PART B
Psychophysics, Eye Movements,

Physiological Optics



Vision Res. Vol. 29, No. 4, pp. 397408, 1989
Printed in Great Britain. All rights reserved

THE DEVELOPMENT OF MONOCULAR AND BINOCULAR
VEP ACUITY

RusseLL D. HAMER, ANTHONY M. NORCIA, CHRISTOPHER W. TYLER
and CHARLENE Hsu-WINGES'

Smith-Kettlewell Eye Research Foundation, 2232 Webster Street, San Francisco, CA 94115 and
'Department of Ophthaimology, Kaiser Permanente Medical Center, 1200 El Camino Real, South San
Francisco, CA 94080, U.S.A.

(Received 29 October 1987; in revised form 22 September 1988)

Abstract—The development of monocular and binocular grating acuity was measured in 87 infants, 2-52
weeks of age, using the sweep VEP technique. Average monocular and binocular acuity growth functions
were nearly identical, with a small (<0.2 octaves) binocular acuity superiority occurring only under 6
months. Interocular acuity differences were small (averaging <1/4 octave, unsigned, with a 95%
confidence interval of < + 0.6 octaves) and were not significant at any age. These characteristics make
the sweep VEP technique a potentially sensitive tool for the detection of monocular visual losses in the
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early stages of amblyopia.
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INTRODUCTION

Recently, the development of visual acuity un-
der binocular viewing conditions has been mea-
sured in human infants from birth to 1 year of
age using an efficient electrophysiological para-
digm, the sweep VEP technique (Norcia and
Tyler, 1985a). From a large sample of infants it
was found that grating acuity increased rapidly
from about S c/deg just after birth to 20 c/deg at
8 months postnatal age.

While these data establish age norms for the
development of sweep VEP acuity under bin-
ocular viewing conditions, it is important to
obtain normative data for monocular measures
of acuity development, and for interocular acu-
ity differences, using the same technique and
stimulus conditions. Such norms are needed,
not only for the purposes of generating cohesive
models of normal visual development, but also
to provide a database for future clinical studies.
The present study, therefore, was designed to
measure the development of binocular and
monocular sweep VEP acuity, as well as within-
subject interocular acuity differences, over the
first year of life.

The VEP acuity norms have bearing on at
least two theoretical issues. The first involves the
hypothesis that the development of spatial

Interocular differences
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vision, prior to the onset of binocularity, is
independent in the two eyes (Atkinson et al.,
1982; Birch, 1985). Our monocular data, in
which left-eye and right-eye acuities were
obtained from the same infants, directly address
this issue. The results indicate that development
of acuity, up to the level of cortical VEP gener-
ators, is identical for the two eyes over the entire
first year of normal visual development.

The second theoretical issue involves the basis
of previously observed superiority of binocular
acuity over monocular acuity in infants (e.g.
Birch, 1985; McDonald et al., 1986). Since we
have measured VEP acuities under both binocu-
lar and monocular viewing conditions in the
same infants, we can address the question of
binocular acuity superiority in VEP measures.

It has been proposed that the binocular su-
periority of adult psychophysical acuities can be
explained by probability summation between
the two eyes (Campbell and Green, 1965). We
shall contend that, although the VEP amplitude
under binocular conditions often exceeds the
amplitude under monocular conditions, the ex-
trapolated acuities in steady-state VEP mea-
surements are not subject to the effects of
probability summation. Therefore, monocular
and binocular VEP acuities should, in principle,
be the same.
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METHODS

Apparatus

Details of the apparatus and analysis tech-
niques may be found in Norcia and Tyler
(1985a, b) and in Norcia ez al. (1985). Briefly,
infants were presented with vertical sine-wave
luminance gratings of 80% contrast and a
space-average luminance of 80 cd/m?. Gratings
were squarewave modulated at a rate of 12
contrast reversals per sec (rps). During each
10 sec trial, the spatial frequency of a reversing
grating was incremented linearly in 19 equally-
spaced steps, usually spanning a 30:1 range of
spatial frequency.

The EEG was recorded from two bipolar
placements. Grass gold-cup electrodes were
placed symmetrically 3cm to the left (L-CH)
and 3cm to the right (R-CH) of a common
reference electrode, which was placed 1cm
above the inion on the midline. The analysis was
conducted using a 2sec, 50% Tukey analysis
window (Harris, 1978). Adjacent windows over-
lapped by 1.5sec, resulting in a 72.7% cor-
relation between adjacent datum points. By
means of a Discrete Fourier Transform, the
EEG within each window was analyzed to de-
termine the amplitude and phase of the reversal
response (12 Hz). In addition, for each window
we computed the amplitude of a nearby inde-
pendent frequency (14 Hz) as an estimate of
background noise during the trial (Norcia and
Tyler, 1985a). The noise amplitudes were aver-
aged over the 10-sec trial to provide a more
reliable estimate of the mean noise level during
the trial.

Acuity was estimated from a given sweep
record by a linear extrapolation to zero ampli-
tude of the VEP amplitude versus spatial-
frequency function. The two primary criteria
used to make an acuity estimate (discussed in
detail in Norcia and Tyler, 1985a; and Norcia et
al., 1985) were that (1) the peak amplitude at the
stimulus (signal) frequency had to exceed the
mean noise level by a ratio of at least 3:1, and
(2) the phase of the response had to be nearly
constant or slightly lagging (by no more than
90 deg per bin) over the entire portion of the
amplitude response used for acuity extrapo-
lation. Empirically, the amplitude criterion
alone yields a false positive rate that is less than
0.3% per bin (Norcia and Tyler, 1985a; Norcia
et al., 1985). Combined with requirements for
phase consistency and safeguards for local
broadband artifact rejection (Norcia and Tyler,
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1985a), there is adequate protection level for
multiple-testing. From a large sample of adult
EEG records (10sec each) scored using the
above criteria, only 2% were spuriously scored.

Single sweep records that do not meet the
above criteria are not scored. However, they can
contribute to an acuity estimate since they are
included in a vector average of all the sweep
records for a given condition. The SNR in each
sampling bin can improve by a factor equal to
the square root of the number of trials averaged.
This is the maximum possible increase in SNR
and requires that the phase be perfectly coherent
between trials. Thus, amplitude at the temporal
analysis frequency will sum across sweep trials
only to the extent that the reversal response is
stationary across trials. Linear extrapolation of
these vector-average records also yielded acuity
estimates and were treated, statistically, the
same as single-sweep acuities.

Procedure

Monocular and binocular measurements were
made in blocks with the order of left-eye (LE),
right-eye (RE) and both-eye (BE) testing ran-
domized. Infants’ eyes were occluded with Opti-
clude adhesive patches for monocular testing.
Generally, 3-4 sweep trials of 10-sec duration
were attempted before moving to the next con-
dition.

During each trial, the infant’s attention to the
video display was maintained by dangling a
small, noisy toy at the plane of the screen. If the
infant glanced away or made a large movement,
the experimenter suspended the trial by pressing
an interrupt button. When the infant’s attention
was regained, a second press of the button
allowed the trial to continue, starting at the
spatial frequency value presented 1 sec before
the time of the initial interruption. A trial was
terminated and discarded if the infant’s atten-
tion could not be regained, or if any large
electrical artifacts were noted by a second ex-
perimenter monitoring the EEG. A typical ses-
sion lasted 3045 min, including time for elec-
trode attachment, breaks and data collection
from LE, RE and BE. A favorable session lasted
about 20 min.

Infants

A total of 87 infants between 2 and 52 weeks
of age participated in the study. All were born
within 2 weeks of their due dates by report of
the parents. 44 infants were retested within 2



Development of monocular and binocular VEP acuity

weeks of the first session, yielding a measure of
the intersession reliability.

RESULTS

1. Monocular and binocular acuity development

Success rates: binocular testing. Under bin-
ocular viewing conditions, at least one criterion
acuity estimate was obtained in 78 out of 87
infants (90%) from the left recording channel
(L-CH). For the R-CH, the success rate was 75
out of 87 (86%). However, the use of two
recording channels significantly enhanced the
likelihood of obtaining a criterion acuity esti-
mate. Thus, 83 of the 87 infants tested (95%)
yielded at least one binocular acuity estimate on
at least one recording channel.

Of the four infants not yielding a binocular
acuity estimate, one was not tested binocularly,
and three were tested but failed to yield a
criterion VA. All four were under 6 weeks of
age. Thus, one or more binocular acuity esti-
mates was obtained on 100% of the infants
older than 6 weeks of age.

Success rates: monocular testing. For mon-
ocular testing, the success rates for the 87
infants tested were: Left eye—70.1% (L-CH),
73.6% (R-CH), and 80.5% (channels com-
bined); Right eye—66.7% (L-CH), 74.7%
(R—CH), and 81.6% (channels combined).

For both monocular and binocular testing,
the success rates encountered for channels com-
bined (i.e. success on either channel) were less
than expected if the two channels yielded en-
tirely independent acuity estimates (x?> 25,
P < 0.001, d.f. = 2). This same result is found if
the binocular data are excluded from the 2
analysis. Independence between the channels
predicts combined-channel success rates 92.1%,
91.6% and 98.6% for LE, RE and BE, re-
spectively. If, on the other hand, the two elec-
trode pairs were completely correlated, com-
bining data across channels would simply yield
the single-channel performance (about 72%
success rate for monocular testing, and about
88% for binocular testing).

To measure an interocular acuity difference,
one must obtain at least one acuity estimate
from both the LE and RE. We were able to
measure an interocular acuity difference in 65
out of the 87 infants (75%). Of the 22 infants for
whom we did not obtain a criterion acuity
estimate from both LE and RE, most (17) were
8 weeks of age or less. Of these 17, 10 were not
tested on either LE or RE (or both) due to
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sleepiness or fussiness on the part of the infant.
In addition, out of the above 22 infants, 4
infants older than 8 weeks of age were not tested
on both the LE and RE conditions. Thus, out
of the 73 infants actually tested on both LE and
RE conditions, 89% of the tests were successful.
Of the 55 infants older than 8 weeks of age, 52
were tested on both LE and RE, and 96% of
these were successful.

Success rates: session 1 vs session 2. Of the 44
retest infants, 31 were successfully tested on the
LE in both sessions, and 30 were successfully
tested in both sessions on the RE. Nearly all the
retest infants (98%) were successfully tested
binocularly on both sessions.

Monocular and binocular acuity development

Acuity growth curves for the LE, RE and BE
conditions for each of the two recording chan-
nels are shown in Fig. 1 (solid curve: L-CH;
dashed curve: R—-CH). For each infant we calcu-
lated the geometric mean of all criterion acuity
estimates obtained for each condition. Data
plotted are the group means (solid lines) +1
SEM for each condition. For infants who were
tested more than once, only data from the first
session are shown, unless more eye-conditions
were successfully completed in the second
session.

In 43 out of the 87 infants tested, we were able
to measure a criterion acuity for both record-
ing channels, in all three eye conditions. Using
this sub-group of infants who completed the
experimental design, a 3-way analysis of vari-
ance of the data was used to assess the effects of
eye (LE, RE, BE), channel (L-CH, R—-CH), and
natal age (0-12, 13-24), >24 weeks). This
ANOVA revealed the expected main effect of
natal age (F = 68.82, P <0.00001) and a main
effect of eye (F=5.85, P <0.004), with no
significant effects of channel or any interactions.

The main effect of eye is due to a small but
significant superiority of binocular over mono-
cular acuities. Averaged across all ages (with
data from the two channels combined), mean
binocular acuity exceeds monocular acuity by
0.13 octaves. Although the analysis revealed no
significant interactions, there is a trend towards
age-dependence of the effect; the binocular
superiority is 0.17 octaves for the 28 infants
< 24 weeks of age, and only 0.05 octaves for the
15 infants older than 24 weeks.

Since there were no main effects of channel
and no channel x natal age or eye x channel
interactions, we have combined data from the
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Fig. 1. Left eye, right eye and binocular growth functions for each recording channel. L-CH: @, solid
curves; R-CH: O, dashed curves. Only four infants between 41 and 52 weeks of age were tested. Their
data are combined with the data from the adjacent oldest age group in this and all other figures.

two channels in displaying the data in all sub-
sequent figures. A second ANOVA in which BE
data were excluded reveals no main effect of
EYE and no interactions, indicating that devel-
opment in the two eyes is identical (see “II
Interocular Acuity Differences” below). Thus,
LE and RE data have been combined to form
monocular growth functions in Figs § and 6.

Acuity development for the LE, RE and BE
conditions are shown in Fig. 2 (O: LE; @: RE;
solid curve without data points: BE). Reported
acuity values for each condition are the geo-
metric mean of all acuity scores for that condi-
tion regardless of channel.

Figures 1 and 2 show that mean acuity devel-
ops from around 6 c/deg in the first month to
about 14 c/deg by 8 months of age.* This upper
value is lower than that reported in the previous
study (20 c/deg, Norcia and Tyler, 1985a) be-
cause we have not followed their use of the best
significant acuity estimate for each infant. We
have chosen to use the geometric mean of each
infant’s acuity estimates for the norms in the
present study because they are less variable: the
95% confidence interval around the growth
curve based on best-acuities is, on average, 1.35
times larger (0.43 octaves) than the 95%
confidence interval around the curve based on

*Only 4 of the infants tested were 41-52 weeks of age.
Their data have been combined with those of the next
oldest age group in these and all subsequent figures.
Their geometric mean monocular acuity was 16.1c/deg
(SEM = 0.046 octaves). Their geometric mean binocu-
lar acuity was 14 c/deg (SEM =0.117 octaves). Mean
interocular differences for these 4 infants were 0.12
octaves (unsigned) with a 95% interocular confidence
interval of 0.21 octaves.

geometric mean acuities. When the binocular
acuity data of Norcia and Tyler (1985a) are
analyzed similarly, we get the dashed curve in
Fig. 2. It is clear that the monocular growth
curve is very similar to both binocular curves.
Unless otherwise stated, all the following anal-
yses are based on the geometric mean acuities of
each infant.

II. Interocular acuity differences

Next we address the magnitude of interocular
differences determined by the sweep VEP
method, and the distribution of these differences
as a function of age. Figure 3 shows a scatter
plot of the (signed) ratio (in octaves) of the LE
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Fig. 2. Left eye (O), right eye (@) and binocular (solid

curve) growth functions averaged across recording channel.

For comparison, the binocular data from Norcia and Tyler

(1985a) have been re-analyzed using the geometric mean

acuity from each infant. This growth function is plotted as
a dashed curve.
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Fig. 3. Scatter plot of interocular acuity differences in

octaves [log (LE Acuity/RE Acuity/log (2)]. Points above

zero-difference (central horizontal line) indicate that the LE

acuity is higher than the RE acuity for those infants. The

other pairs of horizontal lines represent the 95% (dashed

lines) and 99% (solid lines). These occur at +0.6 and 0.77
octaves, respectively.

to the RE acuities as a function of natal age, for
the 65 infants who were successfully tested on
both conditions. Equality between the LE and
RE acuities is indicated by the horizontal line at
zero on the ordinate. The dashed and solid pairs
of lines above and below this line delineate
respectively the 95% confidence intervals (0.6
octaves) and 99% confidence intervals (+0.77
octaves) for interocular differences. All of the
points fall well within +1 octave of zero
difference. 58 out of 65 interocular differences
(89%) are within <0.5 octaves.

The absolute magnitudes of the interocular
differences (regardless of sign) are small, aver-
aging 0.22 octaves across all age groups. The
averages of unsigned differences are plotted as a
function of age in Fig. 4 (@). They range from
a minimum of 0.14 (11-20 weeks) to a max-
imum of 0.25 octaves (=31 weeks). Also plotted
in Fig. 4 are the group means of the individual
standard errors for monocular testing, corrected
to be comparable with log-acuity differences
(). Since the standard error of a difference
between independent sample means (SEM)
equals the square root of the sum of squares of
the constituent SEMs, we have corrected each
group’s SEM by multiplying it by 1.414. The
latter constitute estimates of the within-session,
test-retest differences for each age group.

The test-retest differences represent the inher-
ent variability of the sweep VEP acuity measure.
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Fig. 4. Interocular and monocular test-retest differences
from the present study compared to data from Birch (1985).
All points are means 1 SEM. The top two curves are from
Birch’s study (QO: unsigned interocular differences; [:
within session test-retest differences). (@) and (il§) on the
bottom of the graph show the comparable data from the
present study. The dotted curve and (A) depicts the mono-
cular, between-session test-retest data from the present
study.

That these differences are nearly identical to
the interocular differences (see Fig. 4, and
Discussion II below) indicates that LE-RE
differences are primarily determined by the
test—retest reliability of the sweep VEP measure,
and that true interocular differences do not exist
in normal development. One would also predict
from this that, within subjects, there would be
no correlation between the interocular
differences measured in one session and those
measured in the second session. For 24 infants
who completed both monocular conditions in
both testing sessions, this correlation was near
zero (r = — 0.0175), using the signed interocular
differences, in octaves, for each session.

II1. Between-session test—retest differences

Average values (unsigned) for test-retest
differences between the two sessions are shown
in Fig. 4 as the dotted curve (A) as a function
of age. For each infant, we used the data from
whichever eye was successfully tested in both
sessions. When both eyes were tested in both
sessions (N = 24), the octave average of the LE-
and RE-retest differences was used. A total of
37 out of the 44 restest infants completed at
least one monocular retest condition.

The between-session differences exceed the
two within-session (interocular, and test-retest)
measures at the youngest age group (<10
weeks). However, for infants older than 10
weeks of age, the magnitude of between-session
differences are the same as the magnitude of the
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interocular differences and within
test-retest differences. This indicates that for
these older infants, between-session differences
are primarily determined by the within-session
variability.

The 95% confidence interval for monocular
between-session differences is 0.9 octaves, aver-
aged across all ages. For binocular testing, this
interval is 0.8 octaves. However, as Fig. 4
illustrates, between-session test—retest differ-
ences vary with age. Thus, the 95% confidence
interval for monocular retests in young infants
(<10 weeks) is 1.3 octaves; for the three older
age groups combined it is 0.6 octaves, identical
to the 95% confidence interval for interocular
differences (0.6 octaves) measured within a

single session.

DISCUSSION
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SNR criterion. As described in Methods, the
acuity estimates were obtained from trials in
which the signal level (S) exceeded the mean
noise for the trial (N) by a criterion ratio (SNR)
of 3:1. To verify the robustness of this pro-
cedure, we compared acuity growth functions
based on the standard criterion (@ in Fig. 5)
with an extremely strict SNR criterion of 10:1
(O, dashed curves in Fig. 5). The monocular
and binocular comparisons are shown in Figs 5a
and 5b, respectively. In Fig. 5a, the LE and RE
data have been pooled to form the monocular
growth functions displayed since the analysis
of variance revealed only a main effect of EYE
due to a small (<0.2 octaves) binocular acuity
superiority.

The strict SNR criterion disqualified many
records. Of the 76 infants who had at least one
successful monocular acuity according to the
3:1 criterion, 36 infants had one or more
records which also satisfied the 10:1 criterion.
These data are plotted as the open circles,
dashed curves in Fig. 5. It is clear that the
extrapolated acuities using this extremely strict
criterion do not differ substantially from those
in which much smaller SNRs are accepted as
statistically significant (@, solid curves in Fig.
5). This result emphasizes the robustness of the
technique and the criteria used to score acuities.
More importantly, it emphasizes the indepen-
dence between the signal amplitude and the
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Fig. S. Growth functions for acuities based on two SNR
criteria for the monocular (a) and binocular (b) conditions.
SNR > 3.0: @, solid curves; SNR > 10.0: O, dotted curve.

extrapolated acuity value (Tyler et al., 1979,
1981; Norcia et al., 1985).

Comparison with previous norms. Previous
monocular acuity norms have all come from
behavioral studies using variants of the prefer-
ential looking paradigm. Figure 6 shows our
monocular VEP acuities plotted in comparison
with monocular acuity growth curves obtained
in behavioral investigations. Two versions of the
VEP data are displayed: a growth curve based
on the highest criterion acuity estimate obtained
from each infant (@ circles) as was used in
Norcia and Tyler (1985a), and one based on the
geometric mean acquity estimate from each
infant (LE and RE data pooled, O). These two
curves parallel each other, separated by about
1/2 octave at all ages. All the previous in-
vestigations were behavioral studies and are
shown as the thin-line curves identified by the
symbols indicated in the figure legend (mon-
ocular behavioral data not shown in Fig. 6:
Atkinson et al., 1982; Maurer et al., 1986;
Catalano et al., 1987).

As has been frequently noted for binocular
acuity norms, the monocular behavioral acuities
are consistently lower than the monocular VEP
acuities. The highest of the behavioral norms
(Mayer et al., 1982; Birch and Stager, 1985) are
0.5-1.5 octaves below the VEP curve based on
mean acuities (open circle curve in Fig. 6). For
infants less than 12 weeks of age, the behavioral
monocular norms are 1 octave (Birch, 1985) to
4 octaves (Awaya ef al., 1983; Yamamoto et al.,
1984) below our average VEP curve. Behavioral
norms using the recently developed Acuity Card
procedure (McDonald et al., 1986) are 1.8 oc-
taves below our mean monocular acuities, and
are 2.5 octaves below the best VEP acuities (@,
Fig. 6).
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Fig. 6. Comparison of monocular acuity development
norms from the present study with previous behavioral
norms. The top and bottom heavy solid curve are the
current norms based on the best and geometric mean acuity
achieved by each infant, respectively. (1) Mayer et al. (1982);
(2) from Birch (1985) and Birch and Stager (1985); (3)
McDonald et al. (1986); (4) Dobson (1983); (5) Awaya et al.
(1983); (6) Yamamoto et al. (1984).

Some fraction of this difference between the
sweep-VEP and behavioral norms is likely to be
due to methodological differences between the
studies. For example, all the behavioral norms
reported in Fig. 6 were based on tests using
stationary gratings. Sokol et al. (1987) and
Moskowitz et al. (1988) have reported that PL
acuities are temporally tuned and are higher at
14 reversals per second than at zero rps (station-
ary gratings). Nevertheless, these authors report

Amplitude (&V)

Spatial Frequency (c/deg)

Fig. 7. Schematic representation of monocular (S,) and
binocular (S,) VEP responses assuming that the binocular
response is comprised of independent monocular responses,
and that the monocular responses are equal. These condi-
tions are such as to maximize the influence of probability
summation on psychophysical thresholds. Yet extrapolated
VEP acuities are the same (4) for monocular and binocular
viewing conditions.
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that PL acuities are still lower than VEP acuities
even when both are measured using 14-rps,
phase-alternating gratings.

The acuity norms obtained by our methods
are about 1.5-4 times less variable than previous
values. The 95% (99%) confidence interval
around the current norms are +1.0 (£1.3)
octaves for infants younger than 20 weeks of
age, and +0.42 (10.55) octaves for infants
between 20 and 52 weeks of age. The 95%
(99%) confidence limits for comparable behav-
ioral norms are relatively constant over the
first year of life and are considerably larger: i.e.
about +1.6 (+2.1) to +1.8 (+2.4) octaves
for infants under a year of age (Birch, 1985;
McDonald et al., 1986; Mayer et al., 1982).

Binocular and monocular VEP acuities. Our
analyses in RESULTS revealed a small but
significant main effect of eye. From the cell
means in the ANOVA (N = 43), it is clear that
the effect is due to a slight superiority of bin-
ocular over monocular acuities. At most, binoc-
ular acuities exceed monocular acuities by 0.17
octaves; and this is in the group of 28 infants
under 24 weeks of age. The 15 infants over 24
weeks of age have virtually equal monocular
and binocular acuities. This pattern is also
evident in Fig. 2 where data from all 87 infants
are included. This is in dramatic contrast with
the previous behavioral studies of monocular
and binocular acuity development which found
that binocular acuities were from 0.6 to 1 octave
higher than monocular acuities in infants older
than 5 months (Birch, 1985; McDonald et al.,
1986), and that this binocular superiority was
either absent (Birch, 1985) or less pronounced in
younger infants (Atkinson et al., 1982).

There are several methodological consid-
erations which could conceivably result in a
superiority of binocular over monocular acuities
in behavioral testing, but which are less likely to
affect sweep VEP acuities. First, infants are less
likely to be cooperative when they are wearing
an eye patch; this is a factor in both behavioral
and VEP testing. This factor may account, in
part, for the lower success rate that we achieved
in monocular testing. However, a single success-
ful sweep trial can provide a VEP acuity esti-
mate, requiring only 10 sec of sustained looking
behavior, whereas behavioral measures require
a series of trails to complete one estimate. Thus,
for those infants who will submit to patching at
all, the VEP test may require substantially less
overall cooperation per acuity estimate than is
required in behavioral testing.
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Second, if infants are less cooperative during
monocular testing, this could add noise to the
EEG. The effect of added noise would be to
eliminate some records that would otherwise
have reached the 3:1 SNR criterion. Since each
acuity is estimated by a linear extrapolation to
0 4V (and not to the mean noise level), records
that exceed the 3:1 criterion under the noisier
condition should extrapolate to the same acuity
value (Tyler et al., 1979; 1981; Norcia and Tyler,
1985a; Norcia et al., 1985). In behavioral test-
ing, added noise due to the monocular test
conditions will tend to decrease the acuity esti-
mates by decreasing (for example) the percent
correct at a given spatial frequency in a forced-
choice preferential looking measure.

Third, behavioral estimates of binocular acu-
ity may be increased by probability summation
between the eyes. In psychophysical tests,
probability summation has been argued to ac-
count for the superiority of acuity and contrast
sensitivity in binocular viewing in adults
(Campbell and Green, 1965). If the underlying
psychometric function is shallow, probability
summation across two independent detection
mechanisms can greatly increase sensitivity. In
fact, if slope of the psychometric function (i.e.
“beta”, as formulated by Quick, 1974) is unity,
addition of a second independent detection
mechanism can double sensitivity, mimicking
full energy integration (Gorea and Tyler, 1986).
In principle, then, probability summation can
account for a large superiority of binocular
acuity in behavioral tests since infants are
known to have shallow psychometric functions
(Mayer and Dobson, 1982; Hamer and Schneck,
1984). However, other factors (such as
difficulties associated with monocular testing)
are likeély to be contributing some (unknown)
component of the binocular advantage, since it
is observed in infants under 6 months of age
under some conditions (McDonald et al., 1986).

The possible role of probability summation in
VEP recordings has not been explicitly ad-
dressed in previous research. Consider the case
where binocular responses are comprised of
independent monocular responses with the same
underlying spatial resolution, in analogy to the
psychophysical model. The amplitude response
of such a patch of cortical tissue under mono-
cular viewing conditions (either eye) is shown
schematically as the curve S,, in Fig. 7. It has an
extrapolated acuity, 4. Under binocular viewing
conditions, an independent group of cells will
contribute to the overall response measured.

RusseLL D. HAMER et al.

Since the electrode simply records the volume-
conducted voltage responses from all sources,
addition of a second population of cells, with
the same acuity cutoff will increase the response
at each spatial frequency by linear summation
of the two population responses, yielding sweep
amplitude response (S,). However, the extrapo-
lated acuity (A4) will remain unchanged.

This hypothetical relationship between the
binocular and monocular VEP acuities is borne
out by the analyses of variance described in
Results I (the only binocular acuity superiority
found was 0.17 octaves occurring in infants

under 6 months of age), and is illustrated by the
congruence of the monocular and binocular

data presented in Fig. 2. In a separate analysis,
we calculated the ratio of binocular to mon-
ocular acuities for each of 76 infants who suc-
cessfully completed at least one of each of these
two conditions. Averaged across all age groups,
binocular acuity was nearly identical (only 0.014
octaves higher) to monocular acuity. Only in
the 11-20 week age group did the binocular
superiority occur (0.17 octaves higher than
monocular).

Further confirmation of this formulation
comes from the data of Orel-Bixler and Norcia
(personal communication) who found a small
binocular acuity superiority in children of
3-11 yrs of age. These children had no signifi-
cant refractive errors and normal eye alignment.
Thus, they presumably had binocular vision and
stereopsis; yet sweep VEP measures of acuity
revealed binocular acuities that were, on aver-
age, only a factor of 1.09 (0.12 octaves) higher
than monocular acuities. The small binocular
acuity superiority observed may be due to state
variables such as a slight increase in accommo-
dative inaccuracies in monocular viewing, or
rivalry.

If this particular invariance of the VEP acu-
ity extrapolation method, i.e. the near equality
of monocular and binocular acuities, proves to
have generality over other testing conditions, it
may simplify the application of the technique. It
means that in the absence of monocular acuity
norms for a particular testing condition, the
binocular acuity norms may provide a reason-
able approximation for monocular comparison
values.

II. Test—retest variability is relatively small

The variability inherent in test-retest mea-
sures sets a reasonable lower-bound estimate for
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interocular acuity differences, since differences
between eyes will, on average, tend to be larger
than those within an eye. Conversely, measured
interocular acuity differences can be considered
upper bound estimates of test—retest differences;
again, on average, differences within the same
eye will tend to be less than or equal to
differences between eyes. This, of course, as-
sumes that the within-eye retests and interocular
comparisons are performed under conditions
that would equate time or practice effects, as
well as the effects of adaptation. These are
reasonable assumptions for our data.

Thus, we can use the measured (within-
session) interocular acuity differences as upper-
bound estimates of monocular retest differences
within a session. Since the average (unsigned)
interocular difference was 0.22 octaves, retests
of an eye within a session should differ from an
initial acuity estimate by no more than this
value. By similar reasoning, the upper bound for
the 95 and 99% confidence limits for test-retest
within a session should be 0.6 and 0.77 octaves,
respectively.

Retesting infants in a separate session adds
some variance to the measures. This may be
due to a number of factors, such as state
changes of the infants from session to session or
slight variations in electrode placement. By
comparing within-session and between-session
interocular differences, we can calculate the
contribution to the variance that is due to
testing in a separate session. In this calculation,
we assume that the variability due to testing in
a separate session is independent of the sources
of variability within a session; hence the vari-
ances deriving from these two sources of vari-
ability add. In young infants (<12 weeks), for
example, the standard deviation of within-
session interocular differences (signed) was 0.33
octaves corresponding to a variance of 0.109
octaves. For between-session interocular
differences, the standard deviation was 0.65
octaves (not shown in Fig. 4), i.e. a variance of
0.423 octaves. Subtracting the former variance
from the latter, we find that testing in a separate
session adds 0.31 octaves to the (within-session)
between-eye variance (or 0.56 octaves standard
deviation). A similar calculation for infants
older than 12 weeks indicates testing in a sepa-
rate session contributes only a small component
(0.017 octaves) of the overall (between-session,
interocular) variance (0.091 octaves). Stated an-
other way, for infants older than 12 weeks, the
distribution of monocular test-retest differences
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was nearly identical to that for interocular
differences within a single session (+0.6 octave
95% confidence interval).

Previous studies have found substantially
larger test—retest differences than those found in
the present study. For example, Birch’s (1985)
within-session acuity retests (unsigned) aver-
aged about 0.5 octaves across all ages; the com-
parable value from the present study was 0.23
octaves, averaged across all ages. McDonald et
al. (1986) reported, using the acuity card pro-
cedure, that 47% of their sample (36 infants
from 1 to 12 months of age) had between-
session acuities that were 1 octave apart under
binocular viewing, whereas none of the 43 suc-
cessful binocular retest acuities in the present
study exceeded 0.9 octave.

For monocular testing, McDonald et al.
(1986) found about 10% of monocular retests
yielded acuity differences of 2 octaves. This was
the same for interocular and same-eye com-
parisions. In the current study, we find only 2
out of 61 same-eye comparisons (30 LE and
31 RE) had between-session differences greater
than one octave (but <1.3 octaves). Within-
session retest differences from the current study
are substantially smaller: e.g. the upper-bound
estimate of within-session test—retest differences,
determined from the distribution (N = 65) of
interocular acuity differences, never exceeded
0.9 octaves.

Some other studies that have measured
monocular acuity development in infants have
not directly measured test-retest acuity
differences. However, the interocular differences
measured in these studies provide an upper-
bound estimnate of these differences. Dobson
(1983) found 35% of interocular differences in
infants 3 to 12 months of age to be >1 octave.
On the other hand, Mayer and Fulton (1985)
and Mayer et al. (1982) found averages inter-
ocular differences of only 0.4 octaves, with only
4% of older infants (average age 7.3 months)
showing a difference of >1 octave.

II1. No significant interocular acuity differences

We find that interocular acuity differences
measured within a single testing session are
small (averaging 0.22 octaves, unsigned, across
all age groups), and do not change significantly
with age. From the distribution of signed inter-
ocular differences, the 99% confidence interval
is +0.77 octaves—any interocular difference
larger than this should be considered abnormal.
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Previous norms for interocular acuity
differences have come from behavioral studies.
Comparable 99% confidence limits from these
studies are 24 times larger (> 1.6 octaves—
Mayer and Fulton, 1985, Dobson, 1983; 1.8
octaves—Birch, 1985; 3.2 octaves—McDonald
et al., 1986). Birch (1985) found that infants
younger than 3 months postnatal had significant
interocular differences (approx. +1 octave, un-
signed), i.e. their interocular differences were
significantly greater than within-session (within-
eye) test-retest differences (0.5 octaves, un-
signed). Average interocular differences for
older infants were about half the value for the
younger infants. For comparison, we have re-
produced Birch’s (1985) data as the dashed
curves in Fig. 4 (O: unsigned interocular acuity
differences; [: within-session test—retest
differences).

Atkinson et al. (1982) also found that inter-
ocular differences in a group of 16-week-olds
were significantly larger than test-retest
differences.

Based on these findings in young infants, both
Atkinson et al. (1982) and Birch (1985) have
made the suggestion that, early in life, the eyes
may be at slightly different stages of devel-
opment, leading to the presence of significant
interocular acuity differences found in young
infants. Birch further suggests that there may be
a causal link between the onset of binocular
function, including stereopsis, and the decrease
in interocular differences. The implication is
that the factors leading to the rapid increase in
grating acuity over the first 6 months of devel-
opment operate independently in the two eyes;
at the onmset of normal binocular interaction,
interocular differences are diminished, bringing
the two eyes into equality.

It is possible that our failure to find a
significant interocular difference in the younger
age groups is due to a kind of sampling bias.
The 22 infants from whom we failed to obtain
both monocular acuity estimates (and hence
failed to measure an interocular difference) may
have actually been the infants with real inter-
ocular differences who were simply less testable
in their “bad” eye. However, data from the
group of 44 infants who participated in 2 ses-
sions argues against this possibility. Out of 20
infants who failed to yield an interocular
difference in one session, 17 yielded an inter-
ocular difference in the other session. The 99%
interocular confidence interval for these 17 in-
fants was +0.61 octaves, i.e. comparable to
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(actually smaller than) the 99% interocular
confidence interval (+0.77 octaves) for the
larger group of infants who yielded an inter-
ocular difference in one session. Furthermore,
for the 6 infants out of the 17 who were under
13 weeks age, interocular differences were nearly
identical (39% confidence interval = + 0.65 oc-
taves) to those of the larger population of
infants. Thus, even quite young infants who fail
to yield an interocular difference in one session,
show a “normal” (i.e. insignificant) interocular
difference in another session.

Our data suggest that the measured inter-
ocular differences are primarily determined by
the inherent monocular variability of the sweep
VEP measure. This view is born out by the
near-zero correlation between the interocular
differences measured in one session and those
measured in another session.

In addition, we have caiculated the 95%
confidence interval for the between-session inter-
ocular differences (i.e. LE session 1 vs RE
session 2, and vice versa). This confidence inter-
val is 0.9 octaves, identical to the monocular
test-retest confidence interval (i.e. LE session 1|
vs LE session 2, or RE session | vs RE session
2). This is another indication that, in a normal
population of infants, interocular acuity
differences primarily are determined by the in-
herent variability of the VEP measure.

Thus, the present data are not consistent with
a model of independent monocular acuity devel-
opment up to the level of the cortical VEP
generators. We find no significant interocular
acuity differences at any age-——VEP interocular
acuity differences are small, are nearly constant
over age (Figs 3 and 4), and do not differ
significantly from the within-session retest error
(Fig. 4). In fact, the estimated values for within-
session test-retest differences (@, Fig. 4) fall
slightly below the interocular data (Il§, Fig. 4);
the opposite result would be required to estab-
lish the existence of significant interocular
differences.

CONCLUSIONS

This article presents norms for the devel-
opment of acuity under monocular viewing
conditions for the sweep VEP technique, and
replicates the prior norm for binocular viewing
obtained using the same technique (Norcia and
Tyler, 1985a). For the current stimulus condi-
tions, sweep VEP acuity (based on geometric
means) develops from about 6c/deg at 2-10
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weeks of age to 14 ¢c/deg by 20-30 weeks of age,
for both monocular and binocular viewing. It is
emphasized that these norms are robust and
relatively independent of the peak SNR
achieved (Tyler et al., 1979; 1981; Norcia et al.,
1985). The norms based on the best criterion
acuity achieved by each infant are about 1/2
octave higher,

The average acuities measured in the present
study are at least 0.5-1 octave higher than the
highest of the previous norms, and are as much
as 4 octaves higher than some published data. In
addition, the confidence limits around the cur-
rent values are 1.5-4 times smaller than prior
estimates. These two factors mean that, for
infants under a year of age, much more contrast
information is present at the level of the visual
cortex at high spatial frequencies than is indi-
cated by behavioral measures of monocular
acuity development.

The use of two recording channels increased
the likelihood of successfully recording a
criterion acuity on any given trial; but the
advantage conferred by a second channel was
less than that predicted if the two channels were
independent. To the extent that the channels are
independent, this electrode configuration allows
for detection of hemispheric asymmetries and,
in monocular testing, asymmetries between
crossed and uncrossed pathways.

We find interocular differences to be nearly
invariant with age (Fig. 4), and not significant
at any age. Thus, our data do not support the
concept of independent acuity development in
the two eyes (Atkinson e? al., 1982; Birch, 1985).
The low variability of our measures constrains
any developmental differences between eyes
prior to the site of the cortical VEP generators
to an average value of values less than 1/4
octave.

The absolute magnitude of interocular and
test—retest differences are small, averaging about
1/4 octave (unsigned) in infants older than
10 weeks of age. These values are 2—4 times
smaller than current behavioral estimates. The
confidence intervals for the distribution of inter-
ocular and test-retest differences ( < + 0.8 oc-
taves for 99% confidence) are also 2-4 times
smaller than comparable behavioral measures.
The 99% behavioral confidence limits for inter-
ocular differences range from 1.5 to 3.0 octaves.
Interocular differences of this magnitude repre-
sent 5-10 standard deviations of the interocular
variability in the sweep VEP method. This
indicates that the sweep VEP measures of gra-

407

ting acuity are, in principle, capable of detecting
smaller differences between eyes and smaller
changes between tests than reported behavioral
measures.

We find only a small (< 0.2 octaves) superior-
ity in binocular VEP acuities over monocular
VEP acuities occurring only in infants under 6
months of age. This is in striking contrast to
results from behavioral studies which measure
0.6-1 octaves of binocular acuity superiority
(Birch, 1985; Birch and Stager, 1985; McDonald
et al., 1986). We contend that grating acuity at
the level of the cortical VEP generators is not
subject to the effects of detection probability
summation, which has been argued to account
for the psychopysical superiority of acuity and
contrast sensitivity in binocular viewing
(Campbell and Green, 1965). We point out that,
since infants have quite shallow psychometric
functions (Mayer and Dobson, 1982; Hamer
and Schneck, 1984), probability summation
across two independent detection mechanisms
can, in principle, account for a large magnitude
of binocular acuity superiority in behavioral
tests, although other factors are almost certainly
involved.

A test such as the sweep VEP technique,
having relatively small test-retest variability,
narrow confidence limits, and yielding high acu-
ity and contrast sensitivity values, may prove to
be a sensitive monitor of visual loss in the
pediatric population.
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