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The development of spatial contrast sensitivity in human and monkey infants reveals changes in the properties of
underlying contrast-detection mechanisms in the visual system. A reanalysis of published data shows that the
development of the spatial contrast sensitivity function can be described satisfactorily by the simultaneous vertical
and horizontal scaling of a template function whose shape on a log-log axis does not change during development.
Because individuals differ in the point to which contrast sensitivity has developed at any particular time, the use of
group-averaged data as a basis for estimating the course of the developmental process has two undesirable results.
First, it provides estimates of spatial contrast sensitivity during development that do not reflect any individual's
sensitivity. Second, it incorrectly suggests that the shape of the spatial contrast sensitivity function changes during

development.

INTRODUCTION

The function relating an observer’s contrast sensitivity to
the spatial frequency of a sinusoidal grating test target is the
spatial contrast sensitivity function. This function pro-
vides a-measure of the spatial properties of contrast-detect-
ing elements in the visual system.! It is widely believed that
the contrast sensitivity function is in fact the envelope of the
sensitivity functions for collections of neural channels that
subserve the detection and discrimination of spatial pat-
terns.>' In young monkeys and humans, spatial contrast
sensitivity is poor: both the peak contrast sensitivity and
the spatial resolution of the visual system are substantially
lower in young humans and monkeys than they are in adults.
Over a period covering roughly the first vear of monkey life
or the first five years of human life, spatial resolution and
contrast sensitivity, as measured behaviorally, develop to
adult levels.*-8

It is thought that changes in the contrast sensitivity func-
tion in early life are of two kinds. First, the function
changes in both vertical and horizontal scales, reflecting
development of the sensitivity and the refinement of the
spatial scale of the visual system. Second, it changes in
shape, reflecting a change, other than a simple change in
scale, in the properties of the underlying contrast-detecting
mechanisms.” The reported change in shape is related to
the reduction in sensitivity at spatial frequencies below the
peak that is commonly seen in adult subjects; it is reported
to be attenuated or absent in early life.#31° This low-
frequency sensitivity reduction is generally associated with
lateral spatial antagonism (lateral inhibition) in the visual
system, and its absence in voung observers is thought to be
related to the late development of this kind of spatial pro-
cessing.i-*

Because of the difficulties associated with testing human
infants, it is often difficult to obtain enough data from indi-
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vidual infants to characterize the developmental process
fully. As a result, many studies combine data from a num-
ber of individuals tested at a particular age to obtain a group
average and then use the group data to estimate the form of
the developmental function. However, because there are
differences in developmental level among individuals at any
given age, the combination of data by age may result in a
misleading representation of the developmental function.
It is generally appreciated that it is appropriate to consider
different methods for representing average developmental
data. But when suitable methods do not present them-
selves, the consequences are not always fully explored. In
the specific case that we consider in this paper, we show that
group averaging can yield estimates of spatial contrast sensi-
tivity that do not represent the sensitivity of any particular
individual and can yield estimates of developmental time
course that do not describe the time course of any indivi-
dual’s development.

We have reexamined the way that the spatial contrast
sensitivity function changes over development by using a
method that defines a template form for the contrast sensi-
tivity function from individual data. We conclude that the
function does not, in fact, change its shape importantly.
Instead, it simply scales vertically and horizontally. Thus
the development of spatial contrast sensitivity can be de-
scribed by the change in the vertical and horizontal scales of
a template function. The development of these scales pro-
gresses to different degrees in different individuals of a given
age. The results of the analysis suggest that the sensitivity
and the scale, but not the underlying spatial structure, of
visual mechanisms subserving contrast detection change
over development.

Data on spatial contrast sensitivity typically are plotted
on double-logarithmic coordinates, and we follow that con-
vention here. In these coordinates, changes in vertical and
horizontal scales manifest themselves in rigid shifts in the
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position of a standard function, and hereafter we refer to
these shifts rather than to the scale changes that underlie
them.

METHODS

We analyzed three sets of published data on the develop-
ment of spatial contrast sensitivity. The first and most
extensive data set comes from a study of normal macaque
monkeys, tested between the ages of 5 and 52 weeks, that
were trained by using operant techniques and studied longi-
tudinally.” We also examined behavioral data on the devel-
opment of spatial contrast sensitivity in human infants, ob-
tained by using a preferential looking paradigm,>!° and an-
other set of infant data obtained by using an evoked
potential method.!" In all cases, contrast sensitivity is tak-
en as the inverse of the threshold Michelson contrast re-
quired for reliable detection of the grating target; specific
details of the stimuli and the methods used in these studies
can be obtained from the primary references.

In our analysis we used an iterative minimization proce-
dure!? to provide estimates of the best-fitting contrast sensi-
tivity function. The minimization was performed after the
data were logarithmically transformed. The minimization
was therefore designed to shift rigidly the curves measured
for each individual until they all fit the chosen template
function. The function that we used was a double exponen-
tial of the form

k (wk )" exp(=Buwk ), (1)

where « is the spatial frequency. The four free parameters
affect primarily the steepness of the low-frequency («) and
high-frequency (8) portions of the curve, lateral shifts along
the frequency axis (k..), and vertical shifts along the sensitiv-
ity axis (k,). This function is similar to one reported by
Wilson'" to account well for his contrast sensitivity data
from humans; we chose it because it also reliably provided
better fits to the monkey data than did such plausible func-
tions as a difference of exponentials.

In our major analysis we fitted expression (1) to as many
as 54 sets of contrast sensitivity data. The procedure simul-
taneously provided a best-fitting shape for expression (1), by
globally optimizing « and B across all the data sets, and the
appropriate individual offset for each data set, by finding
the optimal values for k. and k,. This process may be
thought of as first a series of shifts that bring all the contrast
sensitivity data in a particular group into register by rigid
translation of each individual set of data and then an estima-
tion of the curve shape that best fits the combined data. In
the calculation, of course, the two operations took place in
parallel, rather than in series; the contrast sensitivity data
were brought simultaneously into alignment with the tem-
plate curve, and they also determined the form of that curve.

RESULTS

Monkey Infants

We first consider the data on contrast sensitivity develop-
ment in pigtail macaque monkeys (Macaca nemestrina),
measured by Boothe et al.,” using operant techniques.
These data are the most extensive available on contrast
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Fig. 1. Spatial contrast sensitivity functions obtained from a ma-
caque monkey at four ages: 10 weeks (open circles), 17 weeks (filled
circles), 24 weeks (open triangles), and 45 weeks (filled triangles).
The error bars represent standard errors of the mean contrast sensi-
tivity at each frequency. The smooth curves through the data show
the best-fitting curve of the form of expression (1) for each data set,
fitted under the constraint that the same average shape curve fit all
33 data sets obtained from the six monkeys included in the study.
(Data were obtained from Ref. 7.)

sensitivity development in individual primates. Figure 1
shows spatial contrast sensitivity data obtained from a sin-
gle monkey at four different ages between 10 and 45 weeks,
showing the steady improvement in both sensitivity and
resolution that is characteristic of development in monkey
and human infants. Itisevident that this monkey's changes
in contrast sensitivity can be described well by rigid shifts up
and to the right in an archetype contrast sensitivity func-
tion, as shown by the smooth curves in the figure. This
function was in fact derived by the procedure described
above (see the Methods section), from a total of 33 sets of
contrast sensitivity data obtained from six normal monkeys
between the ages of 5 and 52 weeks. The particular posi-
tions of the four functions illustrated were of course opti-
mized for the four sets of data in the figure, but the shape
represents the general shape of the monkey spatial contrast
sensitivity function.

In order to show the reliability with which this function
fits the data for different monkeys at different ages, in Fig. 2
we show three plots illustrating the scatter of the data about
this function. Each plot was prepared by translating the
actual contrast sensitivity data so that the best-fitting tem-
plate function for each data set was superimposed upon all
the others and then plotting the scatter of the data about the
single resulting function. Figure 2A shows this scatter for
all 33 data sets; notice that the total range of scatter of the
data about the function is rarely larger than 50%, which is
not much greater than the standard errors of the estimates of
threshold (e.g., Fig. 1). We conclude that the single arche-
type function adequately describes the data from all the
monkeys at all ages tested.

It is thought that the attenuation of spatial contrast sensi-
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Fig.2. Three graphs showing the scatter of contrast sensitivity data from infant monkeys around the best-shaped contrast sensitivity function

described by expression (1) and fitted simultaneously to all the data by using the method described in the text. Each panel shows the best
smooth curve and scattered data that have been shifted, set by set, by an appropriate amount to fit that curve. A, All 33 sets of contrast sensi-
tivity data from all six monkeys. B, The 11 sets of data obtained from the monkeys below the age of 12 weeks. C, The 22 sets of data obtained
from monkeys above the age of 12 weeks. (Data were obtained from Ref. 7.)

tivity at low spatial frequencies that characterizes measure-
ments made by using stationary or slowly modulating tar-
gets in adult human observers is weaker or absent in young
infants and develops over the first few months of life.**1" If
there were a similar pattern of development in monkey in-
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Fig. 3. Developmental time courses for spatial frequency and con-
trast sensitivity in monkevs. The upper panel plots the sensitivity
at the peak of the best fitting template contrast sensitivity function
for six monkeys studied at different ages. The lower panel plots the
spatial frequency at which the peak sensitivity occurred. Note the
substantial variation from animal to animal in the developmental
time course for both parameters. (Data were obtained from Ref.7.)

fants, we would expect a difference in the quality of the fits
of the template curve to data from younger and older mon-
keys. In Figs. 2B and 2C this suggestion is examined for
these data; scatter plots similar to that in Fig. 2A are shown
for two groups of data representing animals younger than 12
weeks (Fig. 2B) and animals older than 12 weeks (Fig. 2C).
There is no appreciable difference in the quality of the fit for
the two groups, suggesting that the shape of the underlying
contrast sensitivity function does not change, at least over
the age range studied.

Because a single function can be used to fit all the data
from the study of Boothe et al.,” it follows that the course of
spatial contrast sensitivity development for a particular in-
dividual can be described by the position of the function
with time (see Fig. 1). In Fig. 3 this position is plotted as a
function of age for each of the six monkeys in the study.
The upper part of the figure shows the height of the peak of
the contrast sensitivity function [proportional to k. in Eq.
(1)], and the lower part shows the spatial frequency at which
the peak sensitivity occurs (inversely proportional to k).
As noted in the analysis of the individual data that is given in
the original report, there is considerable variation from mon-
key to monkey in the course over which the contrast sensitiv-
ity function develops. It has not escaped our notice that
curves of this type, describing a developmental time course,
could in principle be subjected themselves to a similar tem-
plate analysis, which could provide good information about
the average course of development. The most important
missing ingredients are a function and a transformation rule
that can be combined to describe individual variations in
developmental time course. In addition, longitudinal data
on human development are scarce.

As mentioned in the Introduction section, in studies of
contrast sensitivity in human infants it is difficult to obtain
enough data from an individual infant at a given age. Itis
therefore tempting to combine data from several individuals
studied at a particular age with a particular stimulus condi-
tion. However, if there is substantial variation from indi-
vidual to individual in the point to which development has
progressed, there could be distortions in the shape of the
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spatial contrast sensitivity function calculated from group-
averaged data. To examine this possibility, we used the
monkey data’ to calculate group-averaged contrast sensitiv-
ity functions by averaging the threshold value obtained for
each infant tested at each spatial frequency for five different
age groups. The results of this analysis are shown in Fig. 4.
Figure 4A shows the means and the standard deviations of
the contrast sensitivity values for each of five age groups.
Represented this way, the group data suggest that the spa-
tial contrast sensitivity function has a low-pass character in
the youngest monkeys and becomes bandpass in older mon-
keys. Figure 4B shows the same data as in Fig. 4A, along
with five individually fitted curves derived (without rigidity
assumptions) from expression (1); the standard deviations
have been omitted for clarity. These fits confirm the im-
pression obtained from inspecting Fig. 4A that there is an
important change in the shape of the function over develop-
ment. Finally, Fig. 4C shows the group-averaged data from
the youngest and oldest age groups, along with the best-
fitting versions of the particular form of expression (1),
which, when rigidly translated, provided the best fit to all
the individual data (see Figs. 1 and 2). Notice that the
template function derived from the individual data provides
a poor fit to the group-averaged data from the youngest age
group, despite the fact that individual spatial-contrast sen-
sitivity functions measured at this age fit the template func-
tion well. Only in the oldest age group, in which the hetero-
geneity of the population is less, are the group-averaged data
described adequately by the template function.

In considering these results, it should be noted that the
consequences of horizontal scatter are more important for
interpretation than are those of vertical scatter; that is, if all
the variation from individual to individual were in peak
sensitivity (k,), the group-averaged curve would have the
correct shape. Variation in the spatial scale (variationin k)
must be present for the averaged curve to be distorted in
shape.
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Human Infants

Our analysis of the monkey contrast sensitivity data sug-
gests that data on contrast sensitivity development obtained
from human infants might also be described well by a rigidly
translating template curve. We also were concerned that
analyses of group-averaged data might distort the human
infant data in much the same way as they distort the monkey
data (Fig. 4). We therefore analyzed two sets of individual
data obtained from human infants between the ages of 4 and
37 weeks. The first set of data was obtained by using sta-
tionary gratings, with performance monitored by a preferen-
tial looking technique.®'" The second data set came from a
recent study in which gratings whose contrast was modulat-
ed sinusoidally at 6 Hz were used and in which the swept-
contrast visual evoked potential was used to estimate con-
trast sensitivity.!!

Behavioral Data

Our analysis of the data of Banks and Salapatek™!? is shown
in Fig. 5, with a format similar to that used in Fig. 2. Banks
and Salapatek reported group-averaged data from 20 infants
in three age groups: 4, 8, and 12 weeks.” We performed a
single minimization that fitted a rigid curve to all the data
from the 20 individual infants (the individual data were
presented in a later report'®). In Fig. 5 this fit is presented
separately with the data from each of the three groups of
infants. The first point that is evident from the figure is
that the scatter of data about the fitted function is substan-
tially greater for these data than for the data from monkeys
shown in Fig. 2, especially for the data from younger human
infants. This increase in variability is largely attributable
to the smaller number of trails contributing to the human
infant data. The difference in variability can be seen by
comparing the individual infant data'® with the individual
data from the monkeys (see Fig. 1 and also Ref. 7). The
second point is that there is no apparent basis for rejecting
the fit of the template function to any of the three sets of
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Fig. 4. Analysis of the effect of group averaging on the apparent development of contrast sensitivity. A, Pooled spatial contrast sensitivity
data for monkevs in five age groups: near 10 weeks (open circles). 13 weeks (filled circles). 18 weeks (open triangles), 28 weeks (filled triangles),
and 45 weeks (open diamonds). The error bars show the standard deviations of the distributions of sensitivity at each age and spatial
frequency. The data have been displaced slightly laterally for clarity. B, The data shown in A are plotted again, with smooth curves
representing the best-fitting form of expression (1) for each data set. Note that these curves were not fitted under the rigidity assumption but
were optimized separately for each dataset. The error bars have been omitted for clarity. C, Data for the 10-week and 45-week groups, plotted
again against the best-fitting form of the template function shown in Figs. 2 and 3; the template is the function whose shape best describes all
the individual contrast sensitivity data. Note that the template’s fit is poor for the 10-week data but is reasonable for the 45-week data. (Data

were obtained from Ref. 7.)
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Fig. 5. Analysis of the contrast sensitivity of human infants, measured by using a preferential looking method. The three panels present an
analysis of the shape of the contrast sensitivity functions for three age groups, using the format of Fig. 2. A, Data from six 4-week-old infants.
B, Data from six 8-week-old infants. C, Data from eight 12-week-old infants. (Data were obtained from Refs. 5 and 10.)
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Fig. 6. Analysis of the contrast sensitivity of human infants, measured by using an evoked-potential method. The two panels present an
analysis similar to that shown in Figs. 2and 5, for two groups of infants. A, Data from 17 measurements with infants aged 12 weeks or less. B,
Data from 37 measurements on infants aged 13 weeks or more. (Data were obtained from Ref. 11.)

data or for arguing convincingly for a change in the shape of
the underlying function. This stands in contrast to the
analysis of the group averages of these data presented by
Banks and Salapatek.” Their analysis, as does our own
group-averaged analysis of the monkey data (Fig. 3), sug-
gested that the low-frequency slope of the spatial contrast
sensitivity function increases in the course of development.

The only other study of which we are aware in which
spatial contrast sensitivity data from individual human in-
fants are presented is that of Atkinson et al.,* whose data
and conclusions broadly resemble those of Banks and Sala-
patek. We did not subject these data to the template analy-
sis because the relevant figure presents data from only 12
cases, for 8 of whom the published curves contain only two
measured contrast sensitivity values. Nonetheless, inspec-
tion of the curves suggests that, if the data set were rich

enought to warrant a template analysis, the results would be
similar to those that we have described for the data of Banks
and Salapatek. In particular, the data that fail to reveal an
attenuation at low spatial frequencies were all obtained at
frequencies too high to reveal that attenuation if a template
model were correct.

Evoked-Potential Data

Norcia et al.'' used a swept-contrast modulating grating
target to elicit a visual evoked potential whose amplitude
profile determines an estimate of contrast threshold for the
target. Because the gratings were contrast modulated, the
spatial contrast sensitivity functions resulting from this
stimulus configuration tend to be much more low pass than
bandpass in character.! This accounts for the difference in
shape between the curves shown in earlier figures and the
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two curves shown in Fig. 6. The curves shown in Fig. 6 are
identical and were derived from a single minimization that
fitted a rigid curve to 54 individual evoked-potential data
sets. The two panels in Fig. 6 separately present the scatter
of the data about the fitted template for data obtained from
infants younger (Fig. 6A) and older (Fig. 6B) than 12 weeks.
Although these data, too, are more scattered about the fitted
curve than are the data from infant monkeys, there is no
suggestion that the shape of the spatial contrast sensitivity
function representing the two groups of data ought to be
different. However, it is worth noting that, since the data
were obtained at relatively high temporal frequencies, there
is little low-frequency falloff in sensitivity.!4 Therefore it is
reasonable to conclude that a single template curve can be
derived from these evoked-potential data and translated
rigidly to described the progression of the development of
contrast sensitivity. The particular test conditions used in
this study, however, make it difficult to draw firm conclu-
sions about the development of low-spatial-frequency atten-
tuation.

DISCUSSION

Analysis of Group-Averaged Developmental Data

The results of this analysis convince us that the widely held
belief that spatial-contrast sensitivity functions change
shape as infants develop is probably incorrect; instead, the
apparent existence of this change may be a result of the
method of data analysis used in studies of shifting infant
populations.*® Although this procedure is not used univer-
sally in studies of infant visual development, it seems partic-
ularly common in studies of resolution and contrast sensitiv-
ity (see, for example, Refs. 5, 6, 8, 15, and 16). It is often
acknowledged that the use of group averages may blur fine
distinctions across the population being pooled, but in this
paper we have exemplified the more-serious problems that
arise when this pooling produces an apparently significant
but artifactual result. With this case in mind, it is possible
to imagine other situations in which group averaging could
lead to similar misinterpretations of the underlying data,
and it is natural to wonder whether some other method of
data reduction and analysis might be more appropriate for
this sort of situation.

Another possible method would be not to use the data
from each individual simply in a group average but rather to
combine all the data and perform an analysis like the one
that we have done. It would then be possible to extract the
appropriate scale factors for each individual's data. By
averaging the scale factors (i.e., the average positions of the
shifted functions) across individuals of a given age, one could
then calculate the average template function for a given age
group. This averaged function would more faithfully repre-
sent the spatial contrast sensitivity of the average individual
than would a simple grouped-data average. In other words,
in representing average spatial contrast sensitivity for a par-
ticular age, it is more representative to show the contrast
sensitivity of the average individual than it is to show the
average of the contrast sensitivity across all individuals.

One difficulty with generalizing this approach to other
kinds of measurement may lie in the choice of a suitable
template function. The problem can be avoided in those
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unusual cases in which a canonical form for the function
under study can be specified independently, as in the study
by Powers et al. of the dark-adapted spectral sensitivity of
human infants.!” In other cases, such as the ones we have
analyzed in this paper, it is necessary to seek and to validate
a particular functional form before applying it to data. In
cases in which this proves difficult, a reasonably faithful
rendition of the results may be obtained from the measured
range of the data or by showing data from the best, the worst,
and a typical subject.%"'® The goal remains the same, to
represent the data of the average individual.

Neural Mechanisms

The absence of a change in the shape of the spatial contrast
sensitivity function suggests that the different neural chan-
nels subserving contrast detection develop roughly in syn-
chrony and that no subset of channels develops especially
early or late. Moreover, because the low- and high-spatial-
frequency limbs of the function preserve their shapes during
development, there is no reason to suppose that low-level
processes such as lateral inhibition are of late onset (cf. Refs.
9 and 10). This is in good general agreement with electro-
physiological data on receptive-field development in pri-
mates, which show that both in the lateral geniculate nucle-
us and in the visual cortex, receptive fields have qualitative-
ly normal properties in young animals.'"?" During
development, there are, of course, important quantitative
changes in the visual sensitivity and resolution of these re-
ceptive fields, but there is no reason to suppose that these
reflect specific changes in neural processing, because the
limits on visual performance are likely to be set by the
development of peripheral mechanisms. By providing evi-
dence for a lack of neural reorganization, our analysis reaf-
firms the suggestion that the normal development of visual
performance is not limited by the development of mecha-
nisms in the central visual pathwayvs. Instead the key fac-
tors are likely to be changes in the organization and the
sensitivity of mechanisms in the periphery, perhaps origi-
nating in the photoreceptors themselves.2!22
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