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Behavioral studies have identified select experiences that can prime infants to attend to color information as the
basis for individuating objects prior to the time they do so spontaneously. For example, viewing pretest events in
which the color of an object predicts the function in which it will engage leads 9-month-olds (who typically do
not attend to color differences) to demonstrate increased sensitivity to color information in a subsequent individ-
uation task (Wilcox and Chapa, 2004). In contrast, viewing pretest events in which the color of an object predicts
distinct object motions, but the motions are not functionally relevant, does not produce color priming. The pur-
pose of the present research was to identify the cortical underpinnings of these behavioral effects. Infants aged 8
and 9 months viewed function or motion pretest events and then their capacity to individuate-by-color was
assessed in an object individuation task. Behavioral and neuroimaging data were collected. Two main findings
emerged. First, as predicted, the infants who viewed the function but not the motion pretest events showed
prolonged looking to the test event, a behavioral indicator of object individuation. In addition, they evidenced in-
creased activation in anterior temporal cortex, thought to be a cortical signature of object individuation. A second
and unexpected finding was that viewing either type of pretest events led to increased activation in the posterior
temporal cortex, as compared to infants who did not see pretest events, revealing that prior exposure to the motion
pretest events does influence infants' processing of the test event, even though it is not evident in the behavioral
results. The cognitive processes involved, and the cortical structures that mediate these processes, are discussed.
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Introduction

There are a growing number of reports in the adult literature of the
effect of recent learning experiences on patterns of activation in the cor-
tex (Eliassen et al., 2003; Op de Beek et al., 2006; van der Linden et al.,
2008, 2009; Weisberg et al., 2007). For example, forming object catego-
ries through exemplar training can alter functional activation in superi-
or temporal sulcus (STS) to objects belonging to the learned categories
(van der Linden et al., 2009) and experience-dependent activation pat-
terns are observed in fronto-parietal areas during visual-motor associa-
tive learning (Eliassen et al,, 2003). Findings like these help cognitive
neuroscientists better understand processes that underlie specific types
of learning and properties of the brain that give rise to and support
these processes. Reports of learning-related activation patterns in the im-
mature brain remain elusive, in large part because of a lack of neuroimag-
ing techniques available to study functional activation of the infant brain
during cognitive tasks. However, with recent advances in fNIRS technol-
ogy we now have a viable technique for investigating the extent to which
recent experiences alter brain and behavior in the infant.

Effects of color priming on object individuation: behavioral results

We do know that the way infants perceive, apprehend, and act on
objects in the physical world can be influenced by recent experience.
This has been demonstrated in a number of experimental contexts.
For example, Needham and her colleagues (Libertus and Needham,
2010; Needham et al., 2002) reported manipulatory experiences that
facilitate object exploration and perception in 2- to 3-month-olds and
Wang et al. (2005) identified experiences that facilitate 8-month-olds'
use of height information when interpreting uncovering events. Most
relevant to the present research are experiences that can alter the type
of information infants' use to individuate objects. There is evidence that
within the context of object individuation tasks infants are more
sensitive to some features than others. For example, infants use
shape information to individuate objects by at least 4.5 months, yet
they fail to use color information as the basis for individuating until
about 11.5 months (Wilcox, 1999; Wilcox et al, 2007). To be clear,
infants can perceive the color differences, but they fail to draw on these
differences to individuate objects. Subsequent studies have revealed,
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however, that infants younger than 11.5 months can be primed to
individuate-by-color if they are first given experiences that highlight
the value of attending to color differences (Wilcox and Chapa, 2004;
Wilcox et al., 2007, 2008b; Woods and Wilcox, 2012).

In one color priming experiment (Wilcox and Chapa, 2004), 9.5-
month-olds were assigned to one of two conditions: function or motion.
Infants tested in the function condition were first shown two pairs of
pretest, or priming, trials in which the color of the objects (Figs. 1 and
2) predicted the function in which the object would engage (i.e., green
containers pounded a nail and red containers scooped and poured salt).
Next, infants' ability to individuate two different-colored objects, a
green ball and a red ball, was assessed in an individuation task
(Fig. 3). Infants assigned to the motion condition were tested using
the same pretest-test protocol except that in the pretest events the
actions in which the containers engaged were distinct (i.e., green con-
tainers made pounding motions and red containers made scooping
and pouring motions) but not functionally relevant (i.e., not causally re-
lated to a function outcome). This was accomplished by moving the box
with the nail/salt to the center of the platform, so that the containers did
not come in contact with the nail/salt as they underwent pound/pour
motions. The results indicated that only the infants in the function con-
dition individuated the green and red balls in the test events. That is, the
experience of viewing the function but not the motion pretest events
led to increased sensitivity to color information in the subsequent indi-
viduation task, a finding that has been replicated in studies using other
types of function and motion events (Wilcox et al., 2008b). Perhaps
the most striking about these results is the demonstration that ob-
serving one type of object event (different-colored containers
performing different functions) can influence infant's interpretation
of a very different type of object event (different-colored balls mov-
ing in and out of view).

In summary, recent behavioral studies have revealed a developmen-
tal hierarchy in the type of featural information to which infants are
most sensitive, with infants responding to shape differences early in
the first year and color differences later in the first year. However, in-
fants can be primed to attend to color differences, at an age younger
than they do so spontaneously, by first viewing color-function events.

The cortical basis of object individuation

The introduction of fNIRS into the experimental setting has resulted
in a growing number of studies that have investigated the cortical basis
of object processing in infants (see Lloyd-Fox et al., 2010 for a review).
Many of these studies have focused on the cortical substrates that support
infants’ emerging capacity to track the identity of objects (Wilcox et al.,
2008a, 2009) and, more specifically, infants' ability to individuate-by-
feature (Wilcox et al., 2010, 2012). In the latter studies, infants ranging
between 3 and 12 months of age were shown occlusion events similar
to the one depicted in Fig. 3 except that the screen was wider.! In addition,
the objects that emerged successively from behind the screen differed in
shape (green ball-green box), color (green ball-red ball) or were identical
in appearance (green ball-green ball). Neural activation was recorded in
several cortical areas, including the occipital and temporal cortex. Two
main findings emerged.

First, infants 3 to 7 months of age, who use shape but not color infor-
mation to individuate objects (Wilcox, 1999), showed activation in the
anterior temporal cortex when viewing the different-shape but not the
different-color test event (Wilcox et al., 2010, 2012). It was not until 11

1 In a wide-screen event the screen is sufficiently wide to hide both objects (green ball
and green box or green ball and red ball) simultaneously. The width of the screen does not
influence whether infants individuate the objects, but it does influence whether infants
perceive the event as unexpected. For example, if infants use color differences to individ-
uate objects, they show prolonged looking to a green ball-red ball test event only when
the screen is too narrow to occlude both objects simultaneously (see Wilcox and Woods,
2009 for a review of the evidence). They do not show prolonged looking to a green ball-
red ball event seen with a wide screen.

to 12 months, when infants first individuate-by-color (Wilcox, 1999;
Wilcox et al,, 2007), that infants showed activation in the anterior tem-
poral cortex when viewing the different-color event. Finally, none of the
age groups showed activation in anterior temporal cortex when view-
ing the control (green ball-green ball) test event, an event that infants
interpret as involving a single object (Wilcox, 1999). In summary, differ-
ent patterns of cortical activation were obtained for events in which
infants used featural differences to signal the presence of distinct
objects - events in which the individuation process was engaged -
than for events in which this did not occur. This effect does not appear
to be limited to individuation-by-feature. Wilcox et al. (2010) reported
that neural activation is obtained in the anterior temporal cortex when
spatiotemporal information, such as a discontinuity in path or speed of
motion, signals the presence of distinct objects.

What we have suggested, above, is that activation of the anterior tem-
poral cortex observed in the Wilcox et al. studies is a cortical signature of
object individuation: anterior temporal cortex mediates the individuation
process and when this process is invoked neural activation is obtained.
This interpretation is consistent with adult fMRI data implicating areas
in the temporal cortex as important for mediating higher level object pro-
cesses, such as object identification and categorization (Devlin et al,
2002; Humphreys et al., 1999; Malach et al,, 1995). An alternative inter-
pretation of the data is that the anterior temporal cortex is involved in
the processing of small sets of objects and that this evokes cortical activa-
tion. Most adult fMRI data implicate parietal rather than temporal areas as
important for numerical processing in the adult brain (Dehaene, 2007),
which would argue against this interpretation. However, there is some
evidence (Feigenson et al., 2004; Hyde and Spelke, 2008) that infants
represent small sets as a group of distinct entities (object x and object
y) rather than as a cardinal value (two objects), raising the possibility
that infants' processing of small sets is mediated by a structure other
than the posterior temporal cortex, such as the anterior temporal cor-
tex. Given that currently there is more support for the “object individu-
ation” than the “small sets” hypothesis, we will adopt the former for the
purpose of this paper. However, we acknowledge that these hypotheses
require further testing.

The second main finding was that of age-related changes in patterns
of cortical activation. In 3- to 7-month-olds, activation was obtained in
posterior temporal areas in response to all of the test events (different-
shape, different-color, control) and the magnitude of the response did
not vary by event condition (Wilcox et al., 2010, 2012). Unexpectedly,
a different pattern of results was obtained with older infants. In contrast
to the 3- to 7-month-olds, 11- to 12-month-olds did not evidence a sig-
nificant increase in posterior temporal activation in response to the test
events (Wilcox et al., 2012). (Infants aged 8 to 10 months have not been
tested so it is unclear how infants in that age group respond.) One ex-
planation for this finding suggested by Wilcox et al. (2012) is that
early in the first year multiple structures (or pathways) mediate the
processing of moving objects, but with time and experience some path-
ways are pared down. There is evidence from nonhuman primate studies
(Bachevalier and Mishkin, 1994) that in early infancy recognition of famil-
iar objects is mediated by two pathways that project from the inferior
temporal cortex to the medial temporal cortex: TEO = H and TE = H.
By the end of infancy only the latter pathway remains. However, if area
TE is ablated before the TEO = H pathway is eliminated, then TEO = H
remains functional and object recognition abilities are spared. Perhaps
in the human infant there are multiple cortical structures involved in
the tracking of individual objects, and with the paring down of object pro-
cessing pathways the posterior temporal cortex is eliminated from the
circuit. The current research will assess the extent to which the posterior
temporal cortex remains part of this circuit (i.e., is activated during an ob-
ject individuation task) in 8- and 9-month-olds.

Finally, it is important to note that neural activation was obtained in
the occipital cortex in response to all of the events described above. This
response tends to be quite robust, regardless of the age group tested or
the nature of the occlusion event (Wilcox et al., 2005, 2008a, 2009,
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Fig. 1. The pound and pour pretest events of the function condition used in Wilcox and Chapa (2004) and in Experiment 1. The pretest events of the motion condition were identical to
those of the function condition except that the box with the nail or the box with the salt was moved 22 cm to the left, to the center of the stage. Hence, the cups never came in contact with

the nail (pound event) or salt (pour event) when they underwent their motions.

2010, 2012). This result is not surprising: one would expect neural acti-
vation in the occipital cortex to sensory processing of visual events.

The present research

The primary goal of the present research was to examine the extent
to which recent experience influences behavioral and cortical responses
in an object individuation task. Behavioral studies, reviewed above, have
revealed that young infants' sensitivity to color information in an indi-
viduation task can be enhanced by first viewing color-function pretest
events. In addition, fNIRS studies, also reviewed above, have revealed
what appears to be a cortical signature of object individuation. If view-
ing color-function events primes infants younger than 11.5 months to

#

Pair 1

attend to color differences in a subsequent object individuation task,
and individuation-by-feature has a unique cortical signature, then youn-
ger infants who view function, but not motion, pretest events should
show that cortical signature and demonstrate behavioral responses con-
sistent with object individuation in subsequent test events.

Experiment 1

Infants aged 8 to 9 months were assigned to one of two conditions:
function or motion. Infants in each condition were tested using a two-
phase procedure: pretest (or priming) trials followed by test trials. In
the pretest phase of the experiment, infants were shown either function
or motion pretest events with green and red containers (Figs. 1 and 2).

Pair 2

Fig. 2. The cups used in the first and second pair of pretest events in Wilcox and Chapa (2004) and in Experiment 1. In each pair, the cup on the left was green and was used to pound and

the cup on the right was red and was used to pour.
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Test Event

Fig. 3. The narrow-screen green ball-red ball test event used in Wilcox and Chapa (2004) and in Experiments 1 and 2. The ball seen to the left of the screen was green and to the right of the
screen was red. The screen was too narrow to hide both balls simultaneously. Prolonged looking to the narrow-screen green ball-red ball test event is taken as evidence that infants in-
dividuated the objects (i.e., used the color differences to signal the presence of two objects and recognized that both objects could not fit simultaneously behind the screen; see Wilcox and

Woods, 2009 for a review of the evidence).

In the test phase of the experiment, all infants were shown a narrow-
screen green ball-red ball test event (Fig. 3). Prolonged looking to the
narrow-screen green ball-red ball test event is taken as evidence that
infant's individuated the objects. If those infants who saw the function
(but not the motion) pretest events were primed to attend to color dif-
ferences, they should show behavioral responses and hemodynamic re-
sponses consistent with sensitivity to color differences during the
narrow-screen green ball-red ball test event.

Methods

Participants

Infants aged 8 and 9 months participated in Experiment 1 (N = 39;
17 males and 22 females; M age = 9 months, 1 day, range = 8 months,
1 day to 9 months, 28 days). Parents reported their infant's race/ethnicity
as Caucasian (n = 25), Hispanic (n = 5), Black (n = 4), or of mixed
race/other (n = 5). Fourteen additional infants were tested but eliminat-
ed from the sample because of procedural problems (n = 5) or difficulty
in obtaining an optical signal (n = 9). Infants were pseudo-randomly
assigned to the function (n = 21) or motion (n = 18) condition.

In both experiments participants were recruited primarily from
commercially produced lists. Parents were offered $5 or a lab T-shirt
for participation.

Task and procedure

The infants tested in the function condition were first presented
with two pairs of pretest trials. Each pair of trials consisted of a pound
trial followed by a pour trial (Fig. 1). Each pretest trial was 30 s in dura-
tion, during which infants saw almost 4 complete cycles of the event,
pound or pour, appropriate for that trial (i.e., each event cycle was 8 s
in duration, but only 6 s of the last event cycle were seen). Each pair
of pound-pour trials was seen with a different pair of green and red
containers (Fig. 2). The green container always pounded and the red
container always poured, so that object color predicted the event in
which the object would engage. Following the pretest phase of the ex-
periment, infants were presented with a narrow-screen green ball-red
ball (GB-RB) test event on four consecutive trials (Fig. 3). Each test
trial was 20 s in duration, during which infants saw two complete cycles
of the occlusion event (i.e., each event cycle was 10 s in duration). The
curtain was raised to begin, and lowered to end, each pretest and test
trial. Because analysis of optical imaging data requires a baseline inter-
val, each pretest and test trial was preceded by a 10 s baseline during
which time the curtain remained lowered to occlude the stage of the
apparatus. The infants in the motion condition were tested using the
same protocol with one exception: the infants saw motion pound-

pour pretest events rather than function pound-pour pretest events.
In the motion pretest events the nail-box (pound trials) or salt-box
(pour trials) was moved 22 cm leftward to the center of the stage (the
width of each box was 19.5 cm). Hence, in the pound trials the green
container moved up and down without coming in contact with the
nail and in the pour trials the red container made scooping and pouring
motions without acquiring and releasing salt.

Infants sat in a Bumbo® seat in a quiet, dark room and watched the
events appropriate for their condition in the puppet-stage apparatus.
Trained experimenters produced the pretest and test events live follow-
ing a precise script. Two observers, who were naive to the condition
to which infants were assigned, monitored infants' looking behavior
through peepholes in the frames to either side of the apparatus. Each
observer held a game pad connected to a DELL computer and depressed
a button when the infant attended to the event. The looking times
recorded by the primary (and more experienced) observer were used
in data analysis. Inter-observer agreement was calculated for pretest
and test trials and averaged 94% (per trial and infant).

Total duration of looking (i.e., cumulative looking) to each pretest
and test trial was obtained. Pretest trials in which infants looked <15 s
and test trials in which infants looked <10 s were excluded from analy-
sis. This ensured that group differences in hemodynamic responses
could not be attributed to group differences in overall time spent view-
ing the pretest and test events.

Recall that we predicted that infants who individuated the green and
red ball would find the narrow-screen GB-RB test event unexpected.
However, it is difficult to obtain group differences in duration of looking
to occlusion events during trials capped at 20 s trials. This necessitated
finding another, more sensitive, looking time measure. To assess the ex-
tent to which infants experienced a violation-of-expectation, we calcu-
lated the duration of infants' first look (i.e., time to infants' first look
away) to the narrow-screen GB-RB test event on each test trial. Typical-
ly, infants take longer to disengage, or look away, from an event they
find novel or unexpected. Duration of first look is considered a reliable
measure of attentional engagement and active information processing
(Cohen and Cashon, 2003; Olsen and Sherman, 1983; Striano et al.,
2006).

Instrumentation

The imaging equipment contained four fiber optic cables that deliv-
ered near-infrared light to the scalp of the participant (emitters), eight
fiber optic cables that detected the diffusely reflected light at the scalp
(detectors), and an electronic control box that served as the source of
the near-infrared light and the receiver of the reflected light. The control
box produced light at wavelengths of 690 nm, which is more sensitive
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to deoxygenated blood, and 830 nm, which is more sensitive to oxygen-
ated blood, with two laser-emitting diodes (TechEn Inc.). Laser power
emitted from the end of the diode was 4 mW. Light was square wave
modulated at audio frequencies of approximately 4 to 12 kHz. Each
laser had a unique frequency so that synchronous detection could
uniquely identify each laser source from the photodetector signal.
Ambient illumination from the testing room did not interfere with
the laser signals because environmental light sources modulate at a
different frequency. Fiber optic cables were 2.5 mm in diameter
and 5 m in length. Each emitter delivered both wavelengths of light
and each detector responded to both wavelengths. The signals received
by the electronic control box were processed and relayed to a DELL
desktop computer. A custom computer program recorded and analyzed
the signal.

Prior to the experimental session, infants were fitted with a custom-
made headgear that secured the fiber optics to the scalp. Configuration
of the sources and detectors within the headgear, placement of the
sources and detectors on the infant's head, and location of the nine
corresponding channels were identical to those of Wilcox and her col-
leagues (Wilcox et al., 2010, 2012) and are displayed in Fig. 4. Source-
detector separation was 2 cm. The headgear was not elastic so the
distance between sources and detectors and between the four source-
detector groups (01, P3, T5, T3) remained fixed. The headgear was placed
on the infant's head using O1 as the primary anchor and T3 and P3 as sec-
ondary anchors. The mean head circumference of infants in the function
(M = 44.36 cm, SD = 1.40 cm) and motion (M = 43.86 cm, SD =
2.63 cm) conditions did not differ significantly, t < 1, df = 37.

Processing of fNIRS test data

The fNIRS test data were processed, for each detector and event con-
dition separately, using a procedure identical to that of Wilcox and her
colleagues (Wilcox et al., 2005, 2010). Briefly, the raw signals were
acquired at the rate of 200 samples per second, digitally low-pass-
filtered at 10 Hz, a principal components analysis was used to design
a filter for systemic physiology and motion artifacts, and the data were
converted to relative concentrations of oxygenated (HbO) and deoxy-
genated (HbR) blood using the modified Beer-Lambert law.

For the pretest trials, changes in HbO and HbR were examined using
the following time epochs: the 2 s prior to the onset of the pretest event,
the 30 s pretest event, and the 10 s following the pretest event. The
mean optical signal from —2 to 0 s (baseline) was subtracted from
the signals and other segments of the time epoch were interpreted rel-
ative to this zeroed baseline. For the test trials, changes in HbO and HbR
were calculated using the same procedure except that the test event
was 20 (rather than 30) seconds. Optical signals were averaged across
trials and then infants for each event condition. Trials objectively cate-
gorized as containing motion artifacts (a change in the filtered intensity
greater than 5% in 1/20 s during the 2 s baseline and the pretest/test
event) were eliminated from the mean. On the basis of this criterion,
and the looking time criteria (see above), sixteen of 124 possible pretest
trials (31 infants x 4 trials) were eliminated from analysis of the pretest
data. These were distributed about equally between the two conditions
(function condition, 5 of 64 possible trials and motion condition, 7 of 60
possible trials, z = .725 p > .05). In addition, seventeen of 136 possible
test trials (34 infants x 4 trials) were eliminated from analysis of the
test data. These were distributed about equally between the two condi-
tions (function condition, 11 of 68 possible trials and motion condition,
6 of 68 possible trials, z = .304 p > .05).

Results

To be included in the sample, infants must have contributed behav-
ioral and optical imaging data during the pretest and/or test phase of the
experimental session. (Reasons for elimination are reported in Partici-
pants section). Of the n = 21 infants in the function condition, n = 16
contributed pretest data (behavioral and neuroimaging) and n = 17

contributed test data (behavioral and neuroimaging); n = 13 contribut-
ed both pretest and test data. Of the 18 infants in the motion condition,
n = 15 contributed pretest data (behavioral and neuroimaging) and
n = 17 contributed test data (behavioral and neuroimaging); n = 14
contributed both pretest and test data. Because the majority of infants
contributed data for both pretest and test trials, and the same pattern of
results was obtained when we included infants who completed both
pretest and test trials (n = 27) and when we included infants who
completed pretest and/or test trials (n = 39) the larger sample was
retained.

Looking time data

Pretest trials. Total duration of looking to the pretest events was aver-
aged across trials and infants for each of the two conditions, function
and motion, and analyzed by means of an independent samples t-test.
The infants in the function (n = 16, M = 26.23, SD = 2.31) and the
motion (n = 15, M = 26.02, SD = 2.05) conditions looked about equal-
ly to the pretest events, t < 1, df = 29.

Test trials. Total duration of looking to the test events was also averaged
across trial and infants, for each condition separately, and analyzed by
means of an independent t-test. As expected, infants who had received
function pretest trials (n = 17, M = 20.25, SD = 5.27) did not differ
significantly in the total amount of time they spent looking at the
narrow-screen GB-RB test event than infants who had received motion
pretest trials (n = 17, M = 21.63, SD = 2.02), t = 1, df = 32. To as-
sess the extent to which infants found the narrow-screen GB-RB test
event unexpected, the duration of first look data was treated in the
same manner as the total duration of looking data. As predicted, those
infants who had seen the function pretest events (n = 17, M = 16.85,
SD = 5.05) took significantly longer to first disengage from the
narrow-screen GB-RB test event than those infants who had seen the
motion pretest events (n = 17, M = 13.06, SD = 5.35), t = 2.12,
df = 32, p = .042. The effect size was large as indicated by Cohen's
d = .724 (Cohen, 1977). This outcome suggests that the infants who
saw the function pretest events, but not the infants who saw the motion
pretest events, found the narrow-screen GB-RB event unexpected. That
is, only the infants who were primed by the function events used the
color difference to individuate the green and red balls and recognized
that the screen was too narrow to occlude both balls simultaneously.
These results are consistent with previous behavioral reports that
8- and 9-month-olds can be primed, by viewing function (but not
motion) events, to use color differences as the basis for individuating
objects (Brower and Wilcox, 2012; Wilcox and Chapa, 2004; Wilcox
et al., 2008b).

Optical imaging data

On the basis of previous research (Wilcox et al,, 2010, 2012), we
expected to obtain activation in the occipital and temporal, but not pa-
rietal, cortexes in response to the pretest and test events. In addition, we
hypothesized that the channels most likely to be activated in these areas
were channels 9 (occipital cortex), 4 and 5 (posterior temporal cortex),
and 2 (anterior temporal cortex). Preliminary analyses of the data con-
firmed this hypothesis and channels 1, 3, 6, 7 and 8 were excluded from
further consideration. Note also that the data obtained at channels 6
and 7 (parietal cortex) were noisier than that obtained at the other
channels, rendering the data less reliable. Finally, we focused our
analyses on HbO responses, which are more robust than HbR re-
sponses (Strangman et al., 2003). However, HbR data are reported
in Appendix A.

Pretest trials. Hemodynamic response curves for each condition and
channel are presented in Fig. 5. Relative changes in HbO were averaged
over 10 to 30 s for each condition separately. This interval was chosen
because one full cycle of the pretest event (function/motion) was
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Fig. 4. Configuration and placement of optodes. (a) Location of emitters (large red circles) and detectors (black squares) on the infant's head in relation to the 10-20 International EEG
system (small black circles) used in the present experiments. This configuration was identical to that used by Wilcox et al. (2010, 2012). Note that an emitter was placed directly over
01, T5, and T3 and one emitter lay near P3. Also represented are the nine corresponding channels from which data were collected. Each detector read from a single emitter except for
the detector between T3 and T5, which read from both emitters. The light was frequency modulated to prevent “cross-talk”. (b) Configuration of the emitters (red circles) and detectors
(black squares), and the nine channels, in the headgear. Emitter-detector distances were all 2 cm. (c) Infants sat in a supportive seat to restrain excess movement. An elasticized headband

was slid onto the infant's head and secured by a chinstrap.

complete by 8 s and, allowing 2 s for the hemodynamic response to be-
come initiated, changes in HbO should be detectable by 10 s. Pilot data
confirmed that hemodynamic responses are detectable by 10 s and per-
sist through the 30 s trial. Two sets of analyses were conducted on HbO
responses. First, mean responses obtained at channels 2,4, 5, and 9 were
compared to 0 (Table 1). One-tailed tests were used because our predic-
tions were one-directional (i.e., an increase in HbO was expected); nega-
tive HbO responses are uncommon in this experimental context. Second,
an independent samples t-test was conducted for each channel (2, 4, 5,
and 9) to assess differences between groups. There is evidence that differ-
ent patterns of activation are obtained in the temporal cortex when adults
view tools undergoing motion that is functionally, as compared to non-
functionally, related (Beauchamp et al., 2002, 2003). If the infant brain is
functionally organized in a similar way, group differences in HbO re-
sponses should be observed in the temporal cortex.

In the function condition, a significant increase in HbO relative to
baseline was obtained at channel 9 (occipital cortex) and channel 2
(anterior temporal cortex). In the motion condition, a significant in-
crease in HbO relative to baseline was obtained in channel 4 (posterior
temporal cortex), only. The magnitude of the response obtained at
channel 2 differed significantly by condition and the effect size associat-
ed with this comparison was large, d = .823. Significant group differ-
ences were not obtained at any of the other channels tested.

Test trials. Hemodynamic response curves for each condition and chan-
nel are presented in Fig. 5. The test data were treated in a manner sim-
ilar to that of the pretest data except that relative changes in HbO were
averaged over 6 to 20 s for each condition and channel. This interval
was chosen for test trials because the first emergence of the object to
the right of the screen began at 4 s and, allowing 2 s for the hemody-
namic response to become initiated, changes in HbO should be detect-
able by 6 s and persist until the end of the trial at 20 s (see Wilcox

et al,, 2012 for supporting evidence). The mean responses obtained at
channels 2, 4, 5, and 9 were compared to O (Table 1). In addition, an in-
dependent samples t-test was conducted for each of these channels.

In the function condition, a significant increase in HbO relative to
baseline was obtained at channel 9 (occipital cortex), channels 5 and
4 (posterior temporal cortex), and channel 2 (anterior temporal cortex).
In the motion condition, a significant increase in HbO was obtained at
channels 4, 5, and 9. The magnitude of the response obtained at channel
2 in the infants who had viewed the function pretest events differed sig-
nificantly from that of the infants who had viewed the motion pretest
events, and the effect size associated with this comparison was large,
d = .731. Significant group differences were not obtained at any of
the other channels tested.

Finally, to explore the relation between behavioral and optical imag-
ing data we conducted a correlational analysis between infants' mean
first look away and their mean HbO response at channel 2. The outcome
of this analysis revealed no significant correlation between these two
factors, ¥ = .103, n = 34, p > .05. (A similar outcome was obtained if
we analyzed the data for each condition separately). Although one
might expect, on the basis of the group differences observed in looking
time and neuroimaging data, that these two factors would be highly
correlated, this need not be the case. We predicted that viewing the
pretest function event would prime infants to attend to color informa-
tion in the test event, and that this would lead to (a) increased looking
times and (b) increased activation, as measured by a relative change
in HbO, in the anterior temporal cortex. However, we did not predict
that these would be statistically dependent. Prolonged looking to the
narrow-screen event is presumably a function of (a) successful object
individuation and (b) perception of the event as unexpected or surprising.
Hence, looking times are closely related to both cognitive (individuation)
and attentional processes, the latter of which might be mediated by corti-
cal structures not currently under investigation.
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Fig. 5. Hemodynamic response curves (smoothed for presentation purposes with a 1 Hz low-pass filter) for Experiment 1. Relative changes in HbO and HbR (red and blue lines respec-
tively) during pretest and test trials at each of the nine channels are displayed for the function and motion conditions separately. Time is on the x-axis and hemodynamic changes in uM cm
on the y-axis. The channels associated with each of the four 10-20 coordinates are labeled accordingly. For the pretest trials, 1 to 30 s was the test event and 31 to 40 s was the silent pause
(baseline). The hemodynamic response was averaged over 10 to 30 s, indicated by narrow gray shading. For the test trials, 1 to 20 s was the test event and 21 to 30 s was the silent pause
(baseline). The hemodynamic response was averaged over 6 to 20 s, indicated by narrow gray shading. Asterisks indicate M (SD) HbO responses that differed significantly from baseline

(*p < .05, **p < .01, and ***p < .001, one-tailed).

Discussion

In the pretest (or priming) phase of the experiment a different pat-
tern of cortical activation was obtained for infants who viewed function
as compared to motion pretest events. The infants in the function but
not the motion condition evidenced significant activation in the anterior
temporal cortex during the pretest event, and the difference between
the two groups was statistically significant. There are a number of pos-
sible explanations for this result. Adult neuroimaging studies have re-
ported distinct patterns of neural activation in the temporal cortex in
response to viewing tools undergoing functionally related motion as
compared to motion that is not functionally-related (Beauchamp et al.,
2002, 2003). In addition, after training with tools that perform specific
functions adults show increased neural activation in the middle temporal
gyrus (Weisberg et al., 2007). Hence, one possible explanation for the
group difference observed in temporal activation has to do with the na-
ture of the event; whether the event involved functionally relevant or ir-
relevant object motion. However, there are other differences between the

pretest events that could have led to this pattern of results. Wilcox and
her colleagues have argued that infants differentially engage in categori-
zation processes when viewing function as compared to motion events
(Wilcox and Chapa, 2004; Wilcox et al., 2008b). More specifically, viewing
different-colored objects engage in distinct functions, an object property
to which infants are quite sensitive, leads infants to form event categories
linking color to object function. This process increases infants' sensitivity
to color in the subsequent test events. Viewing objects involved in distinct
motions, for a number of reasons, does not lead infants to form such event
categories. Neuroimaging studies conducted with adult participants have
reported increased activation in the temporal areas, such as the superior
temporal sulcus (STS), during object categorization processes (Chao
etal,, 1999; van der Linden et al., 2009). Although speculative, these find-
ings raise the possibility that the extent to which infants engage in event
categorization can explain, at least in part, the pattern of results obtained.
Because the current data do not allow us to distinguish between these
two possibilities, further research will be needed to test between these,
and potentially other, hypotheses.
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Table 1

Mean (SD) HbO responses obtained during the pretest and test trials of Experiment 1. One sample t-tests compared mean HbO responses, averaged over 10 to 30 s for pretest trials and 6 to
20 s for test trials, to zero at channels 2, 4, 5, and 9. Asterisks indicate M (SD) HbO responses that differed significantly from baseline. Between group comparisons using independent

samples t-tests (two-tailed), were also performed for channels 2, 4, 5, and 9.

Experiment 1: pretest trials HbO One sample t-tests M (SD)

Independent samples t-test

Neural region Channel Function N = 16 Motion N = 15 Between subjects effects N = 31
T3 1 .0021 (.003) —.0007 (.006)
2 0072 (.009)** .0010 (.003) £(29) = 2.249,p = .032
3 .0022 (.009) .0041 (.008)
T5 4 .0004 (.013) .0053 (.009) ((29) <15
5 .0015 (.009) .0024 (.006) t(29) < 1.0
P3 6 0047 (.013) —.0013 (.013)
7 0038 (.013) —.0023 (.012)
01 8 .0048 (.008) .0008 (.005)
9 0060 (.009)* .0010 (.013) 1(29) <15

Experiment 1: test trials HbO One sample t-tests M (SD)

Independent samples t-test

Neural region Channel Function green ball-red ballN = 17 Motion green ball-red ballN = 17 Between subjects effects N = 34
T3 1 —.0005 (.002) —.0002 (.003)
2 10032 (.005)* —.0016 (.008) £(32) = 2.096, p = .044
3 0013 (.007) .0027 (.007)
T5 4 10033 (.004)™ .0043 (.005)** t(32)< 1.0
5 10032 (.003)"** .0025 (.002)"** 1(32)< 1.0
P3 6 —.0022 (011) —.0007 (.006)
7 0017 (.006) —.0013 (.009)
o1 8 0018 (.005) .0022 (.005)
9 10051 (.006)™ .0052 (.010)* £(32) < 1.0

* p < .05, one-tailed.
** p < .01, one-tailed.
% p <001, one-tailed.

In the test phase of Experiment 1 a different pattern of cortical acti-
vation was also obtained for infants who had viewed the function as
compared to the motion pretest events The infants tested in the func-
tion condition, who were primed to attend to color differences in the
test trials (i.e., they showed prolonged looking to the narrow-screen
GB-RB event), evidenced activation in posterior and anterior areas of
the temporal cortex. In comparison, the infants tested in the motion
condition, who failed to use color differences to individuate the objects
in the test trials, evidenced activation in posterior areas of the temporal
cortex only. One might be concerned that hemodynamic responses
obtained in the pretest trials were simply “carried over” to the test trials.
This is unlikely, for two reasons. First, the pretest events involved differ-
ent objects engaged in very different events. Given these differences, it
is unlikely that viewing test events elicited the same hemodynamic
responses as viewing pretest events, simply by virtue of temporal
proximity. Second, the configuration of channels activated during the
test phase differed from that activated during the pretest phase. For ex-
ample, channels 4 and 5 were activated in both conditions during the
test but not the pretest events, demonstrating that temporal activation
was not simply “carried over” from the pretest to test trials.

One expected finding was the lack of a significant hemodynamic re-
sponse in the occipital cortex during the pretest events for infants in the
motion condition. However, the magnitude of the occipital responses
observed in the motion infants did not differ significantly from those ob-
served in the function infants, making it difficult to draw firm conclu-
sions about this null finding. Given the fact that occipital activation is
typically obtained in response to visual events, that occipital activation
was obtained in the infants in the motion condition during the test
phase, and the large standard deviation associated with channel 9 in
the motion infants in the pretest phase, we suspect that this is a spuri-
ous outcome.

Whereas only the function infants evidenced activation in the anteri-
or temporal cortex, both the function and the motion infants evidenced
activation in the posterior temporal cortex. What is currently unclear is
the extent to which posterior temporal activation can be explained by ex-
posure to the pretest events prior to test. Recall that 3- to 7-month-olds,
who have not been exposed to pretest events, evidence activation in

posterior temporal cortex when viewing a green ball-red ball test
event. In contrast, 11- to 12-month-olds, who also have not been exposed
to pretest events, do not evidence activation in the posterior temporal
cortex when viewing a green ball-red ball test event. Because infants
aged 8 to 9 months have not yet been tested, we do not know whether
the posterior temporal cortex is activated without prior exposure to pre-
test events. Experiment 2 tested this possibility.

Experiment 2

Experiment 2 assessed 8- and 9-month-olds' response to a narrow-
screen GB-RB test event without first viewing pretest events. For
control purposes, another group of infants were tested using a narrow-
screen green ball-green ball (GB-GB) event. The GB-GB event was iden-
tical to the GB-RB event, except that a green (rather than a red) ball was
seen to the right of the screen. Infants 3 to 12 months interpret this event
as involving a single object that emerges successively to opposite sides of
the screen (Wilcox, 1999; see Wilcox and Woods, 2009 for a review of the
evidence).

Methods

Participants

Infants aged 8 and 9 months participated in Experiment 2 (N = 34;
20 males and 14 females; M age = 9 months, 12 days, range =
8 months, 21 days to 9 months, 28 days). Parents reported their
infant's race/ethnicity as Caucasian (n = 25), Hispanic (n = 5), Black
(n = 2), or of mixed race/other (n = 2).

Sixteen additional infants were tested but eliminated from the sam-
ple because of procedural problems (n = 6) or difficulty in obtaining an
optical signal (n = 10). An equal number of infants were pseudo-
randomly assigned to one of two narrow-screen conditions: green
ball-red ball or green ball-green ball.

Procedure, instrumentation, data processing
Infants were tested using the same procedure as Experiment 1 ex-
cept that infants saw only the test events. Infants were presented with
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either the narrow-screen GB-RB event of Experiment 1 or a narrow-
screen GB-GB event (i.e., a green ball was seen to both sides of the
screen). Instrumentation and data processing were identical to that of
Experiment 1. Interobserver agreement was calculated for test trials
and averaged 94% (per trial and infant). The mean head circumference
of infants in the GB-RB (M = 45.26 cm, SD = 1.32 cm) and GB-GB
(M = 45.62 cm, SD = 1.53 cm) conditions did not differ significantly,
t<1,df =32

On the basis of looking time and motion artifact criteria, nineteen
(of 136 possible) test trials were eliminated from data analysis.
Eliminated trials were distributed about equally between the two
conditions (GB-RB condition, 11 of 68 possible trials and GB-GB
condition, 8 of 68 possible trials, z = .742 p > .05).

Results

Looking time data

Mean duration of total (i.e., cumulative) looking to the test events
was analyzed in the same manner as Experiment 1. The infants who
viewed the narrow-screen GB-RB event (M = 20.94, SD = 2.99) did
not differ significantly in the amount of time they spent looking during
the test trials than the infants who viewed the narrow-screen GB-GB
event (M = 20.52,SD = 3.31),t < 1,df = 32.

Mean duration of infants' first look away was also analyzed in the
same manner as Experiment 1. The infants who viewed the narrow-
screen GB-RB (M = 12.68, SD = 4.93) and the narrow-screen GB-GB
(M = 11.42, SD = 5.56) test event did not differ significantly in the
time they took to first disengage from the test events, t < 1, df = 32.
Across experiment analyses revealed that the mean first look away of
the infants in Experiment 2 who saw the GB-RB test event differed sig-
nificantly from that of the infants in Experiment 1 who saw the GB-RB
test event after having seen function pretest events, t = 2.44, df = 32,
p = .02, d = .724, but did not differ significantly from that of the in-
fants in Experiment 1 who saw the GB-RB test event after having seen
motion pretest events, t < 1, df = 32. These results suggest that the
GB-RB infants of Experiment 2, like the motion GB-RB infants of Exper-
iment 1, failed to use the color difference to individuate the two balls.

Optical imaging data

Hemodynamic responses were obtained for each channel for infants
tested in the narrow-screen GB-RB and narrow-screen GB-GB condi-
tions. The neuroimaging test data were processed and analyzed in the
same manner as the neuroimaging test data of Experiment 1. Mean
(SD) HbO responses are reported in Table 2. Mean (SD) HbR responses
can be found in the Appendix A.

The infants who viewed the narrow-screen GB-RB test event and
the infants who viewed the narrow-screen GB-GB test event both
showed a significant increase in HbO relative to baseline at channel 9
(occipital cortex). The groups did not differ significantly in the magni-
tude of the response.

Across experiment analyses revealed that the infants in Experiment
1 who saw the motion pretest events demonstrated significantly greater
activation at channel 5 (t = 2.57, df = 32, p = .015, d = .883) and
channel 4 (t = 3.10,df = 32,p = .004, d = 1.056), but not at channel
2 (t<1,df = 32), in response to the narrow-screen GB-RB test event
than the infants in Experiment 2, who saw only the test event. Further-
more, the infants in Experiment 1 who saw function pretest events
demonstrated significantly greater activation at channel 5 (t = 2.82,
df = 32,p = .008, d = .970), channel 4 (t = 2.99, df = 32, p = .005,
d = 1.024), and channel 2 (t = 2.26, df = 32,p = .031,d = .774) in
response to the GB-RB test event than the infants in Experiment 2.
These results indicate that viewing the motion event led to increased ac-
tivation in the posterior temporal areas whereas viewing the function
event led to increased activation in the posterior and anterior temporal
areas.

Table 2

Mean (SD) HbO responses obtained during the test trials of Experiment 2. One sample t-
tests compared mean HbO responses, averaged over 6 to 20 s, to zero at channels 2, 4, 5,
and 9. Asterisks indicate M (SD) HbO responses that differed significantly from baseline
(** p<.01). Between groups comparisons using independent samples t-tests (two-
tailed) were performed for channels 2, 4, 5, and 9.

Experiment 2: test ~ One sample t-tests M (SD) Independent samples

trials HbO t-test
Neural  Channel  Greenball-red  Green ball-green ~ Between subjects
region ballN = 17 ballN = 17 effects N = 34
T3 1 .0005 (.003)  —.0011 (.004)
2 —.0006 (.005) .0001 (.005) 1(32) <1
3 .0004 (.007) .0026 (.005)
T5 4 —.0014 (.005) .0009 (.005) t(32) <15
5 —.0012 (.006) .0009 (.005) 1(32) <15
P3 6 —.0021 (.004) .0023 (.008)
7 0002 (.010)  —.0006 (.005)
01 8 .0017 (.004) .0031 (.005)
9 .0050 ** 0051 (.007)*"  ¢(32)<1

A summary of the test results obtained in Experiment 1 and 2 is
depicted in Fig. 6.

Discussion

The results of Experiment 2 are consistent with previous behav-
ioral and neuroimaging studies reporting that infants younger than
11.5 months do not spontaneously use color differences to individu-
ate objects. In addition, these results, when compared to those
obtained in Experiment 1, reveal the influence of the function and
motion pretest events on patterns of neural activation in the tempo-
ral cortex. Across experiment comparisons revealed that prior expo-
sure to the motion pretest events led to increased activation in the
posterior temporal cortex during the narrow-screen GB-RB test event.
In contrast, prior exposure to the function pretest events led to in-
creased activation in the posterior and anterior temporal object pro-
cessing areas during the narrow-screen GB-RB test event. The effect
sizes indicated that these findings were remarkably robust.

One might be concerned that exposure to the pretest events, in and
of itself, influenced infants' response to the test events. For example,
perhaps infants in Experiment 1 were more fatigued and/or less inter-
ested in the test events because they had already viewed pretest events,
leading to across experiment differences in performance. There are two
pieces of evidence that argue against this interpretation. First, mean du-
ration of looking was similar across the two experiments, suggesting
that the overall attention to the test events did not vary as a function
of whether or not infants had first viewed pretest events. Second, the ef-
fect of prior experience was event specific. Behavioral and cortical re-
sponses to the test events differed as a function of the type of pretest
event previously viewed and not simply as a result of having viewed a
pretest event.

Conclusion

Developmental scientists have demonstrated, in a number of ex-
perimental contexts, that the way that infants perceive, apprehend,
and act on objects in the physical world can be altered by select experi-
ences (Libertus and Needham, 2010; Needham et al., 2002; Wang and
Baillargeon, 2005; Wilcox et al., 2007, 2008b; Woods and Wilcox,
2012). These findings have raised a number of intriguing questions
about the malleability of early knowledge and the mechanisms that un-
derlie different types of learning. The current research explored changes
in the brain and behavior as a result of color priming in 8- and 9-
month-olds.
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Fig. 6. Summary representation of the significant HbO responses obtained in the test phase of Experiments 1 and 2. The colored dots indicated that neural activation was obtained for that
event condition at that channel. (a) Patterns of neural activation obtained in response to the narrow-screen green ball-red ball test event of Experiment 1 for the infants in the function and
motion condition. (b) Patterns of neural activation obtained in response to the narrow-screen green ball-red ball (GB-RB) and narrow-screen green ball-green ball (GB-GB) test events of

Experiment 2.

Color-priming: brain and behavior

The primary finding obtained in the present research was that of
priming-dependent patterns of functional activation during the object
individuation task. Viewing color-function pretest led infants 8- and
9-month-olds, who do not spontaneously use color to individuate ob-
jects, to individuate-by-color in a subsequent object individuation
task. This was evidenced in both behavioral and cortical responses. In-
fants who saw function pretest events showed prolonged looking to
the narrow-screen GB-RB test event and increased activation in the an-
terior temporal cortex. In contrast, infants who saw motion pretest
events, and infants who were not presented with pretest events at all,
did not show prolonged looking to the narrow-screen GB-RB test event
or increased activation in the anterior temporal cortex. The pattern of
activation observed in the anterior temporal cortex of infants who had
experienced color priming was similar to that of older infants who spon-
taneously use color to track the identity of objects (Wilcox et al., 2010,
2012).

What led infants who viewed the function (but not the motion) pre-
test events to show increased sensitivity to color in the test trials? What
processes were involved? One hypothesis is that when viewing pound-
pour events in which the color of an object predicts the function in
which it will engage infants form event categories in which color is
linked to object function (Wilcox and Chapa, 2004). It is this process
that leads to increased sensitivity to color differences in a subsequent
test event. The fact that color priming is obtained when infants see func-
tion but not motion pretest events indicates that infants do not form as-
sociations between any co-occurring object properties but, rather, this
process is selective. There is a large body of research demonstrating
that infants are sensitive to the functional properties of objects (see
Wilcox and Woods, 2009; Wilcox et al, 2008b for a review of the
evidence). For example, infants detect functional relations between ob-
ject parts and surfaces and expect objects to move and interact in ways
that are consistent with these relations. In addition, infants readily use
function-related information to guide learning about new objects.
Hence, it makes sense that infants would be particularly sensitive to ob-
ject function in priming situations. What evidence is there that infants
were forming function-related event categories when viewing the pre-
test events? Color priming is obtained only when infant see at least two
pairs of pretest trials with two different pairs of green and red con-
tainers. If infants see two pairs of pretest trials, but with the same pair
of green and red containers, color priming is not obtained. A number
of studies have now demonstrated that viewing multiple exemplars of

the relation between color and function is critical to color priming
(Wilcox and Chapa, 2004; Wilcox et al., 2008b; see also Woods and
Wilcox, 2012). Collectively, these data support the hypothesis that it is
the extraction of the relation between color and function across multi-
ple exemplars - the formation of an event category in which color is
linked to object function - that leads to increased sensitivity to color in-
formation in a subsequent test event.

An alternative hypothesis is that color priming is an example of
acquired distinctiveness (Bonardi et al., 2005; Jitsumori et al., 2011;
Lawrence, 1949; Reese, 1972). Acquired distinctiveness, a form of dis-
crimination learning, occurs when participants learn that one source of
information reliably predicts an outcome and future learning is
constrained and guided by the nature of this relation. Typically, in ac-
quired distinctiveness experiments animals (e.g., humans, rodents, pi-
geons) are trained to discriminate between, and respond on the basis
of, a stimulus dimension that is not inherently predictive. For example,
children can be trained to associate the presentation of a nonsense figure
(A and B) with a subsequent label (“ding” and “dong”, respectively). Once
the relevant association is learned it becomes functionally dominant -
the stimulus dimensions acquire distinctiveness — and this influences
learning in subsequent trials (Reese, 1972). Acquired distinctiveness
may explain, at least in part, color-function priming. In the pretest tri-
als, the color of the container reliability predicted the function in
which it would engage. Forming an association between color and func-
tion could have led infants to identify object color, a previously irrele-
vant object feature, as an important source of information. That is, the
color-function pairing rendered the difference between green and red
arelevant distinction. At the same time, acquired distinctiveness cannot
fully explain color-function priming. Theoretically, discrimination
learning should apply to a wide range of situations and stimulus prop-
erties. Yet we know that color priming occurs in the context of function
but not motion events. It may be that acquired distinctiveness and event
categorization both play a role in the priming process. For example, per-
haps acquired distinctiveness is the process by which infants identify
that different colors predict different outcomes and event categoriza-
tion is the process by which infants link color to object function.

Activation in posterior temporal cortex: an unexpected finding

Both the infants who viewed the function pretest events and those
who viewed the motion pretest events evidenced a significant increase
in HbO in the posterior temporal cortex during test trials. Across exper-
iment comparisons indicated that these responses differed significantly
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from those obtained in infants who saw the narrow-screen GB-RB
test event without prior exposure to function or motion pretest
events (these infants did not evidence increased activation in the poste-
rior temporal cortex). Contrary to our predictions, viewing motion pre-
test events did influence infants' processing of the narrow-screen GB-
RB event, a result that was not apparent in our behavioral data or pre-
dicted by previous behavioral studies.

One hypothesis consistent with these results is that the posterior and
anterior temporal cortexes play separate, and perhaps hierarchically orga-
nized, roles in object processing. According to this hypothesis, viewing
pretest events in which the color of an object reliably predicts an event
outcome, regardless of whether the outcome is functionally significant,
heightens infants' attention to color information in a subsequent test
event. This is evidenced by increased activation in the posterior temporal
cortex, a cortical area implicated in mid-level object processing in the
adult (Grill-Spector, 2003; Kanwisher, 2003). In comparison, viewing pre-
test events in which color reliably predicts an event outcome and the
event outcome is functionally significant, not only heightens infants' sen-
sitivity to color differences, as evidenced by increased activation in the
posterior temporal cortex, but also primes infants to use the color differ-
ence as the basis for individuating objects. Color priming is evidenced
by prolonged looking to the narrow-screen GB-RB event and increased
activation in the anterior temporal cortex, a cortical area implicated in
higher-level object processing in the adult (Devlin et al, 2002;
Humphreys et al., 1999; Malach et al., 1995). The charge of future research
will be to test this hypothesis and delineate the functional role of each of
these cortical areas and how their roles might change during the first year
of life. As reported by Wilcox and her colleagues (Wilcox et al., 2010,
2012) infants 7 months and younger evidence neural activation in the
posterior temporal cortex during a narrow-screen GB-RB test event with-
out first viewing pretest events. Yet, as seen in the present studies, 8- and
9-month-olds evidence activation in the posterior temporal cortex in re-
sponse to the narrow-screen GB-RB test event only after first viewing a
pretest event. This outcome suggests functional reorganization within
the object processing areas of the temporal cortex during the first year.

Final comments

During the last 40+ years developmental scientists have learned a
great deal about infants' emerging perceptual and cognitive capacities
and the kinds of experiences that support the acquisition of new knowl-
edge. With the introduction of fNIRS into the experimental setting we
now have the capacity to assess brain-behavior relations during develop-
ment. As the current research demonstrates, the use of this technique can
provide insight into the cortical structures that mediate and support the
development of the object processing capacities in the infant. We look
forward to continued exploration of the infant mind using this technique.
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Appendix A

Appendix 1
Mean (SD) HbR responses obtained during the pretest and test trials of Experiment 1 and
the test trials of Experiment 2.

Experiment 1 Condition

pretest trials: HbR

Neural  Channel  Pound-pour green ball-red ball ~ Motion green ball-red ball

region N =17 N =17

T3 1 ,0019 (.006) .0001 (.006)
2 .0004 (.002) —.0001 (.004)
3 — 0005 (.004) — 0004 (.004)

T5 4 .0005 (.003) — 0006 (.003)
5 —.0005 (.003) —.0002 (.002)

P3 6 10016 (.005) —.0002 (.005)
7 10015 (.007) .0007 (.006)

01 8 —.0007 (.002) —.0005 (.001)
9 —.0011 (.002) —.0008 (.002)

Experiment 1 test Condition

trials: HbR

Neural ~ Channel  Pound-pour green ball-red ball ~ Motion green ball-red ball

region N=17 N =17

T3 1 0002 (.003) .0014 (.004)
2 — 0007 (.002) .0003 (.003)
3 —.0001 (.003) .0002 (.002)

T5 4 0009 (.003) .0022 (.009)
5 —.00003 (.001) .0002 (.002)

P3 6 10006 (.004) — 0015 (.004)
7 —.0007 (.003) —.0027 (.005)

01 8 —.0003 (.001) —.0007 (.001)
9 — 0004 (.002) — 0003 (.002)

Experiment 2 test Condition

trials: HbR

Neural  Channel  Green ball-red ball Green ball-green ball

region N=17 N =17

T3 1 0002 (.003) .0014 (.004)
2 —.0007 (.002) .0003 (.003)
3 —.0001 (.003) .0002 (.002)

T5 4 0009 (.003) .0022 (.009)
5 —.00003 (.001) .0002 (.002)

P3 6 .0006 (.004) —.0015 (.004)
7 — 0007 (.003) —.0027 (.005)

o1 8 —.0003 (.001) —.0007 (.001)
9 —.0004 (.002) —.0003 (.002)

References

Bachevalier, J., Mishkin, M., 1994. Effects of selective neonatal temporal lobe lesions on vi-
sual recognition in rhesus monkeys. J. Neurosci. 14, 2128-2139.

Beauchamp, M., Lee, K,, Haxby, ], Martin, A., 2002. Parallel visual motion processing
streams for manipulable objects and human movements. Neuron 34, 140-150.
Beauchamp, M., Lee, K., Haxby, ]., Martin, A., 2003. fMRI responses to video and point-light
displays of moving humans and manipulable objects. ]J. Cogn. Neurosci. 15 (7),

991-1001.

Bonardi, C.,, Graham, S., Hall, G., Mitchell, C., 2005. Acquired distinctiveness and equiva-
lence in human discrimination learning: evidence for an attentional process. Psychon.
Bull. Rev. 12 (1), 88-92.

Brower, T., Wilcox, T., 2012. Priming infants to use color in an individuation task: does so-
cial context matter? Infant Behav. Dev. 35, 323-327.

Chao, L.L., Haxby, J.V., Martin, A., 1999. Attribute-based neural substrates in temporal cor-
tex for perceiving and knowing about objects. Nat. Neurosci. 2, 913-919.

Cohen, J., 1977. Statistical Analysis for the Behavioral Sciences. Academic Press, New York.

Cohen, L.B., Cashon, C.H., 2003. Infant perception and cognition. Handbook of Psychology:
Developmental Psychology, vol. 6. Wiley & Sons, NJ, pp. 65-89.

Dehaene, S., 2007. Symbols and quantities in parietal cortex: elements of a mathematical
theory of number representation. In: Haggard, P., Rossetti, Y. (Eds.), Attention and
Performance. Sensory-Motor Foundations of Higher Cognition, XXII. Harvard Univer-
sity Press, Cambridge, MA.

Devlin, J.T., Russell, R.P., Davis, M.H., Price, CJ., Moss, H.E., Fadili, M.J., et al., 2002. Is there
an anatomical basis for category-specificity? Semantic memory studies in PET and
fMRI. Neuropsychologia 40 (54-75).

Eliassen, J., Souza, T., Sanes, J., 2003. Experience dependent activation patterns in human
brain during visual-motor associative learning. J. Neurosci. 23 (33), 10540-10547.


http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0005
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0005
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0010
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0010
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0015
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0015
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0015
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0020
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0020
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0020
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0025
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0025
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0030
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0030
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0035
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0195
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0195
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0200
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0200
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0200
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0200
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0045
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0045
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0045
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0050
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0050

T. Wilcox et al. / Neurolmage 85 (2014) 302-313 313

Feigenson, L., Dehaene, S., Spelke, E.S., 2004. Core systems of number. Trends Cogn. Sci. 8,
307-314.

Grill-Spector, K., 2003. The neural basis of object perception. Curr. Opin. Neurobiol. 13,
159-166.

Humphreys, G.W., Price, CJ., Riddoch, M.J., 1999. From objects to names: a cognitive neu-
roscience approach. Psychol. Res. 62, 118-130.

Hyde, D.C,, Spelke, E.S., 2008. All numbers are not equal: an electrophysiological investi-
gation of small and large number representation. ]. Cogn. Neurosci. 21, 1039-1053.

Jitsumori, M., Ohkita, M., Ushitani, T., 2011. The learning of basic-level categories by pigeons:
the prototype effect, attention, and effects of categorization. Learn. Behav. 39, 271-287.

Kanwisher, N., 2003. The ventral visual object pathway in humans: evidence from fMRIL
In: Chalupa, L., Werner, J. (Eds.), The Visual Neurosciences. MIT Press, Cambridge,
MA, pp. 1179-1189.

Lawrence, D., 1949. Acquired distinctiveness of cues: I. Transfer between discriminations on
the basis of familiarity with the stimulus. J. Comp. Physiol. Psychol. 52 (3), 770-784.

Libertus, K., Needham, A, 2010. Teach to reach: the effects of active versus passive
reaching experiences on action and perception. Vision Res. 50 (24), 2750-2757.

Lloyd-Fox, S., Blasi, A., Elwell, CE., 2010. [lluminating the developing brain: the past, pres-
ent and future of functional near infrared spectroscopy. Neurosci. Biobehav. Rev. 34,
269-284.

Malach, R, Reppas, ].B., Benson, RR., Kwong, KK, Jiang, H., Kennedy, W.A,, et al., 1995.
Object-related activity revealed by functional magnetic resonance imaging in
human occipital cortex. Proc. Natl. Acad. Sci. 92, 8135-8139.

Needham, A, Barrett, T., Peterman, K., 2002. A pick-me-up for infants' exploratory skills:
early stimulated experiences reaching for objects using ‘sticky mittens’ enhances
young infrants' object exploration skills. Infant Behav. Dev. 25, 279-295.

Olsen, G.M., Sherman, T., 1983. Attention, learning and memory in infants. In: Haith, M.,
Campos, J. (Eds.), Manual of Child Psychology. Infant and Developmental Psychobiol-
ogy, vol. 2. Wiley, New York, pp. 1001-1080.

Op de Beek, H.P., Baker, C.I, DiCarlo, ]J., Kanwisher, N.G., 2006. Discrimination training al-
ters object recognition in human extriastriate cortex. J. Neurosci. 26, 13025-13036.

Reese, HW., 1972. Acquired distinctiveness and equivalence of cues in young children.
J. Exp. Child Psychol. 13, 171-182.

Strangman, G., Franceschini, M., Boas, D., 2003. Factors affecting the accuracy of near-
infrared spectroscopy concentration calculations for focal changes in oxygenation pa-
rameters. Neurolmage 18, 865-879.

Striano, T., Vaish, A., Benigno, ].P., 2006. The meaning of infants’ looks: information seek-
ing and comfort seeking? Br. ]. Dev. Psychol. 24, 615-630.

van der Linden, M., Murre, ].M.J., van Turennout, M., 2008. Formation of category repre-
sentation in superior temporal sulcus. J. Cogn. Neurosci. 22 (6), 1270-1282.

van der Linden, M., van Turennout, M., Indefrey, P., 2009. Birds of a feather flock together:
experience-driven formation of visual object categories in human ventral temporal
cortex. PLoS One 3, 1-11.

Wang, S, Baillargeon, R., 2005. Inducing infants to detect a physical violation in a single
trial. Psychol. Sci. 542-549.

Wang, S., Baillargeon, R., Paterson, S., 2005. Detecting continuity violations in infancy: a
new account and new evidence from covering and tube events. Cognition 95,
129-173. http://dx.doi.org/10.1016/j.cognition.2002.11.00147JCD010201.

Weisberg, J., van Turennout, M., Martin, A., 2007. A neural system for learning about ob-
ject function. Cereb. Cortex 17, 513-521. http://dx.doi.org/10.1093/cercor/bhj176.

Wilcox, T., 1999. Object individuation: infants' use of shape, size, pattern, and color. Cog-
nition 72, 125-166. http://dx.doi.org/10.1016/S0010-0277(99)00035-9.

Wilcox, T., Chapa, C., 2004. Priming infants to attend to color and pattern information in
an individuation task. Cognition 90, 265-302. http://dx.doi.org/10.1016/S0010-
0277(03)00147-1.

Wilcox, T., Woods, R., 2009. Experience primes infants to individuate objects: illuminating
learning mechanisms. In: Needham, A,, Woodward, A. (Eds.), Learning and the Infant
Mind. Oxford University Press, New York, NY, pp. 117-143.

Wilcox, T., Bortfeld, H., Woods, R., Wruck, E., Boas, D.A., 2005. Using near-infrared spec-
troscopy to assess neural activation during object processing in infants. ]. Biomed.
Opt. 10, 011010-1-011010-9.

Wilcox, T., Woods, R., Chapa, C., McCurry, S., 2007. Multisensory exploration and object
individuation in infants. Dev. Psychol. 43, 479-495. http://dx.doi.org/10.1037/0012-
1649.43.2.479.

Wilcox, T., Bortfeld, H., Woods, R., Wruck, E., Boas, D., 2008a. Hemodynamic response to
featural changes in the occipital and inferior temporal cortex in infants: a preliminary
methodological exploration. Dev. Sci. 11, 361-370.

Wilcox, T., Woods, R., Chapa, C., 2008b. Color-function categories that prime infants to
use color information in an object individuation task. Cogn. Psychol. 57, 220-261.
http://dx.doi.org/10.1016/j.cogpsych.2008.02.001.

Wilcox, T., Bortfeld, H., Armstrong, J., Woods, R, Boas, D., 2009. Hemodynamic response to
featural and spatiotemporal information in the infant brain. Neuropsychologia 47,
657-662.

Wilcox, T., Haslup, ], Boas, D.A., 2010. Dissociation of processing of featural and spatio-
temporal information in the infant cortex. Neurolmage 53, 1256-1263.

Wilcox, T., Stubbs, J., Hirshkowitz, A., Boas, D.A., 2012. Object processing and functional
organization of the infant cortex. Neurolmage 62, 1833-1840.

Woods, RJ., Wilcox, T., 2012. Posture support improves object individuation in infants.
Dev. Psychol. http://dx.doi.org/10.1037/a0030344 (October 8, Advance online
publication).


http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0055
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0055
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0060
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0060
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0065
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0065
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0205
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0205
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0075
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0075
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0080
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0080
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0080
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0085
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0085
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0090
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0090
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0095
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0095
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0095
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0100
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0100
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0105
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0105
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0105
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0210
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0210
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0210
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0110
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0110
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0115
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0115
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0120
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0120
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0120
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0125
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0125
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0130
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0130
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0135
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0135
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0135
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf9000
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf9000
http://dx.doi.org/10.1016/j.cognition.2002.11.00147JCD010201
http://dx.doi.org/10.1093/cercor/bhj176
http://dx.doi.org/10.1016/S0010-0277(99)00035-9
http://dx.doi.org/10.1016/S0010-0277(03)00147-1
http://dx.doi.org/10.1016/S0010-0277(03)00147-1
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0180
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0180
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0180
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0215
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0215
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0215
http://dx.doi.org/10.1037/0012-1649.43.2.479
http://dx.doi.org/10.1037/0012-1649.43.2.479
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0155
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0155
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0155
http://dx.doi.org/10.1016/j.cogpsych.2008.02.001
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0160
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0160
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0160
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0170
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0170
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0175
http://refhub.elsevier.com/S1053-8119(13)00908-7/rf0175
http://dx.doi.org/10.1037/a0030344

	The effect of color priming on infant brain and behavior
	Introduction
	Effects of color priming on object individuation: behavioral results
	The cortical basis of object individuation
	The present research

	Experiment 1
	Methods
	Participants
	Task and procedure
	Instrumentation
	Processing of fNIRS test data

	Results
	Looking time data
	Pretest trials
	Test trials

	Optical imaging data
	Pretest trials
	Test trials


	Discussion

	Experiment 2
	Methods
	Participants
	Procedure, instrumentation, data processing

	Results
	Looking time data
	Optical imaging data

	Discussion

	Conclusion
	Color-priming: brain and behavior
	Activation in posterior temporal cortex: an unexpected finding
	Final comments

	Acknowledgments
	Appendix A
	References


