Development of Sensitivity to Texture and Contour
Information in the Human Infant
Anthony M. Norcia1, Francesca Pei2, Yoram Bonneh3, Chuan Hou1,
Vanitha Sampath1, and Mark W. Pettet1

& Texture discrimination and bounding contour extraction are
essential parts of the object segmentation and shape discrimination process. As such, successful texture and contour processing are key components underlying the development
of the perception of both objects and surfaces. By recording
visual-evoked potentials, we investigate whether young infants
can detect orientation-defined textures and contours. We
measured responses to an organized texture comprised of
many Gabor patches of the same orientation, alternated with
images containing the same number of patches, but all of
random orientation. These responses were compared with a
control condition consisting of the alternation between two
independently random configurations. Significant difference

INTRODUCTION
Texture and bounding contour discrimination are essential parts of the object segmentation and shape
discrimination process. Textures are spatially homogeneous and typically contain repeated structures, often
with some random variation (e.g., random positions,
orientations, or colors). Textures are deformed systematically by the volumetric shape of an object or by the
layout of a surface. These deformations thus provide
powerful cues for segmenting objects from their backgrounds and for shape recognition. In addition, the
outline silhouette of an object provides supplementary
information about its shape.
The perception of texture-defined forms is limited by
the ability to extract the appropriate image statistics, to
integrate these statistics across scales, and to resolve or
segment the shape that is represented. To evaluate the
developmental preconditions for texture-defined form
processing, we tapped into the most primitive level of
texture sensitivity—the extraction of a difference in
orientation statistics. Specifically, we studied the development of brain responses to textures composed of
Gabor patches of a single spatial scale that were defined
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potentials were found as early as 2–5 months, as were significant
odd harmonics in the test conditions. Responses were also
measured to Gabor patches organized either as circles (all
patches tangent to an imaginary circular path) alternated with
pinwheels (all patches having a fixed orientation offset from the
path). Infants between 6 and 13 months also showed sensitivity
to the global organization of the elements along contours.
Differential responses to our texture and contour stimuli and
their controls could only have been generated by mechanisms
that are capable of comparing the relative orientation of 2 or
more patches, as no local information at a single patch
distinguished the random and organized textures or the circle
and pinwheel configurations. &

by differences in their orientation statistics. Because the
spatial uniformity of the Gabors restricts the scale of
local processing mechanisms, the rather wide spacing
between the patches in our stimuli forces integration
spanning a range well beyond the scale that is optimal
for local processing. These textures allowed us to isolate
the integration of local, single-scale orientation measurements into a global organization. We compared infants’
ability to integrate orientation information in textures to
their ability to detect Gabor-defined contours, a task that
requires specific integration of orientation information
along the orientation axis of the patches, rather than
over a region.
Previous texture visual-evoked potential (VEP) studies
in adults have all used broadband stimuli such as isodipole textures ( Victor & Conte, 1989, 1991; Victor &
Zemon, 1985) or orientation-defined forms based on
random-line stimuli (Fahle, Quenzer, Braun, & Spang,
2003; Romani, Callieco, Tavazzi, & Cosi, 2003; Bach,
Schmitt, Quenzer, Meigen, & Fahle, 2000; Caputo &
Casco, 1999; Caputo, Romani, Callieco, Gaspari, & Cosi,
1999; Romani, Caputo, Callieco, Schintone, & Cosi,
1999; Lamme, van Dijk, & Spekreijse, 1993; Meigen &
Bach, 1993; Bach & Meigen, 1992, 1997, 1998; Lamme,
Van Dijk, & Spekreijse, 1992). In the studies of isodipole
textures, the textures were constructed by the introduction of specific higher order correlations between the
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In our experiments, we found differential responsiveness to organized versus random textures emerges
no later than 2–5 months of age. Responsiveness to
orientation-defined contours emerges no later than 6–
13 months.

RESULTS
Texture-related Responses
We recorded responses to displays that randomized the
global orientation of the organized state on every image
update, so that both locally and globally, all orientations
are presented equally often in both the organized and
random images. The stimuli for this experiment are
illustrated schematically in Figure 1.
The adult response waveforms and difference potentials are shown in Figure 2. The thin lines correspond to
the control condition (a random configuration for the
first 500 msec followed by another random configuration
during the second 500 msec) whereas the thick lines
show the test condition (an organized texture during the
first 500 msec followed by a random configuration during
the second 500 msec). The ordering of the channels runs
from the 6-cm right derivation on the top to the 6-cm left
derivation at the bottom, with Oz in the middle. The
response in the control condition is composed of a
multiphasic potential, with a positive peak at 100 msec,
a negative peak at 180 msec, and a positive peak at
220 msec. The response to the organized/random alternation on the lateral channels is identical to that of the
random/random alternation up to 170 msec, after which it
stays relatively negative until approximately 300 msec.
At Oz, a significant difference was also detected at
120 msec. The difference potential is shown on the

Figure 1. Texture stimuli. Textures made of globally aligned
Gabor patches were alternated with textures made of randomly
aligned patches. Each image was presented for 500 msec and
new exemplars of both the aligned (random global orientation)
and the random patterns were drawn for each update. The control
condition comprised a series of random texture interchanges.
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pixels of binary images (Diaconis & Freedman, 1981;
Julesz, Gilbert, & Victor, 1978). The construction rule is
such that each exemplar of an isodipole texture has same
spatial frequency spectrum (second-order or ‘‘dipole’’
statistics) and is thus indiscriminable to mechanisms that
only compute local measures of spatial frequency, orientation, and phase. Isodipole textures activate human
striate cortex (Beason-Held et al., 2000; Levine et al.,
2000; Beason-Held, Purpura, Krasuski, Maisog, et al.,
1998; Beason-Held, Purpura, Van Meter, et al., 1998;
Purpura, Victor, & Katz, 1994), although the activation
is stronger over a range of extrastriate visual areas,
including both dorsal areas and areas on the ventral
surface. Isodipole textures also activate the striate cortex
of macaque (Purpura et al., 1994).
The second main line of texture VEP research has
used texture- or orientation-defined forms that are made
up of regions that differ in image statistics. These stimuli
typically lead to a percept of a figure against a background and potentially activate shape and figure/ground
mechanisms, in addition to texture mechanisms.
Texture-defined forms activate the striate cortex of macaque (Rossi, Desimone, & Ungerleider, 2001; Lamme,
Rodriguez-Rodriguez, & Spekreijse, 1999; Lamme, Zipser,
& Spekreijse, 1998; Lamme, 1995; Lamme et al., 1992, 1993;
Lee, Mumford, Romero, & Lamme, 1998), but have been
found to activate extrastriate, rather than striate cortex
in human (Kastner, De Weerd, & Ungerleider, 2000).
There have been no previous VEP studies of contour
integration, but Oka, van Tonder, and Ejima (2001) have
used related targets to study symmetry processing.
Given that texture processing reflects integration at
multiple levels of the cortical hierarchy, developmentalists have begun to use responses to these stimuli as
probes of global integrative mechanisms. Orientationbased figure/ground segmentation has been studied in
infants using the preferential-looking technique and
line-orientation-defined segmentation. Rieth and Sireteanu (1994) and Sireteanu and Rieth (1992) have found
that segmentation of forms based on line-orientation
emerges only at 9–12 months, becoming adult-like
around school age, whereas Atkinson and Braddick
(1992) showed that discrimination is present as early
as 14–18 weeks. The range of onset ages between the 2
studies is considerable and we were interested in the age
at which electrophysiological selectivity could first be
demonstrated, because the task demands for VEP recording are considerably less than those involved in
organizing a behavioral response. There have been no
studies in human infants using Gabor-defined contours,
although it has been shown using a contour in noise
paradigm, that adult performance is achieved only in late
childhood (Kovacs, Kozma, Feher, & Benedek, 1999).
Contours in noise activate V1 and V2, but produce their
greatest activation in lateral occipital areas (Altmann,
Bulthoff, & Kourtzi, 2003; Kourtzi, Tolias, Altmann,
Augath, & Logothetis, 2003).

right-hand side of Figure 2. The difference potential is
maximal at 220 msec after the transition from random to
organized. The difference potential after the transition
between the organized and random states is significant
as early as 80 msec versus approximately 120 msec at
the earliest, for the transition between random and
organized. The dots on the difference potential indicate
significant differences by permutation testing (Blair &
Karniski, 1993).
Figures 3 and 4 show response waveforms for 2- to
5-month-olds (n = 10) and 6- to 8-month-olds (n = 11),
respectively. The infant response waveforms have a very
different structure than those of adults. Both infant
groups show bifid positivities at Oz after each image
update (latencies of 100–200 msec) in the control
condition. The infant difference potential is dominated by a sinusoid with a period equal to that of the
full image sequence (first harmonic). The adult difference potential was, by contrast, comprised of brisker
transients occurring after the transition from random
to organized and organized to random. The difference potential from the youngest infants is similar in
waveform to that of the older infants, but is less robust
statistically.
Because the difference potential is nearly sinusoidal
and because of the periodic stimulation protocol we
used, the data are well suited to analysis in the frequency
domain, because all stimulus-related activities are forced
to occur at exact integer multiples of the stimulus

frequency. Moreover, all activities that differ for the 2
transitions will project onto the odd harmonics (1, 3, 5,
7 Hz, etc.), whereas all activity that is common to the 2
transitions will project onto the even harmonics (2, 4, 6,
8 Hz, etc.). Spectrum analysis of periodic responses
provides a substantial improvement in the signal-tonoise ratio of the relevant response components compared with that available from time averages. Each
point on the time average is contaminated with noise

Figure 4. Left: Infant (6–8 months old) response waveforms for
alternation between uniform and random patterns (thick lines)
compared with random/random alternations (thin lines). The uniform
patterns were presented between 0 and 500 msec in the test condition.
Right: Difference potential. Significant differences are present after
both types of stimulus transition.
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Figure 2. Left: Adult response waveforms for alternation
between uniform and random patterns (thick lines) compared
with random/random alternations (thin lines). The uniform
patterns were presented between 0 and 500 msec in the test
condition. Right: Difference potential. Significant differences
(indicated by dots in difference potential) are found on both
transitions, from random to organized (0–500 msec) and from
organized to random (500–100 msec).

Figure 3. Left: Infant (2- to 5-month-old) response waveforms for
alternation between uniform and random patterns (thick lines)
compared with random/random alternations (thin lines). The
uniform patterns were presented between 0 and 500 msec in the
test condition. Right: Difference potential. Significant differences
are present, but only for the latest time-points.

tion, an effect not seen in the infants or at any of
the other higher order even harmonics in adults.

Contour-related Responses
In the next experiment, we asked whether the infant
visual system is capable of detecting collinearity along
Gabor-defined contours. Contour integration involves
specific pooling of elements along their orientation
axis: Iso-orientation is not a sufficient cue (Field, Hayes,
& Hess, 1993) as it is for textures. The stimuli consisted of Gabor patches whose centers were arranged
along imaginary circles. In the test condition, cocircular arrangements were alternated with ‘‘pinwheel’’
configurations. The control condition consisted of an
alternation between 2 symmetrically offset pinwheels
undergoing the same angle of local rotation as in
the test condition. The distribution of local orientations was the same across conditions, as was the

Figure 5. Spectral analysis of the responses shown in Figures 2–4. Top: Infant (2–5 months old) response spectra for the randomized global
orientation alternation (dark bars) compared with random/random alternations (light bars). Middle: Infant (6–8 months old) spectra, as in the top
panel. Bottom: Adult response spectra, as above. Errors are 1 SE of the vector mean amplitude. Significant odd-harmonic components are only
present in response to the texture alternations containing global structure. Significance levels for the odd harmonics in the test and control
condition: p > .10, *p < .05, **p < .01.
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over the entire bandwidth of the recording, whereas
the noise in the frequency analysis is restricted to a
limited (0.5-Hz) band centered on each frequency of
interest.
Figure 5 plots amplitude as a function of the first 6
harmonics of the stimulus frequency for the data sets
shown in Figures 2–4. The first harmonic amplitudes
in all age groups from the globally organized texture
stimulus (dark bars) are significantly different from
zero, whereas the first harmonic amplitudes from the
random/random stimulus are not significant. The first
harmonic component dominates the infant difference
potential, whereas the adult difference potential also
contains measurable odd-harmonic components at
higher frequencies. The overall pattern of even harmonic content differs between adults and infants, with
the second harmonic being the largest component
in the adults and the fourth harmonic being largest
in the infants. The adults also show elevated second
harmonic amplitudes in the organized/random condi-

Figure 6. Contour stimuli. Gabor patches (n = 12) were located on
an imaginary circular contour, with the individual patches separated
by 3 wavelengths of the Gabor carrier frequency. There were a total of
11 circular contours arranged on a hexagonal lattice covering the
display area, with at least 8 fully complete contours present. In the test
condition, the patches were rotated on their centers through an
angle of 608. In the initial state (t = 0), all patches were offset by 608 to
the local tangent. At 500 msec, the patches were all locally tangent
to the imaginary circle. In the control condition, patches at the same
locations were also rotated on their centers through an angle of 608.
In the initial state, the patches were all offset by 308 from the local
tangent and at 500 msec, the patches were all offset by 308 from
the local tangent.

Figure 7. Left: Adult response waveforms for pinwheel/circle
alternations (thick lines) compared with pinwheel/pinwheel
alternations (thin lines). Note that the transition to the more collinear
global organization occurs at 500 msec for the contour stimuli and at
0 msec for the textures. Right: Difference potentials were significant
at the time-points indicated by the circles on the waveforms.

specific responses at the third and fifth harmonics and
nonsignificant trends at the first and seventh harmonics
( p = .075 and .11, respectively). These components were
insignificant in the contour control condition for both
infants and adults. In the infants, the second, fourth,
and sixth harmonics are significantly larger than zero in
both the contour present and contour control conditions and do not differ in amplitude across conditions.

Figure 8. Left: Infant responses for pinwheel/circle alternations (thick
lines) compared with pinwheel/pinwheel alternations (thin lines).
No significant differences were detected.

Norcia et al.

573

Downloaded fromDownloaded
http://mitprc.silverchair.com/jocn/article-pdf/17/4/569/1757201/0898929053467596.pdf
from http://direct.mit.edu/jocn/article-pdf/17/4/569/1935191/0898929053467596.pdf by guest on 18 September
by guest
2021 on 18 May 2021

amount of local motion, only the relative orientations
of neighboring patches served to differentiate the
2 conditions. The stimuli are illustrated schematically
in Figure 6.
The adult response to the pinwheel/pinwheel display
(the control condition for the contour experiment) is
similar to that seen with the control textures—consisting
of a sharp positivity at around 100 msec, followed by a
negativity at 170 msec (Figure 7). The adult peak-topeak response amplitudes for the contour control condition are smaller than those for the texture control
condition by a factor of almost 2. The difference potential for the contour response (pinwheel/circle minus
pinwheel/pinwheel) is maximal at 100 msec after the
transition to the circle state from the pinwheel state
(600 msec on the time axis) rather than at around
200 msec for the texture response (Figure 2).
In the infants, the response in the pinwheel/pinwheel
control condition was similar in amplitude and waveform to that measured in the texture control condition
(compare Figure 4 with Figure 8), with peak-to-peak
amplitudes of 7 and 8 AV, respectively. Consistent with
this, the amplitudes of the first 3 even harmonics are
very similar in the contour and texture control conditions (compare Figure 5 with Figure 9). In contrast to
the texture case, the infant difference potential did not
reach statistical significance.
Spectrum analysis however indicated the presence of
significant first and third harmonics in the pinwheel/
circle condition for the infant group (Figure 9). In adults,
the contour condition elicited significant configuration

In the adults, the second and higher even-harmonic
components are also significantly different from zero.

DISCUSSION
Differential responses to our texture and contour stimuli
could only have been generated by mechanisms that are
capable of comparing the relative orientation of 2 or
more patches, as no local information at a single patch
distinguished the random and organized textures or the
circle and pinwheel configurations. Our measurements
do not indicate the size or shape of the summation areas
of these mechanisms, but are sufficient to say that a
global mechanism exists for textures no later than 2–3
months age and for contours no later than 6–13 months.

Region versus Contour Integration
Integration of orientation cues along contours is best
accomplished by specific pooling of similar orientations
along their common orientation axis, whereas in the
texture case, integration within a common orientation
over any direction is equally relevant. Our results from
the contour task indicate that infants posses a specific
collinear integration mechanism operating over a range
of at least 3 lambda. We found differential responsiveness to the pinwheel/circle configuration, compared
with the pinwheel/pinwheel configuration. A regionbased mechanism that was integrating based on orien-
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tation similarity would not response differentially to the
pinwheel/circle and pinwheel/pinwheel configurations
because they are equally regular and have the same
relative orientation offsets between neighboring elements. Infants may in addition also have a region-based
mechanism, although it would be possible to produce a
differential response to our textures with only a collinear
integration mechanism.
Previous psychophysical work has suggested that the
adult visual system uses different mechanisms to process Gabor-defined textures and contours. Bonneh and
Sagi (1998) have shown that uniform Gabor-defined
textures are more salient than nonuniform (random)
textures when both are presented at low contrast, but
at high contrast, random textures are more salient
(Bonneh & Sagi, 1999). The salience of collinear Gabordefined contours relative to jagged ones is, on the other
hand, independent of contrast (Bonneh & Sagi, 1999).
The different way in which contrast effects the salience
of texture and contour stimuli thus indicates that
different mechanisms are being tapped by the two different tasks.
There is behavioral evidence that suggests that infant
summation areas are larger than those of adults for
both luminance and motion ( Wattam-Bell, 1994;
Hamer & Schneck, 1984). Moreover, using the VEP,
we have previously found that infants integrate sameorientation information less selectively than do adults
(Hou, Pettet, Sampath, Candy, & Norcia, 2003). Infants
show relatively stronger lateral interactions between
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Figure 9. Spectral analysis of the responses shown in Figures 7 and 8. Top: Infant (6–13-month-olds) response spectra for the pinwheel/circle
alternation (dark bars) compared with pinwheel/pinwheel alternations (light bars). Bottom: Adult response spectra, as above. Errors are 1 SE of the
vector mean amplitude. Significant odd-harmonic components are only present in response to pinwheel/circle alternations. Significance levels
for the odd harmonics in the test and control condition: p > .10, ^p < .10, *p < .05, **p < .01.

oriented targets place side-by-side rather than end-toend, compared with adults who show less interaction
in the side-by-side case. Although we have demonstrated at least a rudimentary specificity for collinearity,
immaturities in either the strength of collinear interaction or the shape of the interaction region may account
for the extended developmental sequence for contours
in noise observed behaviorally (Kovacs et al., 1999;
Pennefather, Chandna, Kovacs, Polat, & Norcia, 1999).

Both texture and contour displays produced significant odd harmonics and their respective control conditions did not. We consider this to be an indication of
configural sensitivity because it indicates that responses
to transitions to and from the different global organizations produced different responses. In the case of the
texture stimuli, the organized textures also produces a
larger second harmonic than was measured in the
control condition. This suggests the action of a process
that is common to both transitions to and from the
organized texture. It is possible that the adult observers
implicitly adopted a different attentional set during the
test condition than in the control condition. The test
condition contained rapidly changing and unpredictable
appearances of the global organization. This unpredictability is absent in the control condition. If the observers were attempting to attentively track the appearances
of the global organization, this elevated level of attention or arousal in the texture condition could produce
an overall enhancement of activity, relative to the control
condition. Previous VEP (Schubo, Meinecke, & Schroger,
2001) and neuroimaging studies (Kastner et al., 2000)
have found that texture segmentation proceeds at least
partially in the absence of perceptual awareness. However, the texture segmentation VEP is enhanced by
making the segmentation task relevant (Schubo et al.,
2001). The contour stimuli were on the other hand,
highly predictable in both test and control conditions
and may not have elicited a differential attention/arousal
effect. The second harmonic effect was not seen in
another experiment in the same group of adults when
the global organization of the texture was always presented at the same orientation (data not shown).

Comparison to Previous Developmental Studies
of Global Integration
Our data suggest that at least a crude form of global
form integration is present between 2 and 4 months of
age. This is slightly earlier that seen by Atkinson and
Braddick (1992) and substantially earlier that seen by
Sireteanu and Rieth (1992) who studied texture segmen-

Mechanisms Underlying Global Integration
The Gabor patches we used to define our stimuli are
spatially localized, as well as being of a single scale.
Previous studies of the integration of orientation information using Gabor-based configurations have suggested
that integration over 3 wavelengths is mediated, at least
in part, by mechanisms that integrate the responses of
small receptive field mechanisms that are similar in size
to the patches themselves (Field et al., 1993; Kovacs &
Julesz, 1993; Polat & Sagi, 1993). More recently, it has
been found that the apparent receptive field size of V1
neurons is much larger when they are measured on
a high-contrast textured background (Kapadia, Westheimer, & Gilbert, 1999). The full extent of the receptive
field in early visual areas thus appears to be highly
dependent on context and may well differ for textures
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Configuration Effects on the Second Harmonic
of the Texture Response

tation based on orientation cues. Sensitivity to the global
organization of oriented line segments has been
demonstrated at 4 months using visual habituation
(Humphrey, Muir, Dodwell, & Humphery, 1988). By
implication, extraction of the global orientation of textures or patterns indicates that the local orientation has
been extracted as well. It is generally believed that
orientation selectivity is present at birth (Atkinson,
Hood, Wattam-Bell, Anker, & Tricklebank, 1988; Slater,
Morison, & Somers, 1988) and that detection of dynamic
changes in orientation emerges no later than 6 weeks
(Braddick, Wattam-Bell, & Atkinson, 1986).
This is the first study of contour detection in human
infants. Previous psychophysical studies have found that
the majority of 3-year-olds can detect Gabor-defined
contours in noise (Pennefather et al., 1999), but that
adult levels of sensitivity are not reached until adolescence (Kovacs et al., 1999). It will be of interest to
determine in future studies how the addition of noise
affects infant sensitivity to contours.
Other developmental studies involving the detection
of global patterns have been performed in the motion
domain. Infants have been found to discriminate structure from motion random-dot displays by 7 months
(Spitz, Stiles, & Siegel, 1993). At a more basic level of
processing, the coherence threshold for the discrimination of a pattern made by moving dots is first measurable
after approximately 3 months (Mason, Braddick, &
Wattam-Bell, 2003; Banton, Dobkins, & Bertenthal,
2001; Banton, Bertenthal, & Seaks, 1999; Wattam-Bell,
1994). Fully adult performance appears to occur only in
late childhood or early adolescence in both form and
motion coherence tasks (Ellemberg, Lewis, Maurer, Brar,
& Brent, 2002; Gunn et al., 2002; Lewis et al., 2002;
Atkinson, 2000; Giaschi & Regan, 1997) as well as texture
segmentation (Sireteanu & Rieth, 1992). Thus, although
basic competence can be demonstrated quite early in
development, global integration mechanisms have an
extended developmental sequence.

METHODS
Participants
For the texture experiment, participants included a
group of 10 adults with normal or corrected-to-normal
vision, 11 infants from 25.4 to 30.7 weeks, and 10 infants
from 8.8 to 18.4 weeks old. For the contour experiment,
17 normal adults participated, as did 13 infants from 24
to 56 weeks of age.
We obtained informed consent from the adult subjects and from one of the parents of each infant involved
after an explanation of the nature and possible consequences of the study. The research followed the
tenets of the World Medical Association Declaration of
Helsinki, and the local Institutional Review Board approved the research protocol.

Apparatus and Stimuli
Stimuli were presented on a Power Macintosh G3 computer using conventional raster graphics methods (800
 600 pixels at a 72-Hz refresh rate) on a monochrome
computer monitor (Richardson Electronics MR2000 HB,
video bandwidth, 150 MHz). Textures were composed of
Gabor patches (sine wave gratings windowed by a
Gaussian envelope). In the texture experiment, the
carrier spatial frequency of each Gabor was 2 cpd and
the envelope allowed approximately 2 cycles to be
visible. The center-to-center separation between each
Gabor was 3 wavelengths of the carrier spatial frequency
(1.58). The Gabor patch contrast was 80% using the
Michelson definition, the mean luminance was 120 cd/
m2 and the viewing distance was 70 cm. The textures
were presented in a circular field (diameter of 15.68)
surrounded by a rectangular mean luminance surround.
Fields of single orientation, aligned Gabor patches were
alternated with fields of randomly oriented patches, with
each field type being presented for 500 msec. The global
orientation of the organized texture was randomized on
each successive update as was the random pattern. The
control condition presented a series of newly generated
random patterns updated every 500 msec. Individual

576

Journal of Cognitive Neuroscience

trials lasted 12 sec, with the first and last second being
discarded. The texture stimuli are illustrated schematically in Figure 1.
In the contour experiment, the Gabor patches were
arranged along invisible circular paths. Each contour
contained 12 Gabor patches and there were a total of
11 contours present on the screen. In the test condition,
the patches alternated every 500 msec between a ‘‘pinwheel’’ configuration in which the patch orientations
were each offset from the contour path by 608 from the
invisible path of the contour and a ‘‘circle’’ state in
which they were all tangent to the path. The control
condition contained the same number of patches presented at the same locations along the imaginary contour path, but the alternation was between pinwheels
offset by ±308 from the path. Local rotations were thus
always 608 in both the circle/pinwheel condition and in
the pinwheel/pinwheel control condition. The Gabor
patch spacing along the contours was 3 wavelengths of
the Gabor patch carrier frequency. The adults were
tested with 2 cpd carriers and the infants were tested
with 1.6 or 1.5 cpd carriers. The contrast was 80% at a
mean luminance of 120 cd/m2. The viewing distance was
57 cm for the adults and 48 cm for the infants. The
contour stimuli are illustrated in schematically Figure 6.

Procedure
Adults were instructed to fixate the center of the screen
for the duration of the trial and to avoid blinking. To be
sure that the infants were fixating in the center of the
screen and as an aid to accurate accommodation, a small
noisy toy was suspending on a string in the center of the
screen. The experimenter jiggled the toy during the trial
to maintain the infant’s fixation. Infant fixation was
monitored by observing the reflection of the video
monitor in the infant’s pupil. This method is accurate
to less than 48 of visual angle (Allen, Tyler, & Norcia,
1996). The experimenter interrupted trials when the
infant lost fixation. The data from the 1 sec prior to
the interruption was rejected and the data collection
resumed 1 sec after the experimenter indicated that the
infant had regained fixation.
We collected 10 trials for each stimulus condition in
the adults and 4–6 trials for the infants. Trial duration
was 10 sec. Trials were presented in blocks of 3 (infants)
or 5 (adults) and the order of presentation of the
stimulus conditions was randomized. The adults initiated trials with a button press and could interrupt the
trials or abort them as needed.

Visual-evoked Potential Recording
and Signal Analysis
Brain electrical activity was recorded with Grass goldcup surface electrodes placed on the scalp with a
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versus contours. Extended receptive field summation
areas may depend on the network of horizontal intrinsic
connections that preferentially link like orientation columns and/or feedback from higher level visual areas to
striate and first-tier extrastriate areas (Angelucci et al.,
2002). Convergence of smaller receptive fields onto
higher order neurons in extrastriate cortex is also likely
to occur. It has been recently reported, for example,
that contours in noise activate both V1 and V2, but
produce their larger activations in lateral occipital areas
(Altmann et al., 2003; Kourtzi et al., 2003). Our results
suggest at least some of this substrate is intact very early
in infancy.
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