for 



FIGURE 3: VEPs of Infant Subjects 
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each of three age levels, an epoch was defined for each 

component and within the epoch the largest amplitude point 

was measured. Between 1-45 days the epochs were 120-160 

msec (P2), 180-220 msec (N2), 280-320 (N3), and 380-420 (P4); 

between 46-84 days they were 100-140 msec (P2) , 200-220 

msec (N2), 300-320 msec (N3), and 380-420 msec (P4); and 

between 85-112 days they were 60-100 msec (P2), 160-200 

msec (N2), 260-300 msec (N3), and 360-400 msec (P4). All 

latencies were time after flash onset. A fifth VEP measure 

was total amplitude (TA), which was the sum of the absolute 

values of the four components. A behavioral measure of 

looking preference was also calculated, percentage of time 

looking (PTL) at a stimulus condition. PTL was the amount 

of time looking (a^vays 34 seconds) divided by the total 

time in a condition. 

The VEPs presented for JB, MO, and KW in Figure 3 show 

that the.data are variable both between and within subjects. 

Nonetheless, all three subjects appear to show some reduc

tion of pattern VEPs as luminance is added to the nonflashed 

eye; also, the presentation of pattern to the nonflashed eye 

further reduces VEP amplitude to the pattern. Only one of 

the three subjects, JB, showed evidence of size-specific 

reduction of VEP amplitude. For JB, pattern VEP were 

smallest to 20' dots when 20' dots were viewed continuously, 

and to 80' dots when 80' dots were viewed continuously. JB's 
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size-specific reduction of VEP amplitude was evidenced 

during his first session at 20 days. Given that he was the 

youngest subject, age alone does not appear to account for 

his difference from the other two subjects. 

Graphic presentation of the group mean and individual 

subject's means for each condition and measure is made in 

Figure 4. The quantified raw data of these subjects is 

presented in Appendix D. 

Preliminary analyses failed to show an interaction of 

age with the experimental conditions; therefore, the effects 

of age on VEP were not examined further statistically. 

Analyses of variance (ANOVAs) for repeated measures were 

calculated for each measure to assess treatment effects 

statistically. Three analyses were performed, an analysis 

to assess the intraocular effects of pattern in the flashed 

stimuli when the nonflashed stimulus was darkness; an analysis 

to examine the interocular effects of changing the con

tinuously viewed stimulus from darkness to diffuse light on 

VEPs to the dots; and an analysis to examine the interocular 

effects of changing the continuous stimuli (diffuse light, 

20' or 80' dots) on VEPs to dot-patterns. Pooled error 

terms were used in group analysis if separate error terms 

estimated the same variance (p of F ?.25). In addition to 

the ANOVAs of group data, ANOVAs were also performed on the 

data of individual subjects using replication x treatment 



FIGURE 4: Quantified Means of Infant Subjects 
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interactions as the error term. Following ANOVAS, Newman-

Keul tests were performed to compare the means. Correlation 

coefficients were also calculated between all variables as 

a test for linear trends in the data. These tables are 

presented in Appendix E. ' 

Intraocular Effects 

Group analyses of VEP data failed to detect an effect 

of flashed stimuli when the nonflashed eye viewed darkness. 

The behavioral measure, PTL, however, indicated that as a 

group the infants spent more time looking at the 20' dot 

pattern (93 percent), then the 80' dots (88 percent), and 

then the diffuse flash (80 percent; F=4.26, df=2,55, p<.03). 

Individual subject analyses indicated that N3 amplitude 

varied with the flashed stimulus for JB (F=8.9, df=2,7, 

p=.01) and for MO (F=4.49, df=2,17, p=.025). The pattern 

giving the largest amplitude N3 differed for the two sub

jects. The 20' dots elicited the greatest N3 amplitude for 

JB (p < .05) and the 80' dots elicited the greatest N3 

amplitude for MO (p< .05), 

Group analyses indicated that the 20' dots elicited a 

larger amplitude N2 (F=4.92, df=l,73, p<£.05) and P4 

(F=3.91, df=l,73, p <.05) than elicited by the 80' dots when 

the continuously viewed stimulus was darkness or 

diffuse light. Correlation of N2 and P4 amplitude indicated 
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that each of the three subjects showed the same trend of 

larger amplitude VEP in response to the smaller dots 

(N2: Group, r=.20;JB, r=.46, p<.05; KW, r=.26; MO, r=.06; 

P4: Group, r=-.21; KW, r=-.37; JB, r=-.15; MO, r=-.14). 

MO and KW indicated the opposite trend (i.e., 80' dots 

elicited the larger amplitude), respectively, for N3 (F= 

9.74, df=l,9, p < .01) and P2 (F=6.79, df=l,5, p<.05). 

Interocular Luminance Effects 

Neither group nor individual analyses yielded a 

statistically significant relationship between VEP ampli

tude and whether subjects viewed darkness or diffuse light 

in the nonflashed eye. 

Interocular Effects of Pattern 

Group analyses indicated that N2 amplitude varied as a 

function of the main effect of the continuously presented 

stimulus (F=4. 66 , df=2, H3, p<.05). N2 amplitude correlated 

positively (i.e., became less negative) with the dot size 

of the continuous stimulus (r=.28, p<.05) indicating that 

N2 decreased in amplitude as dot size increased. All sub

jects showed the same trend (MO, r=.31, p <.01; KW, r=.34; 

JB, r=.22). 

Analysis of group data indicated that P2 amplitude 

elicited by 20' and 80' flashes interacted with the stimulus 
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presented continuously to the nonflashed eye (F=10.62, 

df=2,4, p=.025). Post hoc comparisons of the means were 

not statistically significant. 
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CHAPTER VII 

EXPERIMENT 2 (INFANT BINOCULAR 

INTERACTION): DISCUSSION 

The present results provide objective electrophysio

logical evidence of binocular interaction in young infants. 

Binocular interaction was evidenced by the size-specific 

interocular suppression and interocular pattern suppression; 

the P2 amplitude evoked by a particular dot pattern was in 

general smallest when a pattern composed of the same sized 

dots was viewed by the other eye, and N2 amplitude evoked 

by either dot pattern was reduced as the dots of the pat

tern viewed by the other eye increased in size. In addition, 

the present results corroborate the findings that infants 

spend a greater percentage of time fixating flashing patterns 

than diffuse flashes; that, as predicted, infants of an 

average age of 2.5 months spend a greater percentage of time 

looking at patterned flashes comprised of smaller elements 

(20') than at patterned flashes comprised of larger elements 

(80'); and that greater amplitude N2 and P4 are evoked by 

patterns with smaller elements than by patterns with larger 

elements (Harter, Deaton, & Odom, 1977a, 1977b; see Karmel, 

Hoffmann, & Negy, 1975) . The interocular effects will be 

discussed separately and in relationship to the development 
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of binocularity and the intraocular effects will be discussed 

in relationship to previous investigations of infant pattern 

VEPs. 

Interocular Luminance Suppression 

Although the raw data suggest the presence of inter

ocular suppression by luminance, the variability of VEPS in 

the dark conditions resulted in no statistically signifi

cant effect. In discussing the interocular suppressing 

effects of luminance for adults, both non-neural and neural 

factors were proposed to account for the data, the non-

neural factors being changes in pupillary size and accommo

dative refractive error and the neural factors being the 

increased sensitivity of one eye to higher spatial frequencies 

as a result of increased luminance and the reduction of 

cellular response rates when unresponsive regions were 

stimulated by diffuse light. In the case of adults, the 

neural effects seemed more important. In the infant case, 

this may not be true. When infants viewed stimuli in dark

ness, the effects of the flash varied considerably from 

replication to replication (see Figure 3). Neither effects 

of age nor attention, as measured by PTF, appear to account 

for the variability; the inability of infants to maintain 

consistent accommodation might (see Haynes, White, & Held, 

1965). The variability in the dark condition may have ob

scured an interocular effect of luminance. 



64 

Size-Specific Interocular Suppression 

Size-specific suppression was presumed, in adults, to 

derive from binocular neurons, primarily in area 17, having 

similar receptive fields for each eye. A flashed continuous 

stimulus interaction was found in infants 20-112 days of 

age. Visual inspection of JB's data suggest size-specificity, 

suggesting that the binocular cells in area 17 are present 

early in postnatal life, perhaps as early as birth, in at 

least some infants. The presence of binocular neurons in 

area 17 of one-day-old macaques (Wiesel & Hubel, 1974) 

lends support tc the interpretation of early development of 

binocular cells. It should be noted, however, that the 

apparent size-specific suppression was not statistically 

significant. Neither size-specific suppression of VEPs 

(Harter, Towle, Zakzrewski, & Moyer, 1976) nor the bino-

cularity of area 17 cells (Hubel & Wiesel, 1970) appears 

directly related to stereopsis, especially as measured by 

stereoacuity. Therefore, the presence of these cells 

would not provide direct evidence of the presence of 

stereopsis in young infants. 

Interocular Pattern Suppression 

N2 decreased in amplitude as dot size presented to 

the nonflashed eye increased. The trend was present in all 

three subjects. 
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The interocular suppression due to increased pattern 

element size in the nonflashed eye was presumed in adults 

to result from the activity of inhibitory unresponsive 

regions. The unresponsive regions are present in both simple 

and complex cells in adult cats (Bisti, Clement, Maffei, & 

Mecacci, 1977). 

An alternative explanation, which could not be entirely 

excluded in the present experiment, was that suppression by 

increasing pattern element size is an artifact of the use 

of square-wave patterns, in which case suppression of pat

terns with smaller elements by patterns with larger elements 

is a special case of size-specific suppression. The harmonics 

contained within the larger elements suppress the patterns 

with smaller elements which are within their spatial fre

quency channel. 

A number of non-neural factors might account for the 

interocular effect of pattern size, namely intraocular 

suppression effects, poor contrast sensitivity, differential 

attention to continuous patterns of larger element size, and 

differential accommodation. Intraocular suppression might 

affect the results by means of the leakage of light or the 

visibility of patterns flashed to one eye, but, as a result 

of head position, is visible around the green lens to the 

nonflashed eye. The leakage of light is almost certain to 

have occurred but, especially in conditions where continuous 
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stimulation was present, the magnitude of light leakage 

seems unlikely to have created the effects. The leakage of 

flashed pattern stimulation is less likely. Cotton was 

placed over the bridge of the nose to prevent the infants 

peeking at the flashed or continuous stimuli with the in

appropriate eye. In any case, to observe the flashed stimuli 

with the nonflashed eye or the continuous stimulus with the 

flashed eye would have required a major alteration in the 

infants' head positions, a change which the experimenter, 

the observer, or the mother would have noted, resulting in 

a cessation of the experiment. Therefore, intraocular 

effects are an unlikely explanation of the observed effects, 

although they cannot be totally excluded. 

It is known that the contrast sensitivity of infants 

is less than that of adults (Atkinson & Braddick, 197 6) 

and that smaller stimuli compared to larger stimuli of the 

same contrast have less subjective contrast as evidenced by 

their reduced detectability; they appear less sharp. Infants 

in the age range of this study frequently prefer to look at 

stimuli larger than 20' (Karmel & Maisel, 1975). 

If infants attended more to patterns of increasing size, 

their response to the flashed stimuli might have been re

duced. Infant PTF, the behavioral index of attention, was 

not related to the pattern size of the continuous stimulus 

(r=-.04, p> .05), although it was significantly related to 

N2 magnitude (r=-.19, p< .05), indicating that the infants 
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looked less at the stimulus combinations which elicited 

reduced N2 amplitude. Attention to the continuous pattern 

does not seem to account for the data, rather conditions 

yielding VEP suppression were less preferred by the infants. 

Conclusion 

Neural factors appear to account for the. pattern size 

suppression evidenced by the VEP data. Non-neural factors 

may account for the absence of interocular luminance sup

pression. Size-specific suppression appears to reflect the 

early development of binocular cells in area 17. 

Relationship to a Critical Period for the Development of 

Binocularity 

In cats (Wiesel & Hubel, 1965b), monkeys (Baker, Grigg, 

& Von Noorden, 1974), and humans (Hickey, 1977; Banks, Aslin, 

& Letson, 1975; Hohman & Creutzfeldt, 1975) there is a 

proposed critical period for the development of binocularity. 

Estimation of the critical period is based on susceptibility 

to loss of binocularity and ability to recover from the 

effects of trauma which otherwise would result in the loss 

of binocularity. In the case of animals, the most frequently 

studied preparation is a monocular deprivation (MD) resulting 

from suturing the lids of one eye together. In the LGN, 

Y-cells are more affected by MD in the cat (Sherman, Hoffman, 

& Stone, 1972; Sherman, Wilson, & Guillery, 1975; Garey & 
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Blakemore, 1977b), tree shrews (Norton, Casagrande, & Sherman, 

1977) and monkeys (see Von Noorden & Middleditch, 1975) than 

are other cell types, perhaps because they are less mature 

(Norman, Pettigrew, & Daniels, 1977; Rusoff & Dubin, 1977; 

Hickey, 1977). Y-cell loss in MD occurs concurrently with 

the loss of binocularity in cortical cells (Hubel & Wiesel, 

1965; Wiesel & Hubel, 1965a, 1965b) and complex cells 

appear more affected by MD than simple cells (Wilson & Sherman, 

1977). Experiments proposing a parallel processing model of 

the visual system suggest that complex cells receive input 

from Y-cells (Hoffmann & Stone, 1971; Stone & Dreher, 1973). 

In cats, the most studied species, the onset of the 

critical period coincides with a) the clearing of the ocular 

media, so that the optics of the eye are relatively good 

(Thorn, Collender & Erickson, 1976); b) the emergence of 

relatively mature LGN cells, especially X-cells, whose 

extent of excitatory input corresponds with that of the 

adult (Ruskoff & Dubin, 1977); and c) the termination of a 

period of maximal LGN cell growth (Garey, Fisken, & Powell, 

1973) and synapse formation in the LGN and cortex (Cragg, 

1975). In cats, the end of the critical period a) coincides 

with the attainment of adult visual acuity (Marg & Freeman, 

1975; Mitchell, Giffin, Wilkinson, Anderson, & Smith, 1976); 

b) coincides with the cessation of LGN cellular growth 

(Garey, Fisken, & Powell, 1973), and c) follows the emer

gence of "normal" interocular alignment (Sherman, 1972). 
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Human infants are born with clear ocular media. The 

most rapid growth of the LGN ceases at six months and 

twelve months for the parvocellular (X-cell) and magno-

cellular (Y-cell) layers, respectively (Hickey, 1977). A 

divergent strabismus is present at birth (Maurer, 1975; 

see Bower, 1975; Slater & Findlay, 1975). The fact that the 

eyes must shift position dramatically during development 

suggests that either the usual mechanisms of fusion would 

be inoperative or that cells' receptive field characteris

tics would have to be loosely tuned (see Bower, 1975), 

which is true in kittens {Barlow & Pettigrew, 1971; Imbert & 

Buisseret, 1975). Cellular growth continues in the human 

LGN until approximately 24 months of age (Hickey, 1977). 

Based on these anatomical considerations and compari

sons with the cat's critical period for the development of 

binocularity, one would propose that the beginning of the 

human critical period begins at around six months of age and 

continues until the end of the second year. This estima

tion agrees well with estimates of the critical period 

based on records of the onset of and recovery from strabismus 

(Banks, Aslin, & Letson, 1975; Hohman & Creutzfeldt, 1975). 

It does not agree well with an estimate of the critical 

period based on VEP studies of visual acuity development in 

infants (Marg, Freeman, Peltzman, & Goldstein, 1976). How

ever, in estimating visual acuity, one attempts to find the 
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minimal resolvable pattern size. Simple cells have smaller 

receptive field sizes and resolve higher spatial frequencies 

than complex cells (Schiller, Finlay, & Volman, 1976), sug

gesting that they are important in estimates of acuity. LGN 

X-cell development appears to coincide well with the develop

ment of infant acuity; both mature at about six months of 

age. In infants, attaining adult visual acuity may indicate 

the beginning of the critical period, not its end. 

The results of the present experiment provide no direct 

evidence regarding the beginning or ending of the critical 

period because no developmental trends were observable in 

the data. This absence of change is more understandable, 

however, if one assumes that the critical period begins only 

at the end of the first half-year of life. 

Relationship to Previous Research 

Intraocular effects. When infants viewed the flashed 

stimuli in darkness, they preferred to look at flashes in 

the order of 20' dots, 80' dots, and diffuse light, indicat

ing that infants could discriminate the stimuli from one 

another. Visual preference was not significantly correlated 

with VEP amplitude, possibly because VEPs were very variable 

when the nonflashed eye viewed darkness. When the nonflashed 

eye viewed either darkness or diffuse light, 20' flashes 

elicited greater N2 and P4 amplitude than 80' flashes. 
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Other investigations using flashed stimuli have found 

that pattern affected the amplitude of P2, N2, and P4. 

P2 and N2 amplitudes in infants 45 days or less were evoked 

by small stimuli (11* or 22'; Harter, Deaton, & Odom, 

1977b; but see Hoffmann, 1978). In infants older than 45 

days, P2 and N2 amplitudes have been to larger stimuli, 

the size of the stimulus evoking the greatest amplitude 

decreasing with age (Karmel, Hoffmann, & Fegy, 1975; 

Hoffmann, 1978; Harter & Suitt, 1970). P4 amplitude, while 

not affected by pattern during the first month, is affected 

by patterns greater than 1° during the second month (Harter, 

Deaton, & Odom, 1977b; also see Hoffmann, 1978). Presumably, 

smaller sizes evoke maximal P4 amplitude with age (see 

Harter, Deaton, & Odom, 1977b). The greater amplitude of 

P4 and N2 to the 20' dot patterns, when VEPs are combined 

across light and dark conditions, is consistent with the 

findings of the others cited above. 

When the nonflashed eye viewed darkness, the flashed 

stimuli did not consistently differentially affect VEP 

amplitude. Infant VEPs vary from replication to replica

tion, especially in the dark condition (see Figure 3). 

The variability could derive from three sources: 

accommodation, attention, or lack of binocular stimulation. 

1) In the dark condition, infants may have had a 

difficult time maintaining accommodation; consequently, 
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both within and between trials infants' refractive error and 

the stimulus clarity would vary. 2) Without a constant 

stimulus to fixate, infants may have had a difficult time 

attending to the flash. The behavioral data suggest that 

this would be particularly true of the diffuse flash. 

Infants are not particularly attentive to unpatterned visual 

stimuli (see Fantz, Fagan, & Miranda, 1975; Salapatek, 1975; 

Harter, Deaton, & Odom, 1977a, 1977b). 3) Lastly, in adult 

cats the neural response to monocular stimulation is more 

variable than binocular stimulation (Crawford & Cool, 1970) 

which could cause a more variable VEP. Variability in 

infants' individual VEPs is correlated with reduced ampli

tude of average VEPs (Harter & Suitt, 1970). 

Relationship to cortical and subcortical development. 

Prior investigations of VEPs elicited by patterned light have 

had one of two purposes, the measurement of basic sensory 

capacities or studying the relationship of VEP amplitude 

and pattern preferences. The nature of infant pattern pre

ferences changes dramatically during the second postnatal 

month (see Fantz, Fagan, & Miranda, 1975; Salapatek, 1975) 

prompting several authors to propose that during the second 

month the infant's primary visual system (geniculostriate 

system or cortical system) becomes functional in controlling 

visual preferences (Bronson, 1973; see Salapatek, 1975). 

Changes in the relationship of VEP components to visual 
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preferences have led to proposals that prior to the second 

month control of visual behavior is controlled by subcortical 

structures; subsequently, control is cortical (Harter, 

Deaton, & Odom, 1977a, 1977b; Karmel & Maisel, 1975; Hoffmann, 

Note 3, 1978). 

The nature of hypotheses about the relationship of VEP 

components to cortical and subcortical structures and the 

nature of those structures differs, however. Karmel and 

his colleagues have proposed that in infants 55-107 days of 

age, P2 reflects the activity of the visual cortex and that 

P4 represents the activity of subcortical structures, possibly 

the pulvinar or cortical activity elicited by that structure. 

The mathematical estimates of younger infants' (second month) 

pattern preference in behavioral studies coincide with 

mathematical estimates relating P4 amplitude to stimulus 

size for infants having longer P2 latency (neurally younger 

infants); mathematical estimates relating P2 amplitude to 

pattern size for infants having longer P2 latency were simi

lar to estimates of older infants' (fourth month) visual 

preferences. P4 amplitude was greatest to 40' and 5° checks 

for the neurally younger and older groups respectively. 

P2 was quantified in two ways, by means of fixed latency 

determined from group VEPs and by means of visual identi

fication of components. P2 amplitude was greatest to 5° 

patterns for the younger group and 40' for the neurally 



74 

older group, as identified by fixed latency. The visual 

inspection procedure indicated that the greatest P2 ampli

tude for both groups was elicited to 80' patterns 

(Hoffmann, Note 3, 1978). 

Harter, Deaton, and Odom (1977a) based on data from 

infants 6-45 days of age proposed that P2 amplitude re

flected the activity of neurons tuned to higher spatial fre

quencies and that P4 reflected the activity of neurons tuned 

to lower spatial frequencies. P2 was unrelated to infants' 

visual preferences in the experiment, while P4 was related 

to the visual preferences of infants in the older (21-45 

days) group. Because of their relationship to visual be

havior, it was proposed that P2 reflected subcortical acti

vity and P4 reflected cortical activity. Hoffmann's failure 

to find a relationship between P2 amplitude and pattern was 

attributed to his failure to use smaller check sizes (ll1 

or 22'). 

The present study used a smaller dot size (20') and a 

larger dot size (80'). Infants were approximately the same 

age as in Hoffmann's study (20-112 days in the present study). 

ANOVAs indicated that P4 amplitude was larger to 20' than 

to 80' dot flashes. Correlations indicated the same trend 

for P4 (r=-.21, p < .01) and that P2 amplitude was correlated 

with large dot sizes (r=.27, p<.01). The two older infants 

showed the same relationship of P2 to dot size, while the 
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younger showed no relationship (MO/ r=39, p< .01; KW, 

r=.26; JBf r=-.02). The pattern size eliciting the greatest 

P2 amplitude is exactly the same in the present study and 

in Hoffmann's when comparable methods of data quantifica

tion were used. 

In the present study, P2 and P4 appear to reflect the 

activity of two separate populations of neurons, tuned to 

large and small dot sizes respectively. The concept of 

two separate neuronal populations is supported by the 

divergent relationships of N2 and N3 amplitudes to dot size 

and the relationship of the four components to one.another. 

N2 amplitude is greater to the small dot flashes and N3 

amplitude to the larger. P2 and N3, N2 and P4, and N2 and 

N3 are correlated (r=-.49; r=-.79; r=.37, respectively), 

indicating that N2 and P4 amplitudes are very much influenced 

by the same process and that N3 is influenced by two pro

cesses, one reflected by P2 and the other by N2. 

The concept of separate neural populations in the 

cortex may be a more fruitful approach in explaining the 

relationships of P2 and P4, than a cortical subcortical 

dichotomy. In either case, the fact that at less than 45 

days of age P2 gives a peak response to patterns of 22.5* 

and at greater ages to patterns of about 80' is puzzling. 

Another approach to the question of cortical versus 

subcortical origin of P2 might be the presence of binocular 
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interaction. The fact that P2 may reflect binocular inter

action would argue for its probable cortical origin. How

ever, recent evidence that the superior colliculus of primates 

has binocular cells in the superficial layers which do not 

depend on the cortex for their binocularity (Schiller, 

Stryker, Cynander, & Berman, 1974) and that the ocular 

dominance columns of the colliculus reach maturity prior to 

those of the cortex in monkeys (Rakic, 1976, 1977) indi

cates the possibility that P2 reflects the activity of the 

superior colliculus. 

In summary, the results of the present study are con

sistent with those of previous infant VEP research. The 

data of the present study do not conclusively indicate the' 

origin of P2 and P4. 
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APPENDIX A 



Quantified Data: Adults 

Flashed Stimulus 
Continuous Stimulus 

Subject Replication Measure 

JB 1 60 
1 110 
1 160 
1 220 
2 60 
2 110 
2 160 
2 220 

DB 1 60 
1 110 
1 160 
1 220 
2 60 
2 110 
2 160 
2 220 

JM 1 60 
1 110 
1 160 
1 220 
2 60 
2 110 
2 160 
2 220 

iffuse 20' 20' 20' 20' 80' 80' 80* 80' 
3ark dark diffuse 20' 80' dark diffuse 20' 80* 

-8 10 6 -1 0 10 23 -10 13 
-35 -47 -40 -40 -41 -30 -26 -51 -32 
16 39 5 22 14 25 24 0 16 
21 19 -8 11 -6 20 43 20 12 
7 -28 6 5 4 18 18 -11 -6 
0 -57 -41 -31 -39 -36 -38 -53 -19 
28 24 30 32 11 41 18 -14 6 
22 22 22 24 -12 40 27 3 0 

-21 -65 0 -21 -7 -2 13 42 23 
-7 21 -36 -55 -28 -65 -103 -107 -73 
28 83 -16 -14 -5 70 -2 7 12 
-8 32 -13 0 50 40 20 30 26 
-16 -24 -14 -12 5 20 15 23 24 
-15 -25 -18 -26 -31 -21 -80 -102 -82 
47 56 -12 -15 -6 116 30 -12 15 
-5 45 18 17 36 38 28 25 27 

-9 -13 -1 -4 -9 8 7 14 14 
18 -18 -63 3 -36 -27 -54 -60 -31 
54 66 0 21 16 65 -2 -3 4 
36 44 28 24 8 10 11 16 -8 

-19 -12 0 -3 14 7 20 19 22 
24 2 -31 -38 -33 -25 -53 -52 -38 
54 62 16 6 6 60 21 -24 6 
26 46 24 23 5 15 13 2 -12 

- J  



Quantified Data: Adults (continued) 

Subject 

MH 

MRH 

MJ 

Flashed Stimulus diffuse 201 20' 20" 20' 80' 80* 80* 80' 
Continuous Stimulus dark dark diffuse 20' 80' dark diffuse 20' 80* 

Replication Measure -

1 60 -10 -14 21 -9 -19 -2 26 17 0 
1 110 36 -16 -10 -14 -47 -32 -77 -112 -83 
1 160 77 48 18 2 11 93 37 28 30 
1 220 -8 0 -20 -11 8 9 13 29 -31 
2 60 -20 3 -13 -3 -7 -6 23 10 15 
2 110 43 -7 -15 0 -30 -78 -89 -70 -66 
2 160 62 28 9 27 19 65 5 -15 50 
2 220 5 -9 -7 10 20 30 5 ' 29 2 

1 60 -18 -14 8 -4 7 -1 10 5 9 
1 110 8 -40 -54 -32 -52 -38 -45 -53 -29 
1 160 23 78 0 3 -5 51 30 -2 12 
1 220 12 40 29 -5 17 36 30 35 14 
2 60 -18 -18 0 2 2 -9 5 6 8 
2 110 5 -39 -55 -19 -50 -32 -53 -54 -27 
2 160 22 66 -3 6 -18 47 9 -15 14 
2 220 26 61 58 9 9 47 27 29 25 

1 60 -12 -29 -15 -4 -15 -35 -3 9 -6 
1 110 -13 -126 -130 -56 -89 -144 -122 -100 -77 
1 160 30 158 86 67 19 116 31 -27 45 
1 220 -13 11 14 -14 9 18 16 17 -27 
2 60 -23 -5 -25 -2 -11 -18 -6 -5 5 
2 110 -31 -108 -95 -28 -85 -116 -124 -121 -70 
2 160 107 125 23 65 35 126 21 -34 41 
2 220 3 31 -12 -17 -36 25 -1 10 -13 

00 



Flashed Stimulus 
Continuous Stimulus 

Subject Replication Measure 

LS 1 60 
1 110 
1 160 
1 220 
2 60 
2 110 
2 160 
2 220 

PM 1 60 
1 110 
1 160 
1 220 
2 60 
2 110 
2 160 
2 220 

Quantified Data: Adults 

diffuse 20' 20' 
dark dark diffuse 

-42 -22 6 
7 -101 -32 
45 • 58 26 
-17 14 -3 

5 -6 -17 
-13 -109 -72 
75 117 55 
-27 55 -28 

-17 -15 -15 
-1 -4 40 
45 68 21 
19 22 0 

-11 -36 -10 
-5 -27 -24 
42 48 18 
19 11 1 

(continued) 

20' 20' 80' 80' 80' 80' 
20' 80" dark diffuse 20' 80' 

-18 -12 2 1 24 28 
-29 -3 -108 -69 -66 -11 
33 25 58 -8 7 37 
4 11 2 -46 -34 -27 

-13 0 6 3 28 0 
-22 -58 -91 -77 -61 -39 
56 54 70 34 29 18 
-9 -22 -7 12 4 17 

-7 -9 -19 -16 6 -6 
-27 -28 -18 -48 -46 -23 

7 5 63 7 4 25 
-15 -7 9 4 8 -7 
-12 -5 -14 0 4 10 
-25 -23 -24 -53 -58 -20 
4 10 86 31 10 ' 36 
1 -5 16 7 7 2 

<£> 
v o  
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Adult Subjects' Visual Characteristics 

Subject 

RH 

MJ 

LS 

MH 

PM 

JB 

DB* 

JM* 

Binocular 

1  

.83 

.91 

1.11 

.91 

1.43 

1.11 

1.25 

1.25 

2 

1.2 

1.1 

.9 

1.1 

.7 

.9 

. 8  

. 8  

Left 

1 2 

.83 1.2 

.91 1.1 

1.11 .9 

.91 1.1 

1.43 .2 

1.00 1.0 

1.25 .8 

Right 

1 2 

.83 1.2 

.83 1.2 

.91 1.1 

.91 1.1 

1.25 .8 

.91 1.1 

1.11 .9 

1.11 .9 1.11 .9 

Left-Right 

i 2. 

.00 .00 

-.08 -.10 

. 2 0  - . 2 0  

.00 .00 

18.00 -.10 

.09 -.10 

.13 -.10 

.00 .00 

Stereoacuity 

1 3 

19.0 

9.7 

32.0 

13.0 

362.0 

362.0 

83.0 

362.0 

6 

9 

4 

7 

0  

7 

2 

0  

1^ acuity in minutes of arc 

2_ decimal acuity 

3^ score (0-9), an increasing score indicates better stereoacuity 

* diagnosed by private ophthalmologist or optometrist as lacking 
binocularity; no manifest phoria 



Interrelationship of Measures of 

Visual Acuity of Adult Subjects 

(N=8) 

Binocular 

Left 1 

Left 2 

Right 1 

Right 2 

Left-Right 1 

Left-Right 2 

Stereoacuity 1 

Stereoacuity 3 

Binocular 

1 2 

-98 

96 -93 

-97 97 

94 -89 

-94 91 

57 -58 

-31 37 

72 -72 

Left 

87 88 

-99 

92 

•92 

69 

-40 

53 

-74 

-90 

91 

-70 

45 

-55 

77 

Right 

1  2  

-1.00 

36 

-03H 

64 

-77 

-35 

03"* 

-64 

81 

Left-Right Stereoacuity 

1 2  1  

-92 

10+ 06 

-30 .10"1 -86 

+ p> .05 

JL acuity measured in minutes of arc 

2_ decimal acuity 

3 score on orthorater test (0-9) 
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104 

Adult Correlation Matrices: 

Intraocular Effects of Pattern 

(N=48) 

60 110 160 220 

Experimental Conditions 
Flashed Stimulus 
(diffuse, 20', or 80') 33 -53xxx 32x 31 

VEP Measures 
110 
160 
220 

-10 

-04 -53xxx 

20 -16 16 

Visual Measures 
Minutes of Arc (Acuity) 

Both Eyes 08 24 -13 01 
Left Eye -02 19 -05 -06 
Right Eye -02 38xx -11 05 
Difference (L-R) -01 -26 10 -26 
Stereoacuity 23 30x -36xx 18 

Decimal Acuity 
Both Eyes -12 -21 13 01 
Left Eye -03 -17 04 08 
Right Eye -01 -39xx 13 -05 
Difference (L-R) -05 43xx -16 29 

Other (score 0-9) 
Stereoacuity 26 -37xx 42xx 19 

Post hoc Subject Classification 
Good vs. Poor Stereoacuity 17 -35xx 31x 23 
Good vs. Poor Binocularity 11 28x 05 23 

x 

x = p < .05 
xx = p< .01 
xxx = p< .001 



105 

Adult Correlation Matrices: 

Interocular Effects of Luminance 

(N=64) 

60 110_ 160 220 

Experimental Conditions 
Flashed Stimulus (20' or 80') 43xxX -23 02 01 
Continuous Stimulus (dark or diffuse) 41xx -12 _7jxxx 37 

VEP Measures 
110 01 
160 -39xx -26x 

220 11 09 30x 

Visual Measures 
Minutes of Arc (Acuity) 

Both Eyes 
Left Eye 
Right Eye 
Difference (L-R) 
Stereoacuity 

Decimal Acuity 
Both Eyes 
Left Eye 
Right Eye 
Difference (L-R) 

Other (score 0-9) 
Stereoacuity 

Post hoc Subject Classification 
Good vs. Poor Stereoacuity 
Good vs. Poor Binocularity 

05 36xx -11 -11 
-05 29x -06 -16 
-02 _4gxxx -13 -06 
10 -16 10 -30x 

-21 4 4 xxx -21 07 

-09 -33xx 11 13 
00 -27x 06 18 

1 0
 

H
 

—4 7 xxx 14 06 
-16 36xx -16 31x: 

28x -55xxx 28x -09 

20 49XXX -21 15 
23 26x -09 22 

x = p < .05 
xx = p< .01 
xxx = p t ooi 
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Adult Correlation Matrices: 

Interocular Effects of Pattern 

(N=96) 

Experimental Conditions 
Flashed Stimulus (20' or 80') 
Continuous Stimulus (diffuse, 20' 
or 80') 

VEP Measures 
110 
160 
220 

Visual Measures 
Minutes of Arc (Acuity) 

Both Eyes 
Left Eye 
Right Eye 
Difference (L-R) 
Stereoacuity 

Decimal Acuity 
Both Eyes 
Left Eye 
Right Eye 
Difference (L-R) 

Other (score 0-9) 
Stereoacuity 

Post hoc Subject Classification 
Good vs. Poor Stereoacuity 
Good vs. Poor Binocularity 

60 110 160 220 

54XXX _40xxx -08 09 

08 21x. -00 -17 

-03 
-20x -04 
19 -06 -29 

06 25xx -13 -04 
-01 19 -10 -08 
-03 24x -22x 05 
-10 03 20x -32xx 

10 3 5 XXX -13 06 

-07 -24x 10 06 
-01 19 08 10 
-05 24x 23x -06 
07 07 30xx _37xxx 

-21 _42xxx 25xx -13 

14 

CM 

-29xx 22x 
27xx -01 -35xx 29xx 

x 
XX 

XXX 

- p < .05 
= p < .01 
= P < .001 
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APPENDIX D 



Quantified Data: KW 

Experimental Condition: Flashed/Continuous (min. of arc) 

Flashed Stimulus diffuse 20' 20' 20' 20* 80' 80' 80' 80' 
Continuous Stimulus dark dark diffuse 20' 80' dark diffuse 20' 80' 

Measure Replication Age 

P2 1 99 14 -23 24 18 -2 25 5 5 -10 
N2 1 -11 "13 -25 -19 -7 -26 -8 -12 -20 
N3 1 -5 -5 -9 -15 5 -18 -14 -23 11 
P4 1 15 18 22 12 13 -6 17 9 21 
Time 1 1 5 3 — 40 — — 35 — 

P2 2 104 1 36 12 4 6 33 23 39 34 
N2 2 -66 -62 -58 -37 -30 -18 -18 -33 -21 
N3 2 -16 -33 -20 -11 -26 -38 -22 -34 -36 
P4 2 66 54 58 35 26 -11 6 24 28 
Time 2 16 6 0 0 0 22 47 — 30 

P2 3 104 9 13 6 7 -5 -8 32 35 6 
N2 3 -13 -15 -35 -7 -20 -22 -44 -11 -24 
N3 3 -1 -12 -6 -32 -15 -9 -20 -35 -16 
P4 3 6 12 21 32 22 12 44 33 24 
Time 3 0 0 0 0 0 0 0 0 0 

P2 4 110 12 8 9 -8 -3 9 1 15 -15 
N2 4 -6 -38 -42 -37 -19 -58 -28 -25 -25 
N3 4 -9 -43 -15 -39 -11 -32 -15 -14 -20 
P4 4 -11 41 41 5 18 58 27 9 25 
Time 4 29 3 0 25 3 9 0 0 18 

o 
o o  



Quantified Data: KW (continued) 

Flashed Stimulus diffuse 20' 20' 20' 20' 80' 80' 80' 801 

Continuous Stimulus dark dark diffuse 20' 80' dark diffuse 20' 80' 

iasure Replication Age 

P2 5 112 -5 7 18 7 23 35 22 9 
N2 5 -19 -15 -35 -22 -5 -17 -17 — -4 
N3 5 -3 6 -2 -25 -22 -28 -23 — -18 
P4 5 18 11 35 16 24 -33 25 — 8 
Time 5 56 0 0 0 24 34 54 — 73 

P2 6 112 11 — 1 25 3 4 11 -1 24 
N2 6 -7 — -25 -6 -20 -35 -5 -35 . -19 
N3 6 -23 • — -13 -27 -8 -9 10 -5 -7 
P4 6 -18 — 25 25 9 34 12 34 15 
Time 6 35 — 42 16 45 0 44 41 31 



Quantified Data: JB 

Experimental Condition: Flashed/Continuous (min. of arc) 

Flashed Stimulus diffuse 20' 20* 20' 20' 80' 80' 80' 80* 
Continuous Stimulus dark dark diffuse 20' 80' dark diffuse 20' 80' Control 

Measure Replication Age 

P2 1 20 36 13 -12 2 15 -4 15 35 6 
N2 1 14 -7 -30 -3 -20 -7 -6 19 9 
N3 1 -4 -22 2 9 -37 6 -25 -31 -8 
P4 1 0 -21 10 9 38 0 8 16 0 
Time 1 99 0 0 0 0 0 0 248 . 0 

80'/diffuse 
P2 2 69 28 10 9 0 5 21 3 3 4 6 
N2 2 -30 -39 -11 -11 3 -4 -15 -8 -17 -12 
N3 2 -29 -22 -24 -6 -8 -12 -21 -9 -19 7 
P4 2 20 26 -11 6 8 -14 12 10 6 9 
Time 2 2 5 0 0 0 0 0 1 0 

20'/diffuse 20'/dark 
P2 3 75 15 -7 6 -7 9 4 4 -4 -4 0 0 
N2 3 1 -24 -11 -3 -13 9 -1 -2 -35 -12 -9 
N3 3 2 -13 5 5 -10 10 -13 -1 -6 4 -10 
P4 3 -13 13 7 10 -2 -8 2 10 32 9 -4 
Time 3 4 0 5 14 7 21 1 20 0 

80'/20' 80'/dark 
P2 4 78 2 3 1 7 8 -12 — 3 10 13 5 
N2 4 -2 -8 -29 -8 -3 -17 — -10 4 -11 -6 ' 
N3 4 3 -9 -31 -11 -5 -2 — -17 -11 -17 6 
P4 4 4 -6 26 6 10 16 — 15 -2 6 6 
Time 4 0 0 0 2 2 15 — 15 0 

P2 5 93 — 3 16 9 6 3 0 -5 8 l—1 

N2 5 — -50 -12 -5 -2 -21 -24 -21 -14 o 
N3 5 — -35 -18 -9 -15 -6 0 -9 -1 
P4 5 — 50 13 15 15 10 25 13 7 
Time 5 — 0 30 10 27 0 13 13 2 



Quantified Data: MO 

Experimental Condition: Flashed/Continuous (min. of arc) 

Flashed Stimulus diffuse 20' 20' 20' 20* 80' 80' 80' 80' 
Continuous Stimulus dark dark diffuse 20! 80' dark diffuse 20' 80' Control 

sasure Replication Age 

P2 1 33 7 -5 16 25 14 17 12 12 22 

N2 1 -15 -5 -6 -1 -10 3 -1 -14 2 

N3 1 -5 8 -17 -13 -6 -16 -1 -16 -22 
P4 1 3 -4 16 13 8 13 14 23 11 
Time 1 0 0 0 14 0 0 0 5 20 

P2 2 53 18 -10 9 -3 4 5 -2 6 0 
diffuse/dark 

-2 
N2 2 -11 2 -8 -13 -6 -19 -13 -3 -2 -5 
N3 2 -21 1 -13 -13 -15 -5 -7 -12 -2 0 
P4 2 14 3 14 15 4 4 2 2 -5 3 
Time 2 8 10 0 113 0 0 3 0 0 10 

P2 3 63 3 3 10 3 7 19 19 11 18 
N2 3 -14 -33 -5 -10 -3 3 5 3 -16 
N3 3 -21 -14 -13 -19 -1 -6 -17 -22 -18 

P4 3 -10 32 7 23 3 20 -13 -3 -7 
Time 3 9 9 18 22 10 0 0 5 0 

P2 4 69 4 8 22 22 13 -5 -7 23 12 
80'/dark diffuse/da: 

-8 -3 
N2 4 -21 -15 -20 -23 -9 -23 -24 -22 -18 -15 -13 
N3 4 -11 -7 -6 -14 -5 -16 -14 -10 5 -7 -2 
P4 4 14 9 12 -6 0 11 19 22 17 11 9 
Time 4 5 0 5 0 8 12 0 4 0 

P2 5 77 15 -3 12 -10 5 3 4 20 29 
80*/20' 

-2 £ 
N2 5 -33 -14 -15 -9 -7 -8 -10 -15 8 -3 H 
N3 5 -8 -13 11 20 -8 -5 -11 7 -18 -8 

P4 5 0 3 -23 12 12 1 -1 22 4 -6 
Time 5 0 0 0 0 0 0 0 0 0 



Quantified Data: MO (continued) 

Flashed Stimulus diffuse 20' 20' 20' 20' 80" 80' 80' 80' 
Continuous Stimulus dark dark diffuse 20' 80* dark diffuse 20" 80' Control 

Measure Replication Age 
-

P2 6 84 26 29 13 10 25 18 30 21 4 
N2 6 -41 -29 -8 -7 -27 -16 -31 -5 -13 
N3 6 -23 -21 -4 -11 -31 -33 -29 -10 -21 
P4 6 38 16 14 17 29 8 30 2 23 
Time 6 5 3 0 13 7 8 13 13 40 

P2 7 88 -13 -3 -20 9 22 32 19 26 31 
N2 7 -11 -52 -22 -27 4 -22 -18 -24 -28 
N3 7 -23 15 11 -9 -15 -14 -14 -25 -26 
P4 7 13 41 17 21 -5 25 -10 0 12 
Time 7 23 0 30 28 18 0 0 2 0 

P2 8 95 -26 1 -21 7 13 40 31 -11 11 
N2 8 -40 15 -40 -49 -6 -25 -29 -41 2 
N3 8 -1 30 -3 -13 -16 -30 -14 -11 5 
P4 8 38 16 39 45 14 20 22 30 0 
Time 8 12 24 0 0 0 0 0 0 3 

80'/diffuse 80' /diffuse 
P2 9 98 13 11 16 14 23 19 19 26 10 -3 -10 
N2 9 -51 -12 -30 -25 -14 -29 -12 -23 -9 -7 -11 
N3 9 0 -7 -2 -23 -21 -16 -29 -35 -11 -19 1 
P4 9 43 12 31 26 22 25 -2 24 1  18 4 
Time 9 14 0 22 2 8 14 92 0 0 

P2 10 104 24 17 . 3 -4 -5 18 11 -4 0 
N2 10 -18 -4 -33 -21 -4 -21 -12 -26 8 
N3 10 -18 -8 -19 -19 -13 -25 -11 14 -9 M  U-l 
P4 10 -18 16 4 28 11 9 2 22 16 ro 
Time 10 0 10 14 0 22 1 112 63 45 
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APPENDIX E 



Group Average: Correlation Matrices 

; Luminance Effects -

o
 

CO II 13 

Rep Age Flash Cont P2 N2 N3 P4 Tl 

P2 .13 . 22x . 27xx .01 _ 

N2 -.12 -,43xx . 20+ -.01 -.08 ... 

N3 .06 .17 -. 19+ .03 -.49xx . 37xx ___ 
P4 .10 . 35xx -. 21+ .05 -.03 -.72xx -.15 
T1 .13 . 46xx -.09 -.06 . 42xx 81xx -.53xx .65xx ^ __ 

PT -. 21x -.35xx -.17 -.15 -.11 -.11 .05 .11 -.03 

• Interocular Pattern Effects - N =125 

P2 .00 -.01 . 19x -.02 mmmm N 

N2 -. 18x -. 44xx .12 . 28xx .09 
N3 .04 -.09 -.08 -.04 -.46xx .11 
P4 .08 . 36xx -. 15+ -.08 -.04 -.65xx -.16+ 
Tl .13 . 33xx .01 -. 18x . 39xx -.7lxx -.53xx . 66xx 
PT -.08 -.21x -.09 -.04 -.01 -. 19x .06 .07 .05 

: Intraocular Pattern Effects - N =63 

P2 .08 .05 .12 . , 
N2 -.16 -.39xx .05 -.03 
N3 .01 -.21 -.11 -.47xx . 43xx 
P4 .19 . 32xx -.08 -.14 -.74xx -.17 __ 
Tl .20 . 40xx .02 . 35xx -.81xx -.59xx . 67xx __ 
PT .07 -.12 .20 -.07 -.13 .04 .06 -.11 

+ = p < . 10 
x = p < .05 
xx = p< .01 

I—1 



KW: Correlation Matrices 

: Luminance Effects - N=24 

Rep Age Flash Cont P2 N2 N3 P4 Tl 

P2 -.07 .02 .26 .08 
N2 .05 > -.07 .27 .02 -.21 — 

N3 .23 .08 -.18 .30 -.46x . 43x — 

P4 .05 .10 -.37 .24 -.17 -.78xx -.11 — 

T1 -.06 .09 .09 -.12 • 47x -.86xx -.71xx . 57xx — 

PT -.27 -.27 -.48x -.20 -.27 -.45x .18 .45x .14 

• 
Interocular Pattern Effects - N=34 

P2 -.09 -.09 . 30+ -.22 
N2 .10 .01 .19 .34 .05 — 

N3 .08 -.04 -.02 -.04 -. 29+ .05 — 

P4 -.05 -.01 -.15 -.30+ .20 -.59xx -.11 — 

T1 -.15 -.05 .04 -.28+ . 50xx -.66xx -.54xx . 75xx — 

PT -.34+ -.27 -. 37x -.14 .06 -.47xx -.12 . 52xx . 45xx 

: Intraocular Pattern Effects - N=17 

P2 -.04 .03 .26 __ • 

N2 .14 .02 -.20 — -.12 — 

N3 .03 -.08 -.39 — -. 55x . 46+ — 

P4 -.05 .00 -.15 — -.29 -.81xx -.18 — 

T1 -.09 .04 .31 — .38 -.88xx -.76xx . 59xx — 

PT -.30 -.39 .22 — -.21 -.10 .26 .27 -.10 

t—1 
U1 



MO: Correlation Matrices 

: Luminance Effects - N=40 

Rep Age Flash Cont P2 N2 N3 P4 T1 

P2 .20 .18 . 39xx -.05 __ 

N2 -.41xx -.43xx .06 -.05 .01 — 

N3 -.10 -.12 -.48 -.04 -.56xx .20 • — 

P4 .20 .20 -.14 -.16 .01 -.53xx .01 — 

Total .48xx . 4 9xx .05 -.03 . 39xx -.70xx -.25 . 63xx — 

PT -. 32x -. 32x .01 -.20 .08 -.03 .04 .03 .01 

: Interocular Pattern Effects - N=60 

P2 -.08 -.10 .21 .11 
N2 -.41xx _.41xx .10 . 31xx .11 — 

N3 -.06 -.05 -.13 -.09 -.48xx .08 — 

P4 . 26x .21+ -.18 -.04 -.18 -.58xx -.09 — 

Total . 39xx . 37xx -.01 -.18 . 26x _.77xx -.39xx . 60xx — 

PT -.13 -.10 .05 .04 .14 -.11 .04 -.05 .10 

: Intraocular Pattern Effects - N=30 

P2 .24 .23 . 31+ 

N2 -.32+ -.35+ .26 -.08 — 

N3 -.07 -.10 -.11 . 50xx .16 — 

P4 .29 .31+ .00 .02 _.57xx .14 — 

Total . 54xx . 56xx -.11 . 38x -.72xx -.23 . 71xx — 

PT -.03 -.11 .26 . 38x -.06 -.06 -.20 -.08 



JB: Correlation Matrices 

: Luminance Effects - N=20 

Rep Age Flash Cont P2 N2 N3 P4 Tl 

P2 -.11 .03 -.02 .07 — 

N2 -.31 -.24 . 46x .05 .31 — 

N3 -.04 -.09 .38+ -.13 -.42+ .43+ — 

P4 . 52x .42+ -.15 .11 -.32 -.84xx -.32 — 

Tl .20 .19 -.47x -.10 .12 -.80xx -.73xx . 67xx — 

PT -.37 -.36 -.16 .04 .03 -.23 -.42+ -.06 .13 

: Interocular Pattern Effects - N=30 

P2 -.12 -.25 .04 .10 .... 

N2 -.19 -.22 .08 .22 . 54xx — 

N3 .08 .19 .03 .18 -.55xx .08 — 

P4 .12 -.04 .02 .04 -.03 -.46xx -.27 — 

Tl -.16 -.31+ .03 -.15 . 39x -. 36x -.63xx .65xx — 

PT -.08 -.02 -.04 -.04 • 44x -.51xx .17 -.11 -.14 

• Intraocular Pattern Effects - N=15 

P2 -.52+ -.36 -. 54x • 

N2 -.37 -.46+ -.05 — .26 — 

N3 -.02 -.13 .23 — -.26 . 77xx — 

P4 .45+ .45+ -.06 — -.22 -.84xx -. 56x — 

Tl .04 .18 -.18 — .26 -.78xx -.91xx . 72xx — 

PT .28 .33 .14 — -.39 -.49+ -.32 .09 .06 

h-1 
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MODELS TESTED: INFANT DATA* 

Group Analyses (Effects tested by Subject x Treatment) 

Flash Effects: 
Subjects (3) x Flashed Stimuli (3) 
Subjects (3) x Flashed Stimuli (3) x Age (3) 

Luminance Effects: 
Subjects (3) x Flashed Patterns (2) x Continuous Stimuli (2) 
Subjects (3) x Flashed Patterns (2) x Continuous Stimuli (2) 

x Age (3) 

Pattern Effects: 
Subjects (3) x Flashed Patterns (2) x Continuous Stimuli (3) 
Subjects (3) x Flashed Patterns (2) x Continuous Stimuli (3) 

x Age (3) 

Analyses of Individuals' Data (JB, KW, MO) (Effects tested by Replication 
x Treatment) 

Flash Effects: Replications x Flashed Stimuli 

Luminance Effects: Replications x Flashed Stimuli x Continuous 
Stimuli 

Pattern Effects: Replications x Flashed Stimuli x Continuous Stimuli 

*For each model each measure was tested, i.e., P2, N2, N3, P4, TA, and PT. 
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PT: Flash Effects 

ANOVA Summary Table 

Source 

Subject 
Flash 
Subject x Flash"1 

Residual* 
Pooled Error 

df 

2 
2 
4 
51 
55 

MS 

.07 

.115 

.028 

.027 

.027 

F-L 

4.10 4.26 

+ = included in pooled error 

= calculated using appropriate error term 

2 = calculated using pooled error term 
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N2: Luminance Effects 

ANOVA Summary Table 

Source df MS F1 p2 

Subject 2 1212.14 
Flash 1 1040.77 4 .90 4 .92* 
Subject x Flash"1" 2 212.53 
Continuous 1 6.41 <1 
Subject x Continuous 2 22.06 
Flash x Continuous 1 94.63 <1 <1 
Subject x Flash x Continuous"*" 2 274.83 
Residual"1" 69 209.47 
Pooled Error 73 211.38 

+ = included in pooled error 

^ = calculated using appropriate error term 

^ = calculated using pooled error term 

* = p < .05, df = 1,73 
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P4: Luminance Effects 

ANOVA Summary Table 

Source 

Subject 
Flash 
Subject x Flash"1" 
Continuous 
Subject x Continuous"1" 
Flash x Continuous 
Subject x Flash x Continuous 
Residual4" 
Pooled Error 

df MS - Fl f2 

2 
1 1138.40 4.29 3.91* 
2 265.30 
1 149.45 < 1 < 1 
2 338.49 
1 94.40 < 1 < 1 
2 177.20 

69 290.37 
73 291.00 

+ = included in pooled error 

1 = calculated using appropriate error term 

2 = calculated using pooled error term 

* = p <.05, df = 1,73 
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N2: Pattern Effects 

ANOVA Summary Table 

Source df MS F1 F 2  

Subject 2 1402.91 
Flash 1 253.66 12.00 
Subject x Flash 2 21.15 
Continuous 2 659.92 3.46 4.66* 
Subject x Continuous"1" 4 190.93 
Flash x Continuous 2 324.00 3.22 2.28 
Subject x Flash x Continuous4" 4 100.71 
Residual+ 105 141.54 
Pooled Error 113 141.84 

+ = included in pooled error 

1 = calculated using appropriate error term 

2 = calculated using pooled error term 

* = p <.05, df = 2,109 
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P2: Pattern Effects 

ANOVA Summary Table 

Source df MS F 

Subject 2 780.20 
Flash 1 490.75 5.98 
Subject x Flash 2 82.10 
Continuous 2 19.20 
Subject x Continuous 4 180.67 
Flash x Continuous 2 90.26 10.62* 
Subject x Flash x Continuous 4 8.50 
Residual 105 142.67 

* = p < .05, df = 2,4 


