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Abstract

The developmental time courses for vernier acuity and grating acuity were measured longitudinally in infant
Macaca nemestrina monkeys. Behavioral measurements of vernier and grating acuity were made at regular
intervals during development. Near birth, grating acuity is relatively more mature than vernier acuity. The
proportional rate of vernier acuity development is faster than that for grating acuity. During the course of
development, grating acuity improves approximately 15-fold whereas vernier acuity improves about 60-fold.
Both visual functions approach adult levels at about the same age, around 40 weeks postnatally. Although
grating acuity develops about four times faster in monkeys than in humans, vernier acuity development in
monkeys and humans does not appear to reflect the same relationship. Adult levels of vernier acuity for the
monkeys are about a factor of 2 poorer than are typically reported for humans. The differential development
of vernier acuity and grating acuity does not necessarily reflect development at different levels of the visual
system.
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Introduction

The development of spatial vision in primates has been charac-
terized primarily by measures of grating acuity and spatial con-
trast sensitivity. In both humans and monkeys, grating acuity,
as measured behaviorally, is poor near birth (0.5-1 cycle/deg)
and develops over the succeeding weeks and months to around
30 cycle/deg. This process spans about the first 5 postnatal
years in humans, but is essentially complete during the first year
in macaque monkeys (see Boothe et al., 1985, for review). The
relationship between the developmental time courses for ma-
caque monkeys and humans has been described as "four-to-
one," that is, one week of monkey development is comparable
to four weeks of human development (Teller & Boothe, 1979).
The development of contrast sensitivity, as measured behavior-
ally, has been studied extensively in monkeys (Boothe et al.,
1988) and less so in humans (e.g. Atkinson et al., 1977; Banks
& Salapatek, 1978; Bradley & Freeman, 1982). Although most
of the human data are from either very young infants or older
children, it appears that the four-to-one relationship also holds
for contrast sensitivity.

Relatively little is known about the development of spatial
position sensitivity. Several studies of vernier acuity develop-
ment in humans have been published showing that vernier acu-
ity improves approximately 20-fold over the first 6 months
(Manny & Klein, 1984, 1985; Shimojo et al., 1984; Shimojo &
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Held, 1987). Some additional improvement is seen between 6
and 14 months (Manny & Klein, 1985), however acuity at the
oldest test ages was still considerably poorer than that shown
by adults. Both Manny and Klein (1984) and Shimojo et al.
(1984) found that the just-discriminable displacement on a ver-
nier detection task was smaller than the just-discriminable bar
width in a grating detection task at all test ages. Shimojo and
Held (1987) later reported that prior to about 3 months, the
just-discriminable displacement for the vernier task was larger
than the just-discriminable bar width; this implies that the two
developmental functions cross around 3-4 months postnatal. It
is important to note that the crossing of the functions depends
on the choice of scaling units for vernier and grating acuity; a
different choice may result in a different age at crossing or no
crossing at all. To avoid the issue of scaling in the present study,
we measured the full developmental time courses for vernier
and grating acuity in individual subjects and compared the se-
quences in terms of relative maturation.

It is important to establish the developmental time course for
vernier acuity for several reasons. Psychophysical data from hu-
man adults have revealed that vernier acuity is finer than grat-
ing acuity in the central visual field. However, as targets are
moved out toward the periphery, vernier acuity decreases more
rapidly than does grating acuity (Westheimer, 1982; Levi et al.,
1985). These studies have been taken as evidence that vernier
and grating acuity may be limited by different neural mecha-
nisms. Levi and others have suggested that the limits of grating
resolution are determined by the retinal mosaic, that is, reso-
lution is limited by the diameter and spacing of foveal cones,
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whereas positional sensitivity is limited by cortical magnification
(the amount of cortical territory devoted to a particular loca-
tion in the retina). If spatial resolution and positional sensitiv-
ity are indeed based on different underlying processes, then
their developmental time courses may be different. If, by
chance, the time period over which vernier acuity develops is
not perfectly coincident with that for grating resolution, then
knowledge of the relative developmental time courses may con-
tribute to our understanding of the underlying mechanisms. Fi-
nally, psychophysical studies of human amblyopes suggest that
vernier acuity is compromised to a greater degree than other
measures of spatial vision by strabismus in early life. In this
case, knowledge of the normal time course for development is
important for establishing a baseline against which the effects
of abnormal visual experience can be evaluated, and for under-
standing the neural basis of amblyopia.

This paper presents a description of the normal time course
for the development of vernier acuity relative to grating acuity
in macaque monkeys. Macaque monkeys are particularly ap-
propriate subjects because their visual system has been demon-
strated to be structurally and functionally similar to humans,
and they provide an excellent model for studying the develop-
ment of amblyopia (see for example, Harwerth et al., 1983;
Kiorpes et al., 1987; Kiorpes et al., 1989). Also, individual mon-
keys can be tested from infancy through adulthood, whereas it
is difficult to test humans over the full developmental range.

The results of this study show that the two measured visual
functions develop at different proportional rates, but approach
adult levels at roughly the same postnatal age. Although these
results could be taken to support the hypothesis that vernier and
grating acuity depend on different neural mechanisms, it is pos-
sible that they reflect the development of a single mechanism.
The development of these functions in strabismic animals is de-
scribed in the following paper. A summary analysis of some of
these data has been published previously (Kiorpes & Movshon,
1989a).

Methods

Subjects

Seven Macaca nemestrina monkeys were tested longitudinally
beginning between 10 and 30 days postnatally. Data from an
additional eight monkeys, tested cross sectionally, are also in-
cluded. The infant monkeys, supplied by the Washington Re-
gional Primate Center, were hand-raised in our infant nursery.
Care and maintenance of the animals was provided in accor-
dance with established, approved protocols, which conform to
the NIH Guide for the Care and Use of Laboratory Animals.

Behavioral testing

Prior to 15 weeks of age the infants were tested using preferen-
tial looking methods. Beyond 15 weeks, operant methods were
used. The procedures followed for preferential looking are de-
scribed first, followed by those used for operant testing. The
stimuli were of the same configuration in both cases.

The forced-choice preferential looking procedure developed
by Teller (1979) was adapted for use with monkeys as has been
described previously (Kiorpes et al., 1989). For this study, the
technique was applied as follows. A human observer held the
monkey in front of a blank white screen containing two 15 x

20-cm apertures subtending 14-26 deg (horizontal extent) at
viewing distances ranging from 40-80 cm. Behind each aperture
was positioned a black-and-white video display monitor (Nanao
3030) on which patterns were presented under computer con-
trol. The holder observed the subject's face via a video camera
and monitor. On the basis of the subject's looking behavior, the
holder/observer made a forced-choice judgment on each trial
as to whether a particular stimulus appeared in the right or left
aperture. The observer was blind as to the position and identity
of the stimulus, both of which were randomized from trial to
trial. Feedback was provided as to whether each judgment was
correct or wrong.

The stimuli for grating acuity were high-contrast (98%)
square-wave gratings paired with a very high spatial-frequency
grating that was beyond the resolution limit of the animal and
appeared as a homogenous field that was matched in space-
average luminance to the target grating (Fig. 1, top). The lumi-
nance of the displays was 30 cd/m2. For vernier acuity, the
stimuli were a pair of clearly visible square-wave gratings;
within one of the gratings, alternating sections of the grating
were offset horizontally (Fig. 1, bottom) throughout the extent
of the target. For preferential looking, the carrier spatial fre-
quency of gratings used in the vernier task was 0.25 cycle/deg
and the offset sections were 2.0 deg high; the offsets were al-
ways static. Since vernier acuity declines at high carrier spatial
frequencies in both cats (Murphy & Mitchell, 1991) and humans

Fig. 1. An illustration of the stimuli used for testing grating and ver-
nier acuity in monkeys. Top: Grating acuity was tested by pairing a
high-contrast square-wave grating with a homogenous field of equal
space-average luminance. (Note: the homogeneous field was in fact
medium grey in color and not dark, as it appears in the figure.) Bottom:
Vernier acuity was tested with a pair of low-frequency, high-contrast
gratings within one of which alternating sections were offset horizon-
tally; the offsets were always static. (Note: the white borders in the fig-
ure do not appear in the test situation.)
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(Levi & Klein, 1982; Bradley & Skottun, 1987), we chose low
carrier frequencies for all conditions.

Vernier and grating acuity were typically tested in an inter-
leaved fashion, with order counterbalanced across ages so as to
avoid order effects and maintain the interest of the animal. For
each task, threshold was estimated based on four stimulus val-
ues (offsets or spatial frequencies) that were chosen to span the
performance range of the observer from near chance to near
perfection; 30 trials were collected per stimulus value in pseu-
dorandom order. Most data were collected binocularly, and
testing on the two tasks at each age was completed within a 3-5
day period. In some cases, monocular performance was com-
pared to binocular performance. For monocular testing, data
for each eye were collected in counterbalanced order over a pe-
riod of not more than 7 days. The development of acuity was
assessed by preferential looking at intervals of approximately
2 weeks, continuing up to 12-15 weeks of age.

Most animals older than 15 weeks were trained to perform
an operant two-alternative forced-choice discrimination task so
that development could be followed over the long term. The an-
imals were trained to make the same discriminations that were
used for preferential looking testing, using the same displays
and stimuli. The training procedures used have been described
in detail previously (Williams et al., 1981). For operant testing,
viewing distances ranged from 2-10 m depending on the ani-
mals' acuity. The monkeys were rewarded with 0.25 ml of ap-
ple juice for correct discriminations; errors were followed by a
time-out period, usually 5-10 s in duration, that was signalled
by a tone. For operant vernier acuity testing, the carrier spatial
frequency was 4.0 cycle/deg and the offset sections were 0.5 deg
high. In two animals, we explored a range of carrier spatial fre-
quencies and found little effect on threshold up to about 12 cy-
cle/deg. The methods for threshold estimation were the same
as for preferential looking except that the estimates were based
on five stimulus values (spatial frequencies or offsets) and at
least 50 trials per point.

Data analysis

All estimates of acuity were obtained using the method of con-
stant stimuli. Threshold was defined as the spatial frequency
(grating acuity) or offset (vernier acuity) supporting discrimi-
nation by the observer (monkey or human) at the 75% correct
level. Threshold values and standard errors of estimate were ob-
tained by probit analysis of the log transformed data sets (Fin-
ney, 1971), using a maximum-likelihood-ratio technique.

Individual analysis of these psychometric functions was oc-
casionally problematic. While in most cases the functions rose
lawfully from near chance to 100% correct, in some cases as-
ymptotic performance was lower (although never less than
80%), or the data were nonmonotonic. Initially, individual
analysis of such data sets was attempted by allowing the probit
routine to fit the asymptotic performance value, but this proved
unsatisfactory because the resulting thresholds were often un-
reliable and might have been biased by the addition of the free
asymptote parameter. Another way to approach this analysis is
to assume that the level of best performance for the data set is
indeed the level obtained for the most visible stimulus, and use
a lower asymptote for these probit calculations. But setting a
lower asymptote underestimates the actual threshold, because
threshold is defined as the median level between the asymptote
and chance, and increases variability. Moreover, it is likely that

the asymptotic level of performance is in fact close to 100% in
all cases but, for certain data sets, the stimulus values chosen
were below that needed to elicit such good performance.

The most satisfactory resolution of this problem is derived
from the simplifying hypothesis that all of the psychometric
functions for a particular task have the same underlying slope,
and differ from one another only in position along the abscissa.
In practical terms, this is done by fitting a single free param-
eter—the slope —to all of the data jointly, while allowing a sec-
ond parameter —the threshold —to vary from data set to data
set. We did this calculation using preferential looking data. We
simultaneously fit all of the grating acuity data, and separately
all vernier acuity data, for an individual monkey to determine
representative psychometric function slopes for each monkey on
each task. Thresholds were then obtained for individual data
sets with the probit slope appropriately constrained.

Collective analysis of psychometric functions obtained at
different ages is valid since there was no tendency for the slope
of the psychometric function to change systematically with age
for either acuity task. Regression analyses of individually fit
psychometric function slopes failed to reveal a significant change
with age. It therefore seemed reasonable to assume that the un-
derlying psychometric function is similar for a given monkey
and task regardless of age and can therefore be rigidly shifted
along the abscissa. Examples of such logarithmically shifted psy-
chometric functions for a single monkey are shown in Fig. 2A.
Three grating and vernier data sets are shown for monkey VW,
obtained at ages ranging from 22 to 82 days. The data points
for each data set are plotted with error bars representing the
standard deviation of the binomial distribution around each
point. The dashed horizontal line shows chance performance.
The psychometric function plotted with each of the data sets for
grating acuity is the same function, calculated in the simulta-
neous analysis of all five grating acuity data sets obtained from
VW, rigidly shifted horizontally in spatial scale. The same pro-
cedure was applied to the vernier acuity data; the function
shown was calculated based on six data sets, and is rigidly
shifted horizontally for the data sets shown. Clearly the func-
tion calculated using the fixed-slope procedure yields reasonable
fits to individual data sets.

It is possible to evaluate the validity of this rigid-shift hy-
pothesis using the methods of nested hypothesis testing (Mood
et al., 1974). To do this, we compared the goodness of fit (in
a chi-square sense) for each data set fit with the slope fixed and
the slope free. For 12 of the 14 longitudinal data sets, the good-
ness of fit was no better with the slope free to vary for each
function, suggesting that in general the apparent variation in
slope from function to function is without statistical signifi-
cance. Thus, the statistical analysis illustrates that the loss of
one free parameter —slope —in the probit fits does not signifi-
cantly reduce the quality of the fits. What is gained is an in-
crease in robustness of threshold estimates and the elimination
of variability due to variation in upper asymptote. All thresh-
olds derived from longitudinally obtained preferential looking
data were calculated in this way. It is important to note that the
conclusions drawn from the data are unaltered by the fixed-
slope analysis.

Unlike the preferential looking data, operant data were not
subject to variability in the level of best performance. Each op-
erant data set was therefore analyzed separately. It is worth not-
ing that the slope of the psychometric function for individual
animals in operant testing was reasonably consistent from ses-

https:/www.cambridge.org/core/terms. https://doi.org/10.1017/S0952523800010658
Downloaded from https:/www.cambridge.org/core. NYU Medical Center: Ehrman Medical Library, on 28 Mar 2017 at 19:47:10, subject to the Cambridge Core terms of use, available at

https:/www.cambridge.org/core/terms
https://doi.org/10.1017/S0952523800010658
https:/www.cambridge.org/core


L. Kiorpes

0.3 1 3 10 30
Spatial frequency (c/deg)

3 10 30
Spatial offset (min)

100

Spatial frequency Spatial offset

Fig. 2. Examples of individual data sets and probit fits.
A: Data obtained by preferential looking with examples
of fixed-slope fits. B: Data obtained by operant testing
with psychometric functions fit separately. In the left
panels, proportion correct as a function of spatial fre-
quency is shown; in the right panels, proportion correct
as a function of spatial offset is shown. In A, the psy-
chometric functions for grating acuity are the same
function, calculated as described in the text, rigidly
shifted horizontally for each data set; similarly, the psy-
chometric functions shown with the vernier acuity data
are a single function rigidly shifted for each data set.
All data in A are from a single monkey, VW, between
the ages of 22 and 82 days; the open and filled symbols
are used only to clarify to which data set the points be-
long. In B, the psychometric functions were fit sepa-
rately to each data set with the slopes free to vary. All
data in B are from a single monkey, TK, between the
ages of 45 and 70 weeks. In this case, the data sets are
placed arbitrarily with respect to the abscissa (they are
separated for clarity), therefore the x axes are unla-
beled.

sion to session for a particular task. This point is illustrated in
Fig. 2B, which shows individual operant data sets for monkey
TK obtained between 45 and 70 weeks of age. The slope of the
fitted psychometric function was free to vary in each case. The
slopes and levels of best performance are clearly similar for a
given task. Although there are several differences in the testing
conditions and data treatment between the preferential looking
and operant methods, examination of the pattern of results
shows that there are no consistent breaks in the data around 15
weeks. This supports the notion that these differences in meth-
odology have no important effect on the outcome.

Results

All of the monkeys tested longitudinally showed essentially the
same pattern of vernier acuity and grating acuity development.
Vernier acuity improved over a greater range and at a faster rate
than grating acuity, although adult levels were approached at
similar ages for both functions. Longitudinal data from three
individual animals are shown in Fig. 3. In the top panels, the
development of vernier acuity is shown for each animal as a
function of age in days. Vernier acuity is expressed in inverse
minutes of arc so that improvement is always shown as an in-
creasing rather than decreasing function of age. In the bottom
panels, grating acuity development, in cycles/degree, is plotted
on the same age scale. Grating acuity developed from initial lev-
els in the range of 1-4 cycle/deg up to 20-30 cycle/deg over the
first 40 weeks. Vernier acuity developed from initial levels in the
range of 0.03-0.06 min"1 up to 1.6-5.0 min"1 over the same
period of time. In every case, the proportional improvement in
vernier acuity during development was greater than the propor-
tional improvement in grating acuity during development.

Developmental functions for all animals tested longitudinally
on both measures are plotted together in Fig. 4 for comparison.
Solid lines represent grating acuity development and dashed
lines represent vernier acuity development. The ordinates for
the two sets of data are aligned at adult performance levels so
that acuity at any age is represented in terms of relative level of
maturity. Adult performance is estimated using the best perfor-
mance achieved over the course of the study. Other criteria
could be chosen, such as taking an average, but the pattern of
results would be the same. Several important features of the
data are revealed by Fig. 4. First, grating acuity is relatively
more mature near birth than vernier acuity. Second, the slopes
of the two sets of functions are different. The slopes of the ver-
nier development functions are steeper than those for grating
development, thus vernier acuity develops at a faster propor-
tional rate than grating acuity. Finally, both sets of functions
approach adult levels at about the same age, 40-60 weeks.

The developmental functions for each type of acuity show
striking similarity across animals. Regression lines fit to the in-
dividual data, log age vs. log acuity, have similar slopes within
each set of acuity measures. Thus, two developmental functions
can be determined that describe in general the time courses for
grating acuity and vernier acuity in pigtailed monkeys. Fig. 5,
using the same format as Fig. 4, shows data for the individual
monkeys tested longitudinally and cross sectionally along with
the calculated regression lines. The slopes of the regression lines
are 0.79 and 1.30 for grating and vernier acuity, respectively.
Statistical analysis showed the regression slopes to be signifi-
cantly different: t = 86.9, df = 106, P < 0.001, for samples
with unequal variances.

That two different developmental functions can be defined
for vernier and grating acuity reinforces the notion that there
might be different mechanisms underlying their development.
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However, the finding that both types of acuity achieve adult
levels at roughly the same age suggests that their development
may actually depend on a similar mechanism. One way to ap-
proach the question of whether these functions depend on similar
or separate mechanisms is to directly evaluate the relationship
between them. Fig. 6 illustrates the relationship between grat-
ing and vernier acuity over the course of development. The two
measures are plotted against one another, for all animals of all
ages. The region containing the data, the normal sequence, de-
fines the expected vernier acuity for a particular value of grat-
ing acuity regardless of the age of the animal. The sequence
captures the general relationship between these two measures
developmentally, although different animals may develop at
different rates. Since vernier acuity and grating acuity each de-
velop monotonically and at different rates, the relationship be-
tween them changes with age. Although the normal sequence
does not reveal a proportional relationship, it does reveal a re-
liable, orderly relationship between these measures over the
course of development.

As mentioned earlier, several studies of human infants have
compared vernier and grating acuity development. Shimojo and
Held (1987) found that, as in monkeys, the rates of development
for these two visual functions were different in human infants.
To compare monkeys and humans, we used the four-to-one rule
described above equating monkey age in weeks with human age
in months (Teller & Boothe, 1979) and plotted human and mon-
key grating acuity development and human and monkey vernier
acuity development together in Fig. 7.
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Fig. 7 is similar in format to Figs. 4 and 5; the regression
lines and small points are the monkey data from Fig. 5 that de-
scribe the general developmental time courses for these func-
tions. Superimposed on the monkey grating data (upper cloud
of points and solid line) are two sets of human grating acuity
data: open squares are data from Shimojo et al. (1984); open
circles are data from Shimojo and Held (1987). Clearly, the
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data are shown by the large symbols: open squares represent data from
Shimojo et al. (1984); open circles represent development as reported
by Shimojo and Held (1987); filled triangles represent vernier acuity de-
velopment as measured by Manny and Klein (1985).

four-to-one rule is a reasonable description of the relationship
between the human and monkey data in this case. However,
this age translation may not be appropriate for vernier acuity
development. Three sets of human vernier acuity data are plot-
ted along with the monkey vernier acuity data (lower cloud of
points and broken line). The open symbols are as described
above for grating acuity; the filled triangles represent data from
Manny and Klein (1985). Although the human and monkey
data appear to be in reasonable correspondence at the earliest
ages (open circles), the slope of the human developmental func-
tion as described by Shimojo and Held (1987) is considerably
steeper than that for the monkeys (3.1 compared to 1.3 for the
monkeys). However, this developmental function for human in-
fants was also much steeper than that reported in the other hu-
man studies. Vernier acuity development as described by Shimojo
et al. (1984; open squares) and Manny and Klein (1985; filled
triangles) is similar in rate to the monkey data: 1.49 and 1.27,
respectively, keeping in mind that age is in months for humans
and weeks for monkeys. Thus, while the slopes of the devel-
opmental functions from these human studies and from the
monkeys are similar, the data do not seem to lend themselves
quantitatively to a four-to-one translation; the human infants
seem to have slightly better vernier acuity than the monkeys
when their grating acuity data show correspondence.

Although the developmental comparison between humans
and monkeys appears to be difficult to quantify, the compari-
son between adult performance levels is straightforward. Ver-
nier thresholds for adult humans tend to be in the range of
12-50 min~' (see, for example, Westheimer & McKee, 1977).
The best thresholds for the monkey observers in this study were
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about 6 min '. It is unlikely that the task itself is more diffi-
cult than those used in the human studies; one human observer
tested with our stimuli performed in the range of other human
studies: 16 min"1 (Kiorpes & Movshon, 19896).

Discussion

The present study shows that the development of vernier acu-
ity follows a different course than the development of grating
acuity in normally reared monkeys. The major difference be-
tween the developmental functions is that vernier acuity is less
mature at birth and subsequently develops faster than grating
acuity. From the age of the first measurement, grating acuity
improves about 15-fold whereas vernier acuity improves about
60-fold. These data appear to be consistent with the suggestion
that vernier and grating acuity are limited by different neural
mechanisms. However, two features of the development data
suggest that they may in fact be limited by similar mechanisms.
First, vernier and grating acuity approach adult levels at simi-
lar ages. Second, vernier and grating acuity are related to each
other in an orderly manner over the course of development. I
will review the basis for each position and argue that it is more
likely that vernier and grating acuity are limited by similar
mechanisms during development.

Most recent analyses implicate primarily receptoral factors
in the maturation of grating acuity, but do not discount addi-
tional contributions by neural maturation at the level of the
LGN and cortex (Banks & Bennett, 1988; Jacobs & Blakemore,
1988; Wilson, 1988; but cf. Brown et al., 1987). Recent ad-
vances in technology have provided the opportunity for care-
ful quantification of the development of photoreceptors and
changes in photoreceptor topography with age (Hendrickson &
Yuodelis, 1984; Yuodelis & Hendrickson, 1986; Curcio et al.,
1987). These studies have documented substantial changes in the
morphology of foveal cones between birth and 4 years in hu-
mans, along with a graded increase in cone density over the
same period of time. The human fovea is apparently not fully
mature even at 4 years. A similar progression of changes in pho-
toreceptor topography has been reported for the macaque mon-
key (Packer et al., 1990), who found a graded change in peak
cone density between 2 and 25 weeks although the age at which
adult cone densities are reached was difficult to establish with
certainty. It seems likely that these changes in photoreceptor
morphology and topography contribute in some way to the
postnatal development of visual resolution. However, even tak-
ing into consideration these changes, the sampling limit appears
to be well above behaviorally measured resolution in young pri-
mate infants (Brown et al., 1987; Banks & Bennett, 1988; Wil-
son, 1988; Jacobs & Blakemore, 1988).

Behaviorally measured changes in spatial resolution during
development are mirrored in the development of LGN cell res-
olution. Blakemore and Vital-Durand (1986) demonstrated a
progression in the development of spatial resolution in foveal
LGN cells that was quite similar to the progression of acuity de-
velopment in a single infant macaque, although the resolution
of the best LGN cell at each recording age was about an octave
better than the monkey's resolution. To extend this comparison
for the present sample of monkeys, the LGN data from Blake-
more and Vital-Durand (1986), as well as similar data for ma-
caque striate cortical cells (Blakemore, personal communication;
see also, Jacobs & Blakemore, 1988) are replotted along with
the behavioral data from the present study. Fig. 8 shows that
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Fig. 8. Comparison between spatial resolution of macaque neurons and
monkey behavior as a function of age. Open circles are the grating
acuity data from the present study. Physiological data represent the cell
with the highest spatial resolution encountered by Blakemore and Vital-
Durand (1986; Blakemore, 1990) in the LGN (filled triangles) or stri-
ate cortex (open triangles) of macaques at each age plotted.

the youngest monkeys perform well below the resolution levels
of the best neurons. However, the progression of development
beyond the youngest ages follows a similar time course to that
measured physiologically. As Blakemore and Vital-Durand
(1986) point out, this similarity does not necessarily suggest that
LGN cells are setting limits on visual development; the devel-
opmental progression may be a manifestation of more periph-
eral changes like those seen at the level of the photoreceptors.

Psychophysical studies of adult performance suggest that
vernier acuity, on the other hand, is related to cortical magni-
fication (Westheimer, 1982; Levi et al., 1985; Fahle & Schmid,
1988). Vernier acuity declines in a manner consistent with cor-
tical magnification as stimuli are moved from fovea to periph-
ery. The suggestion is that optimal vernier performance depends
on the relatively greater cortical territory devoted to the foveal
representation in the striate cortex. However, recent data from
Wassle et al. (1990) show that the greater cortical territory de-
voted to the foveal representation relative to the periphery can
be related to a change in ganglion cell density from fovea to pe-
riphery, and is therefore not an amplification generated at the
level of the cortex. Schein and de Monasterio (1987) reported
a particular correspondence between ganglion cell afferents of
the parvocellular pathway and cortical magnification. The sim-
ilarity between ganglion cell density as a function of eccentric-
ity and cortical magnification suggests that the decline in vernier
acuity with eccentricity can be accounted for at the level of the
ganglion cells. These data argue against the idea of a cortical
limitation on vernier performance, and support the idea of ret-
inal limitations on both vernier and grating acuity.

Regardless of whether vernier acuity and grating acuity are
limited by similar or different mechanisms in adults, it is worth
realizing that the limits on infant visual performance are not
necessarily the same as those in adults. As discussed above, the
distribution of photoreceptors across the retina changes post-
natally in both humans and monkeys (Hendrickson & Yuodelis,
1984; Yuodelis & Hendrickson, 1986; Packer et al., 1990). It is
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likely that the topography of ganglion cells also changes post-
natally. The relationship between ganglion cell density and cor-
tical magnification has not been studied in infants, so whether
or not this relationship changes developmentally is not known.
It is known that striate cortical cells improve developmentally
in both spatial resolution and contrast sensitivity (Blakemore &
Vital-Durand, 1986; Blakemore, 1990) and the development
spatial resolution in cortical cells parallels development at the
level of the LGN (see Fig. 8). Since developmental trends mea-
sured at the level of the LGN and cortex may well depend on
changes at the level of the photoreceptors, it is at least plausi-
ble that the developmental functions described for vernier and
grating acuity depend on the development of similar mecha-
nisms that may be quite early in the visual system.

Banks and Bennett (1988) have described a developmental
process that could serve as a limiting factor for both vernier and
grating acuity. They developed an infant ideal observer model
that demonstrates many of the behaviorally documented fea-
tures of human visual development. By their analysis, changes
in cone morphology and spacing between birth and adulthood
can account for much of the improvement in contrast sensitivity.
Although receptoral (including pre-receptoral) factors cannot
account quantitatively for the degree of change seen behavior-
ally, the patterns of change predicted from the ideal observer
analysis are qualitatively similar to developmental trends. In
particular, the Banks and Bennett (1988) analysis predicts dif-
ferent rates of development for vernier and grating acuity based
on changes in the quantum efficiency of cones as a function of
age. The precise nature of the differences depends on a num-
ber of assumptions including summation area and the relation-
ship between quantum efficiency and vernier acuity. However,
it seems that developmental changes at the level of the photore-
ceptors could underlie different rates of development for vernier
and grating acuity and it is therefore not necessary to postulate
different underlying mechanisms.

Comparison between human and monkey developmental
profiles is difficult. There are inconsistencies among the human
studies that are without obvious cause. For example, Shimojo
et al. (1984) and Manny and Klein (1985) show developmental
functions for vernier acuity that are similar in slope to each
other and to the monkeys, whereas Shimojo and Held (1987) re-
port a considerably steeper function using apparently identical
methods. Although the spatial frequency of the grating target
in the Shimojo and Held (1987) and Shimojo et al. (1984) stud-
ies were slightly different, it seems unlikely that this difference
is a major factor. Whatever the case, the four-to-one rule relat-
ing the development of grating acuity, and contrast sensitivity,
in human and monkey infants may not be quantitatively appro-
priate for the development of vernier acuity. While plotting hu-
man age in months and monkey age in weeks allows the grating
acuity data to superimpose, the vernier acuity data do not: be-
yond the earliest test ages, human vernier acuity is superior to
monkey vernier acuity (refer to Fig. 7).

It would appear that vernier acuity develops relatively more
quickly in humans suggesting that there is a different relation-
ship between vernier and grating acuity in humans than in mon-
keys. However, it is important to note that all of the human
studies were conducted with stimuli containing a dynamic cue
to vernier offset, while in the present study, the stimuli were al-
ways static. It is possible that these studies reflect infants' sen-
sitivity to motion rather than to vernier offset. Recent preliminary
reports suggest that the temporal properties of the stimulus af-

fect vernier threshold in infants (Aslin & Skoczenski, 1990; Car-
keet et al., 1990). In particular, adding motion to the stimu-
lus improves vernier thresholds in infants (Skoczenski, personal
communication; Shimojo, personal communication).

This study shows that vernier and grating acuity follow dif-
ferent developmental time courses in normal infant primates.
However, the mechanisms underlying these time courses are dif-
ficult to discern. These data could be taken to support the ini-
tial position that these two visual functions depend on different
neural mechanisms. But two aspects of the data argue against
their development being wholly independent: (1) vernier and
grating acuity reach adult levels at similar ages, and (2) vernier
and grating acuity are related to each other in an orderly man-
ner over the course of development. These findings suggest that
vernier and grating acuity are limited by the development of sim-
ilar mechanisms that affect them differentially. In an attempt
to disentangle these possibilities, we studied the development of
vernier and grating performance in strabismic monkeys. The
following paper (Kiorpes, 1992) describes the pattern of disrup-
tion of these two types of acuity in strabismic monkeys. The
data provide greater insight into the processes that are impor-
tant for acuity development and the nature of amblyopia.
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