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Abstract

A great deal is known about the functional organization of cortical networks that mediate visual
object processing in the adult. The current research is part of a growing effort to identify the
functional maturation of these pathways in the developing brain. The current research used near-
infrared spectroscopy to investigate functional activation of the infant cortex during the processing
of featural information (shape) and spatiotemporal information (speed of motion) during the first
year of life. Our investigation focused on two areas that were implicated in previous studies:
anterior temporal cortex and posterior parietal cortex. Neuroimaging data were collected with 207
infants across three age groups: 3 to 6 months (Experiment 1), 7 to 8 months (Experiment 2), and
10 to 12 months (Experiments 3 and 4). The neuroimaging data revealed age-related changes in
patterns of activation to shape and speed information, mostly involving posterior parietal areas,
some of which were predicted and others that were not. We suggest that these changes reflect age-
related differences in the perceptual and/or cognitive processes engaged during the task.
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l. Introduction

There is a substantial body of research suggesting that in the human brain, information about
the spatiotemporal and featural properties of objects are processed by different cortical
systems, similar to those first identified in the non-human primate (Mishkin, Ungerleider, &
Macko, 1983; Ungerleider & Mishkin, 1982). The ventral system extends from the visual
cortex through the temporal cortex and mediates processing of the featural attributes of
objects. For example, areas in the primary visual cortex respond to specific features, such as
lines, orientation, or color (Bartels & Zeki, 2000; Orban, Van Essen, & Vanduffel, 2004;
Tootell, Tsao, & Vanduffel, 2003), whereas areas in the occipito-temporal cortex integrate
these features and code objects as wholes, independent of visual perspective (Grill-Spector,
2003; Kourtzi & Kanwisher, 2001). Finally, more anterior areas in temporal cortex are
important for higher level object processing, such as object recognition, identification, and
naming (Devlon et al., 2002; Humphreys, Price, & Riddoch, 1999; Malach et al., 1995). The
dorsal system extends from the visual cortex through the parietal cortex and mediates
processing of the spatiotemporal attributes of objects. For example, area MT/V5 responds
selectively to moving (as compared to static) stimuli and is sensitive to coherent motion of
randomly distributed dots (Kolster, Peeters, & Orban, 2010; Murry, Olshausen, & Woods,
2003; Murry, Schrater, & Kersten, 2004; Paradis et al., 2000), whereas the angular gyrus
mediates attention to and analysis of speed and path of object motion (Chambers, Payne, &
Mattingley, 2007; Nagel, Sprenger, Hohagen, Binkofski, & Lencer, 2008) and the inferior
parietal cortex mediates the extraction of 3-D object structure from coherent motion displays
(Denys et al., 2004; Murray et al., 2003; Murray et al., 2004; Paradis et al., 2000; Peuskens
et al., 2004). These and related findings (for reviews see Bell, Pasternak, & Undergerleider,
2013 and Orban, 2011) support the functional distinction proposed by Ungerleider and
colleagues that the ventral stream is dedicated to the recognition, identification, and
categorization of objects, or the “what” of objects, whereas the dorsal stream is dedicated to
the processing of information about motion, depth, and location, or the “where” of objects
(for an alternative viewpoint see Milner & Goodale, 1995). Claims about the functional
specificity of these two pathways have been tempered somewhat, however, by evidence that
ventral and dorsal cortical areas may be less specialized (or at least more interactive) than
originally proposed (Borst, Thompson, & Kosslyn, 2011; Konen & Kastner, 2008; Kravitz,
Kriegeskorte, & Baker, 2010; Zachariou, Klatzky, & Behrmann, 2013).

What has remained unspecified is the functional development of these visual object-
processing pathways, largely because of a lack of neuroimaging techniques that can be used
successfully with infants. With the introduction of functional near-infrared spectroscopy
(FNIRS) into the experimental setting, however, developmental scientists now have the
opportunity to investigate functional organization of the infant cortex. A growing number of
studies (for a review see Lloyd-Fox, Blasi, & Elwell, 2010) have focused on identifying
cortical substrates that mediate processing of distinct types of objects and/or object
properties, many of which are theoretically important to cognitive and developmental
neuroscientists. The outcome of such studies have allowed us to better understand how the
human brain is functionally organized from the early days of life (Honda et al., 2010; Lloyd-
Fox et al., 2009; Watanabe, Homae, Nakano, & Taga, 2008; Wilcox, Haslup, & Boas, 2010)
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and provide insight into how this might change with time and experience (Wilcox, Stubbs,
Hirshkowitz, & Boas, 2012). Most relevant to the present research are studies that have
focused on the cortical substrates that support infants’ emerging capacity to use featural and
spatiotemporal information to track the identity of objects (Wilcox, Bortfeld, Armstrong,
Woods, & Boas, 2009; Wilcox et al., 2012; Wilcox, Hirshkowitz, Hawkins, & Boas, 2014)

1.1 Object Individuation: Cortical Activation to Featural Differences

Several studies have investigated the cortical basis of infants’ capacity to use featural
information to track the identity of objects through occlusion. In one group of studies
(Wilcox et al., 2012), infants 3 to 5 months (M age = 5, 8) and 11 to 12 months (M age = 11,
21) were shown occlusion events (Figure 1) in which 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). The cortical areas targeted were
anterior temporal, posterior temporal, posterior parietal, and occipital cortex. Two main
findings relevant to the present research emerged. First, infants 3 to 5 months of age, who
use shape but not color information to individuate objects (Wilcox, 1999), showed activation
in the anterior temporal cortex when viewing the shape difference but not the color
difference test event (see also Wilcox et al., 2010). It is not until 11 to 12 months, when
infants first individuate-by-color (Wilcox, 1999; Wilcox et al., 2007), that infants showed
activation in the anterior temporal cortex when viewing the different-color event. Neither
age group showed activation in anterior temporal cortex when viewing the control (green
ball-green ball) test event, an event that infants interpret as involving a single object that
moves back and forth behind the screen (Wilcox, 1999). More recent studies (Wilcox et al.,
2014) have revealed that infants younger than 11 to 12 months, if first primed to attend to
color differences (i.e., given experiences that lead them to individuate-by-color), show
activation in anterior temporal cortex to the color difference test event. These results provide
converging evidence for the conclusion that in the infant the anterior temporal cortex is
involved in the object individuation process.

The second main finding was of age-related changes in patterns of cortical activation to the
different-shape event. One interesting characteristic of shape processing is that either ventral
or dorsal cortical areas can mediate it, depending on the visual cues that give rise to object
shape. For example, ventral areas extract object structure from contour whereas dorsal areas
extract object structure from motion-carried information (Denys et al., 2004; Desimone,
Schein, Moran, & Ungerlieder, 1985; De Yoe & Van Essen, 1988; Kraut et al., 1997,
Livingstone & Hubel, 1987, 1988; Murray et al., 2004; Paradis et al., 2000; Peuskens et al.,
2004). On the basis of these findings, one might expect younger infants, whose visual acuity
is less well developed and hence depend more on motion-carried information to perceive
object shape, to show greater activation in dorsal areas than older infants. Consistent with
this hypothesis, Wilcox et al. (2012) found that infants 3 to 5 months, but not infants aged
11 to 12 months, evidence activation in posterior parietal cortex during the different-shape
event. Recall that from the early months of life infants individuate on the basis of shape
(Wilcox, 1999) and both 3- to 5-month-olds and 11- to 12-month-olds show activation in
anterior temporal cortex to the shape difference test event (Wilcox et al., 2012). Yet, only
the 3- to 5-month-olds show activation in posterior parietal cortex. (The younger infants did
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not show activation in the posterior parietal cortex to the control event, indicating that this
response was specific to the shape difference and was not obtained for events involving
moving objects more generally.) According to the visual acuity hypothesis, at what age
would we expect infants to no longer show activation in parietal cortex to shape differences?
Visual acuity matures significantly during the first 6 months of life, and by 7 to 8 months
approaches that of an adult (Dobson & Teller, 1978; Norica & Tyler, 1985; Teller &
Movshon, 1986). Hence, by this time we would expect infants to show cortical activation
patterns similar to those of the older (and not the younger) infants. The current research
tested this prediction.

1.2 Object Individuation: Cortical Activation to Spatiotemporal Discontinuities

Much less research has been conducted on the cortical basis of infants’ use of
spatiotemporal information to individuate objects. In a recent study conducted with infants 5
to 7 months (Wilcox et al., 2010), participants were shown a speed discontinuity, path
discontinuity, or control event (Figure 2). Previous behavioral studies conducted with 3.5- to
9.5-month-olds have demonstrated that infants interpret the speed discontinuity and path
discontinuity event (but not the control event) as involving two distinct objects; that is, they
use the spatiotemporal discontinuities to individuate the objects seen in the occlusion
sequence (Schweinle & Wilcox, 2004; Wilcox & Schweinle, 2003). During the test session,
neural activation, as measured by changes in HbO, was assessed at the same four locations
as that of Wilcox et al. (2012). Two main findings emerged. First, the infants in the speed
and path discontinuity conditions, but not the control condition, evidenced significant
activation in the anterior temporal cortex. When spatiotemporal information embedded in
the occlusion sequence signaled the presence of distinct objects, anterior temporal cortex
was activated. These results provide converging evidence, using a different type of event —
an event involving spatiotemporal discontinuities rather than featural differences — that the
anterior temporal cortex mediates the individuation process in the infant. Second, the infants
in the speed and path discontinuity conditions, but not the control condition, evidenced
activation in the posterior parietal cortex. This finding supports prevailing hypotheses
(Kaufman, Mareschal & Johnson, 2003; Johnson & Mareschal, 2003) that from an early age
dorsal cortical areas mediate processing of the spatiotemporal properties of objects. The
extent to which cortical responses to spatiotemporal discontinuities change during the first
year has yet to be tested. In addition, a direct comparison of patterns of cortical activation to
featural information, such as shape, and spatiotemporal information, such as speed of
motion, in parietal and temporal cortex has not been done. Such a study would allow us to
assess the specificity of responses in dorsal and ventral areas to these two sources of
information.

1.3 The Present Research

Recent fNIRS research has provided insight into the organization of cortical areas that
mediate object processing in the human infant. At the same time, we are far from having a
complete picture of the functional development of these cortical areas. The primary goal of
the present research was to fill some gaps in what we know about the cortical structures that
mediate infants’ use of featural and spatiotemporal information to individuate objects. We
concentrated our investigation on cortical responses to a shape difference and a speed
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discontinuity event at three ages: 3 to 6 months, 7 to 8 months, and 10 to 12 months of age.
These events and age groups were chosen for the following reasons. First, we sought
converging evidence for the conclusion that 3- to 5-month-olds but not 11- to 12-month-olds
show activation in posterior parietal cortex to a shape difference event. We also sought to
identify the age at which parietal activation wanes in response to a shape difference event.
Given that visual acuity is well developed by 7 to 8 months, we expected this age group,
unlike the 3- to 6-month-olds, to show little, if any, activation in parietal cortex when
viewing the different-shape event. Second, little is known about the neural circuits that
mediate processing of spatiotemporal discontinuities in the infant. Cortical responses to
spatiotemporal discontinuities have been explored in only one age group, 5- to 7-month-
olds. Although we would expect infants of all ages to show activation in posterior parietal
cortex (in response to the spatiotemporal discontinuity) and in the anterior temporal cortex
(as the individuation process was engaged) to the speed discontinuity event, the extent to
which this occurs remains an empirical question.

2. Experiments 1 to 3

2.1 Method

Infants aged 3 to 6 months (Experiment 1), 7 to 8 months (Experiment 2), and 10 to 12
months (Experiment 3) were assigned to one of three conditions: shape difference, speed
discontinuity, or control. Infants saw the test event appropriate for their condition (Figure 3)
and neuroimaging data were collected.

2.1.1. Participants—In Experiment 1, infants’ aged 3 to 6 months (N = 51; 35 males and
16 females; M age = 5 months, 7 days, range = 3 months, 25 days to 6 months, 10 days)
were assigned to a shape difference (n=17), speed discontinuity (n = 17), or control (n =
17) condition. Thirty-two additional infants were tested but eliminated from the sample
because of procedural problems (n = 5) or difficulty in obtaining an optical signal of
sufficient quality because of motion, hair impediment, saturation, or noise (n = 27). Parents
reported their infant’s race/ethnicity as Caucasian (n = 40), Hispanic (n = 5), Asian (n = 2),
Black (n = 1), or of mixed race/other (n = 3). In Experiment 2, infants aged 7 to 8 months (N
=51; 31 males and 20 females; M age = 7 months, 24 days, range = 7 months, 1 day to 8
months, 28 days) were assigned to a shape difference (n = 17), speed discontinuity (n = 17),
or control (n = 17) condition. Thirty additional infants were tested but eliminated from the
sample because of procedural problems (n = 11) or difficulty in obtaining an optical signal
of sufficient quality because of motion, hair impediment, saturation, or noise (n = 19).
Parents reported their infant’s race/ethnicity as Caucasian (n = 34), Hispanic (n = 9), Asian
(n=1), Black (n= 1), or of mixed race/other (n = 6). In Experiment 3, infants aged 10 to 12
months (N = 52; 29 males and 23 females; M age = 11 months, 22 days, range = 10 months,
22 day to 12 months, 14 days) were assigned to a shape difference (n = 18), speed
discontinuity (n=17), or control (n = 17) condition. Twenty-nine additional infants were
tested but eliminated from the sample because of procedural problems (n = 11) or difficulty
in obtaining an optical signal of sufficient quality because of motion, hair impediment,
saturation, or noise (n = 19). Parents reported their infant’s race/ethnicity as Caucasian (n =
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40), Hispanic (n = 8), or of mixed race/other (n = 4). The attrition rates reported here are
within the range of those typically reported in infant fNIRS studies (Lloyd-Fox et al., 2010).

For all age groups, infants were recruited from commercially produced lists, birth
announcements in the local newspaper, and social media websites. Parents were offered $5
or a lab T-shirt for participation.

2.1.2. Task and Procedure—The same task and procedure were used for all three
experiments. Infants sat in a Bumbo® seat in a quiet and darkened room and were presented
with four trials of the test event appropriate for his/her condition (shape difference, speed
discontinuity, or control) in a puppet-stage apparatus (Figure 3). Trained experimenters
produced the test events live following a precise script. Each trial was 24 s in duration (each
cycle of the test event was 12 s and infants saw 2 complete cycles during each test trial).
Each test trial was preceded by a 10 s baseline interval during which time a curtain covered
the front opening and stage of the apparatus. This interval was necessary because analysis of
the optical imaging data requires baseline recordings of the measured intensity of refracted
light. Previous studies indicate that 10 s is sufficient for blood volume to return to baseline
levels (Wilcox et al., 2008, 2009). The curtain was raised to begin each test trial.

Looking behavior was electronically monitored by two independent and naive observers
who watched the infants through peepholes in cloth-covered frames attached to the side of
the apparatus. Inter-observer agreement averaged 94%, 95%, and 94% for Experiments 1, 2,
and 3, respectively.

Total duration of looking (i.e., cumulative looking) to each test trial was obtained. Test trials
in which infants looked < 16 s were excluded from analysis. This minimum looking time
criteria, which all of our previous studies have employed, ensures against group differences
in attention to the events, which could potentially affect the hemodynamic response.

2.1.3 Instrumentation—The imaging equipment contained four fiber optic cables that
delivered 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 to
deoxygenated blood, and 830 nm, which is more sensitive to oxygenated 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.
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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 are displayed in Figure 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 secondary anchors.

Within each experiment, head circumference (HC) and Al to A2 (A1-A2) measurements
were averaged across infants and conditions to obtain a grand average. These measurements
were missing for three infants in Experiment 2. An ANOVA was then performed on each of
these head measurements with experiment as the between-subjects factor. For HC, the main
effect of experiment was significant, F (2, 148) = 27.79, p < .001. Planned comparisons
revealed that the mean HC of the infants in Experiment 1 (M = 43.42 cm, SD = 1.92 cm)
differed significantly from that of Experiment 2 (M = 44.17 cm, SD = 1.45cm), t (1, 97) =
2.17, p = .016 (one-tailed), and the mean HC of the infants in Experiment 2 differed
significantly from that of Experiment 3 (M = 45.85 cm, SD = 1.66 cm), t (1, 98) =5.77,p<.
001 (one-tailed). For A1-A2, the main effect of experiment was significant, F (2, 148) =
4.68, p =.011. Planned comparisons revealed that the mean A1-A2 of the infants in
Experiment 1 (M =26.92 cm, SD = 2.28 cm) did not differ significantly from that of
Experiment 2 (M = 26.69 cm, SD = 2.98 cm), t (1, 97) < 1, but that the mean A1-A2 of the
infants in Experiment 2 differed significantly from that of Experiment 3 (M = 28.30 cm, SD
=3.26 cm), t (1, 98) = 2.57, p =.006 (one-tailed).

Although there were group differences in HC and A1-A2, keep in mind that we measured
cortical activation from a limited area included within these distances. For example, between
the youngest and oldest age group, the mean difference in distance between 01 and T3 (1/4
of the HC measurement) was 0.61 cm and the mean difference in distance between the
headgear’s base to P3 (1/3 of the A1A2 measurement) was 0.46 cm. So, even though the
mean head size between the age groups varied, the area of the skull (and underlying neural
structures) affected was relatively small and, importantly, was smaller than the separation
between each source and detector. An illustration of the reported age-related differences in
optode placement can be found in Figure 6.

2.1.4 Processing of the NIRS Data—The NIRS data were processed, for each detector
and event condition separately, using a procedure identical to that of Wilcox et al. (2010,
2012). 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 deoxygenated (HbR) blood using the modified
Beer-Lambert law. Changes in HbO and HbR were examined using the following time
epochs: the 2 s prior to the onset of the test event, the 24 s test event, and the 10 s following
the test 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 relative to this zeroed
baseline. Optical signals were averaged across trials and then infants for each event
condition. Trials objectively categorized as containing motion artifacts (a change in the
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filtered intensity greater than 5% in 1/20 s during the 2 s baseline and the test event) were
eliminated from the mean. On the basis of this criterion, and the looking time criteria (see
above), 42 of 204 possible test trials (51 infants x 4 trials), 46 of 204 possible trials (51
infants x 4 trials), and 52 of 208 possible test trials (52 infants x 4 trials), were eliminated
from data analysis for Experiments 1, 2, and 3, respectively. The number of missing trials
(in relation to total number of trials), did not differ significantly for Experiments 1 and 2, z=
-0.48 p =.631, or for Experiments 2 and 3, z= 1.46, p = .144 (two-tailed tests).

2.2 Results and Discussion

2.2.1 Looking Time Data—For ease in analysis and reporting, duration of looking data
were averaged across trials and infants for each event condition and experiment, separately.
A 3 x 3 ANOVA was conducted with experiment (1, 2, or 3) and event condition (shape
difference, speed discontinuity, or control) as between-subjects factors. Neither the main
effect of experiment, F (2, 145) < 1, or event condition, F (2, 145) = 2.36, p = .098, nor the
interaction between the two, F (4, 145) = 1.52, p =.199, were significant, indicating that
looking times did not vary reliably by age group or test event. Mean duration of looking data
are presented in Table 1.

2.2.2 Optical Imaging Data—On the basis of previous research (Wilcox et al., 2010,
2012) we expected to obtain activation in occipital cortex across experiments and event
conditions. Preliminary analysis confirmed this hypothesis and, hence, channels 8 and 9 will
not be considered further.

The primary goal of the present research was to identify the extent to which age-related
changes in cortical activation would be obtained in response to a shape difference and speed
discontinuity event. We focused our analyses on anterior temporal cortex (channels 2 and 3)
and posterior parietal cortex (channels 6 and 7), as these are the channels that have been
implicated in previous studies (Wilcox et al., 2010, 2012)

Hemodynamic response curves for Experiments 1 to 3 are presented in Figure 5. Relative
changes in the hemodynamic response were averaged, for each event condition and channel,
over 7 to 24 s. This interval was chosen because the first emergence of the object to the right
of the screen began at 5 s and, allowing 2 s for the hemodynamic response to become
initiated, hemodynamic changes should be detectable by 7 s and persist until the end of the
trial at 24 s (see Wilcox et al., 2010 for supporting evidence). Statistical analyses were
conducted on HbO responses, which are more robust than HbR responses (Strangman et al.,
2003). However, HbR data are reported in the Appendix.

Two sets of analyses were conducted on HbO responses (Table 2). First, mean responses
obtained at channels 2 and 3 (anterior temporal cortex) and channels 6 and 7 (posterior
parietal cortex) were compared to 0. One-tailed tests were used because our predictions were
one-directional; negative HbO responses are uncommon in this experimental context.
Second, and more critical to our hypotheses, a one-way ANOVA was conducted for each
channel to assess group differences in mean hemodynamic responses. When a significant
main effect of event condition was obtained, follow-up comparisons using t-tests (one-
tailed) were performed. A Benjamini-Hochberg (1995) procedure was used to correct for
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multiple comparisons. In a Benjamini-Hochberg procedure p values are rank ordered and
new p values are calculated using p = (i/m)Q, where i = rank, m = total comparisons made,
and Q = false discovery rate (.05).

In Experiment 1, the infants in the shape-difference condition showed significant activation,
relative to baseline, in the anterior temporal cortex (channels 2 and 3) and the posterior
parietal cortex (channel 7), and the responses obtained in channels 2 and 7 differed
significantly from those obtained in the control condition. The infants in the speed-
discontinuity condition also showed significant activation, relative to baseline, in the
anterior temporal cortex (channel 2) and the posterior parietal cortex (channels 6 and 7)
cortex, and these responses differed significantly from those observed in the control
condition. Note that there was a parietal channel (6) in the shape-difference conditional and
a temporal channel (3) in the speed-discontinuity in with the activation was non-significant
(as compared to baseline) and/or was not significantly different from the control event. It is
possible that these results reflect greater noise (and hence less statistical power) at those
channels than a meaningful difference between those and nearby channels. Also note that in
a few channels (e.g., channels 2 and 3) the optical signal appears to increase rather than
return to baseline during the baseline event. Recall that motion artifacts were identified and
removed for the time period used for data processing (=2 to 24 s). Motion artifacts were not
removed when they occurred post-event, as these do not affect data processing and would
result in significant data loss (e.g., infants are more active during the baseline event). This is
the same approach used in previous studies (Wilcox et al., 2005; Wilcox et al., 2007; Wilcox
et al., 2010; Wilcox et al., 2012) and these studies have demonstrated that 10 s is sufficient
for the hemodynamic response to return to baseline in this experimental context. In short,
the apparent increase in the optical signal (or failure to decrease) during baseline is not due
to a delay in recovery but to unfiltered motion.

In Experiment 2, the infants in the shape-difference condition showed activation in the
anterior temporal cortex (channel 3) and this response differed significantly from that
observed in the control condition. Activation was not obtained in the posterior parietal
cortex, suggesting that by 7 to 8 months parietal cortex is not involved in the analysis of
shape information when tracking moving occluded objects. The infants in the speed-
discontinuity condition showed activation in the anterior temporal (channel 3) and the
posterior parietal (channel 7), and these responses differed significantly from those observed
in the control condition.

In Experiment 3, the infants in the shape-difference condition showed activation in anterior
temporal cortex (channels 2 and 3) and these responses differed significantly from those
obtained in the control condition. The infants in the speed-discontinuity condition showed
activation in the posterior parietal cortex (channels 6 and 7), which differed significantly
from control. Unexpectedly, they did not show activation in the anterior temporal cortex.
We were puzzled by this pattern of results: from the early days of life infants are sensitive to
motion-carried information and use spatiotemporal discontinuities to track the identity of
objects as they move in and out of view (Aguair & Ballargeon, 2002; Spelke et al., 1995;
Wilcox & Schweinle, 2002; Xu & Carey, 1996). So why did the older infants fail to show
activation in anterior temporal cortex in response to the speed-discontinuity event? Would a
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similar result be obtained in response to other spatiotemporal discontinuities, such as
discontinuity in path of motion, or is this result specific to speed of motion? To replicate this
unusual pattern of results and address these questions we conducted Experiment 4.

3. Experiment 4

3.1 Method

Infants aged 11 to 13 months were assigned to one of three conditions: speed discontinuity,
path discontinuity, or control. The speed, path, and control test events were identical to those
of Wilcox et al., 2010 (Figure 2). Infants saw the test event appropriate for their condition
and neuroimaging data were collected.

3.1.1. Participants—Infants aged 11 to 13 months (N = 53; 22 males and 31 females; M
age = 12 months, 13 days, range = 11 months, 2 day to 13 months, 13 days) were assigned
to a speed discontinuity (n = 17), path discontinuity (n = 18), or control (n = 18) condition.
Twenty-nine additional infants were tested but eliminated from the sample because of crying
(n=2), procedural problems (n = 8) or difficulty in obtaining an optical signal of sufficient
quality because of motion, hair impediment, saturation, or noise (n = 19). Parents reported
their infant’s race/ethnicity as Caucasian (n = 42), Hispanic (n=7), Black (n= 1), or of
mixed race/other (n = 3).

3.1.2. Task and Procedure—The test events used in Experiment 4 are displayed in
Figure 2. The procedure was identical to that of Experiments 1 to 3. Inter-observer
agreement averaged 95%.

3.1.3 Instrumentation—Instrumentation was identical to that of Experiments 1 to 3. Head
circumference and Al to A2 measurements were averaged across infants and conditions to
obtain grand averages. The average HC (M =46.19, SD = 1.73) and A1-A2 (M = 28.00, SD
= 2.52) measurements of the infants in Experiment 4 did not differ significantly from those
of the infants in Experiment 3, both t (103) s < 1.

3.1.4 Processing of the NIRS Data—The NIRS data were processed in a manner
identical to that of Experiments 1 to 3. On the basis of trial elimination criterion, 62 of 212
possible test trials (53 infants x 4 trials) were eliminated from data analysis. The number of
missing trials (in relation to total number of trials), did not differ significantly for
Experiments 3 and 4, z= 0.978 p = .328 (two-tailed).

3.2 Results and Discussion

3.2.1 Looking Time Data—Duration of looking data were averaged across trials and
infants for each event condition and a one-way ANOVA was conducted with event
condition as the between-subjects factor. The main effect of event condition, F (2, 50) < 1,
was not significant, indicating that looking times, in secs, did not vary reliably by test event
(speed M = 21.36, SD = 2.66; path M = 21.61, SD = 1.81; control M = 21.73, SD = 2.07).

3.2.2 Optical Imaging Data—Again, we focused our analyses on anterior temporal
cortex (channels 2 and 3) and posterior parietal cortex (channels 6 and 7). Hemodynamic
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response curves for Experiments 4 are presented in Figure 7. Relative changes in the
hemodynamic response were averaged for each event condition and channel over 7 to 24 s
and analyses identical to those of Experiment 3 were conducted on HbO responses. HbR
data are reported in the Appendix.

Mean HbO responses were compared to 0 (Table 3). The infants in the speed-discontinuity
condition showed significant activation in the posterior parietal cortex but not the anterior
temporal cortex. The infants in the path-discontinuity condition showed activation in both
the posterior parietal cortex and the anterior temporal cortex. The infants in the control
condition failed to show activation in either the posterior temporal or posterior parietal
cortex. In addition, one-way ANOVAs and follow-up comparisons were conducted for each
of the four channels to test for group differences in mean hemodynamic responses (Table 3).
The infants in the speed-discontinuity condition showed activation in the posterior parietal
but not the anterior temporal cortex, replicating the results of Experimental 3. In
comparison, the infants in the path-discontinuity condition showed activation in both the
posterior parietal and the anterior temporal cortex.

There are two possible interpretations for these results. One possibility is that infants aged
10 to 13 months interpret the speed-discontinuity and the path-discontinuity event as
involving two objects but only the path-discontinuity event evokes activation in the anterior
temporal cortex. That is, anterior temporal cortex is involved in one individuation context
but not the other (reasons for this will be addressed later). An alternative interpretation is
that infants aged 10 to 13 months perceive a path-discontinuity but not a speed-discontinuity
event as involving two distinct objects, hence, activation is obtained in anterior temporal
cortex in response to the path- but not the speed-discontinuity event. We will consider the
latter explanation first. There is a large body of research demonstrating that infants 3 to 12
months individuate on the basis of a discontinuity in path of motion (e.g., Aguair &
Ballargeon, 2002; Spelke, Kestenbaum, Simon, & Wein, 1995; Wilcox & Schweinle, 2002;
Xu & Carey, 1996). There is also evidence that infants 3.5 to 9.5 months individuate on the
basis of a discontinuity in speed of motion (Schweinle & Wilcox, 2004; Wilcox &
Schweinle, 2003). Given that infants older than 9.5 months have not been tested it is
possible, albeit unlikely, that older infants do not individuate on the basis of speed of
motion. To rule out this possibility, a behavioral study using a violation-of-expectation

procedure similar to that of Wilcox and Schweinle (2003) was conducted with older infants.
1

3.2.3. Behavioral Study—Infants aged 11 to 13 months (N = 36; 17 males and 19
females; M age = 12 months, 19 days, range = 11 months, 2 days to 13 months, 13 days)
were assigned to one of three conditions: speed discontinuity (n = 12), path discontinuity (n
= 12) or control (n = 12). Infants were tested using a two-phase test event. In the initial
phase, infants saw one full cycle of the event (speed discontinuity, path discontinuity, or

1The current experiments were designed to minimize group differences in looking time (i.e., a computer controlled procedure was
used and trials with short looking times were excluded from analysis). Hence, in order to assess the extent to which infants’ interpret a
speed- and path-discontinuity event, but not a control event, as involving two objects a different experimental procedure was required.
The most commonly used procedure to investigate physical reasoning in infants is a violation-of-expectation paradigm, which was
used in the behavioral study.
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control) appropriate for their condition. These events were identical to those of Figure 2
except the objects were a solid green color, rather than striped. The occluder was then
lowered to the floor of the apparatus and in the final phase infants saw a single object gently
“dancing” at the left end of the platform (the area behind the screen was revealed as empty).
The final phase of the test trial ended when the infant either (a) looked at the display for a
maximum of 60 cumulative sec, or (b) looked away for 1 sec after looking a minimum of 5
cumulative sec. Infants saw four test trials. If infants interpret the event as involving two
objects they should show prolonged looking to the one-object display (i.e., the infants in the
speed- and path-discontinuity condition should look reliably longer at the final display than
the infants in the control condition). Previous studies have shown that in this task, and/or
simplified versions of this task, infants 4.5 to 9.5 months show prolonged looking to one-
object final display after viewing the speed-discontinuity as compared to the control event
(Schweinle & Wilcox, 2004; Wilcox & Schweinle, 2003).

Infants’ duration of looking during the final phase of the test event was averaged across the
four test trials and a one-way ANOVA was performed on mean looking times with event
condition as the between-subjects factor. The main effect of condition was significant, F (2,
33) = 4.34, p=.021, 12 = .21. Planned comparisons revealed that the infants’ in the speed-
discontinuity condition (M = 17.76, SD = 7.87) looked reliably longer at the final one-object
display than the infants in the control condition (M = 11.05, SD = 4.04), t (1, 22) = 2.63, p
=.008 (one-tailed), Cohen’s d = 1.07 (Cohen, 1977). The infants’ in the path-discontinuity
condition (M = 15.34, SD = 4.18) also looked reliably longer at the final one-object display
than the infants in the control condition, t (1, 22) = 2.55, p = .009 (one-tailed), Cohen’s d =
1.04. These results suggest that the infants in the speed-discontinuity and path-discontinuity
conditions, but not the control condition, interpreted the occlusion sequence as involving
two objects and found the presence of only a single object behind the lowered screen
unexpected. Hence, the unusual pattern of fNIRS results obtained with the older infants (i.e.,
anterior temporal activation in response to the path-discontinuity but not the speed-
discontinuity event) is better explained by age-related differences in the cortical areas
involved in the individuation process during these events than failure to individuate the
objects in the speed discontinuity condition. We will discuss this in more detail in the
General Discussion.

4. General Discussion

The present research investigated functional organization of object processing areas at three
different ages during the first year. Age-related changes in patterns of cortical activation to
featural (shape) and spatiotemporal (speed of motion) information were observed. Although
some of the age-related changes in activation patterns were predicted, others were not. The
main findings are discussed below.

4.1. Shape Processing

Neural activation was obtained in the posterior parietal cortex in response to a shape
difference event in the youngest age group (3- to 6-month-olds) but not the older two age
groups (7- to 8-month-olds and 10- to 12-month-olds). In contrast, activation was not
obtained in the posterior parietal cortex in response to the control event in any age group.
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These results provide converging evidence for the conclusion that early, but not late, in the
first year posterior parietal cortex is involved in the analysis of object shape (Wilcox et al.,
2012). These results also reveal, for the first time, that by 7 months this involvement wanes.
Despite age-related changes in posterior parietal activation, anterior temporal activation was
obtained in all three age groups during the shape difference, and the magnitude of the
response differed significantly from that obtained in the control condition. That is,
regardless of how shape was processed (as evidenced by different patterns of activation in
the parietal cortex) individuation-by-shape was mediated by the anterior temporal cortex.

There are several possible explanations for why posterior parietal cortex is engaged in shape
processing in the youngest, but not the two older, age groups. One possible explanation for
this pattern of results, and the one offered earlier, is that younger infants, whose visual
acuity is relatively poor, are more likely to depend on motion-carried information to extract
object shape than older infant. As a result, younger infants are more likely to show
activation in dorsal areas during processing of the different-shape event. This explanation is
consistent with evidence that visual acuity develops significantly during the first 6 months
(Dobson & Teller, 1978; Norica & Tyler, 1985; Teller & Movshon, 1986) and that by the
second half of the first year infants are less reliant on motion-carried information for the
analysis of object form (Arterberry, Craton, & Yonas, 1993; Kellman & Arterberry, 2006).
This interpretation is also consistent with fMRI studies conducted with adults showing that
posterior parietal areas are activated when motion-carried information defines object shape
but not when shape is extracted from static contour alone (Murray et al., 2004; Peuskens et
al., 2004). In the shape difference event, shape could be extracted from contour (the objects
sat stationary for 1 s after each emergence from behind the screen and/or static “snapshots”
could be extracted at any time during which the objects were visible) or from motion-carried
information (change in optic flow as the objects moved along the horizontal plane). Infants
with poor visual acuity would quite naturally depend more on the latter to discriminate
between the form of the object seen emerging, successively, to the left and right sides of the
occluding screen. However, there are alternative explanations for the pattern of results
obtained in response to object shape that should be considered.

One alternative explanation focuses on age-related changes in the extent to which shape
processing is “embodied” rather than age-related changes in visual acuity. There is evidence
that when adults are asked to retrieve information about an object’s shape or size, areas in
the parietal cortex are activated (Oliver & Thompson-Schill, 2003; Thompson-Schill, 2003).
Thompson-Schill and her colleagues have suggested that coding of information about form
features is closely linked to possible actions on objects. Adults frequently engage in
coordinated visual and manual exploration of objects and even when physical manipulation
of objects is not possible, we often imagine that we are doing so (Oliver, Geiger,
Lewandowski, & Thompson-Schill, 2009; Michelon, Vettel, & Zacks, 2005; Richter et al.,
2000). Indeed, a prominent and long-standing theory of object perception maintains that the
primary function of vision is to provide information about object affordances; that is,
possible ways that we can act on objects (Gibson, 1979). In the developmental sciences,
there is a substantial body of research demonstrating an intimate link between perception,
action, and cognition in the developing infant (e.g., Campos et al., 2000; Corbetta, 2009;
Sommerville & Woodward, 2010). One theme that runs through much of this work is the
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importance of coordinated visual and manual exploration of objects on infants’ learning
about the physical properties of those objects (M&hring & Frick, 2013; Needham, 2002;
Soska, Adolph, & Johnson, 2010; Wilcox, Woods, Chapa, & McCurry, 2007). Some infant
researchers (Kaufman, Mareschal & Johnson, 2003; Mareschal & Johnson, 2003) have
hypothesized that when infants are visually presented with objects that could potentially be
acted upon (such as 3D objects moving across a near-by stage in real space and time), the
processing of object properties that could influence action on those objects, such as shape,
will activate dorsal areas in the cortex. This hypothesis draws on the idea that the functional
distinction between ventral and dorsal areas may be better (or at least as aptly) described as
the difference between the “what” and “how” of objects than the “what” and “where” of
objects (Goodale, Milner, Jakobson, & Carey, 1991; Milner & Goodale, 1995). In this case
“how” refers to guidance of motor behaviors relevant to the spatial properties (e.g., location
or form) of objects. Although the infant hypothesis has not been directly tested, the fNIRS
data we obtained here is not inconsistent with this hypothesis. What is difficult to reconcile,
however, is why only the youngest age group showed activation in parietal cortex during the
shape difference event. Why would shape processing activate an action-perception circuit in
the younger but not the older infants? Is shape perception and motor planning more tightly
linked in younger than older infants? If so, why would this be the case? These are all
intriguing questions worthy of pursuit. To answer such questions, future research will need
to systematically explore the extent to which parietal activation is dependent on whether
objects are perceived as “actionable” and the conditions under which this occurs.

Another alternative interpretation for parietal activation observed in the younger infants
focuses on age-related changes in the extent to which shape processing engages spatial
analysis of the objects. One could argue that shape discrimination invokes spatial processing
and, hence, parietal activation (c.f., Oliver & Thompson-Schill, 2003). For example, forming
a shape perception could potentially involve analysis of the spatial units that together form a
composite shape and/or comparison of two shape percepts might require an analysis of the
space those objects occupy. (The objects in the present studies were similar in size so the
analysis would be one of spatial configuration rather than spatial extent.) According to this
interpretation, younger infants are more likely than older infants to attend to and analyze
individual spatial components of objects. We find this hypothesis less compelling, for a
couple of reasons. First, there is a large body of research indicating that ventral areas are
activated during object recognition and identification tasks, even when the task involves
shape discrimination (Gauthier et al., 2002; Oliver & Thompson-Schill, 2003; Wilson &
Farah, 2006; Zacks, Vettel, & Michelon, 2003). Unless shape processing is dependent on
motion-carried information or related to action on the object, dorsal areas are not typically
involved. Second, a spatial analysis approach would involve a detailed analysis of the spatial
units that together, form the object, rather than a holistic analysis of object shape. There is a
large body of research indicating that younger infants are more likely to attend to global
rather than local components of objects (Colombo, Kapa, & Curtindale, 2010), which is
inconsistent with an analysis-of-specific-components hypothesis.

Neuroimage. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wilcox et al.

Page 15

4.2. Speed of Motion: Age-Related Changes

Consistent with our predictions that throughout the first year dorsal areas would mediate
processing of spatiotemporal information, activation was obtained in the parietal cortex in
response to the speed-discontinuity event in all three age groups. This outcome replicates
findings obtained with 5- to 7-month-olds (Wilcox et al., 2010) and extends it to younger
and older infants. Also consistent with our predictions, the two younger age groups showed
activation in anterior temporal cortex in response to the speed-discontinuity event.
Unexpectedly, however, the oldest group tested, 10- to 12-month-olds, did not show
activation in the anterior temporal cortex in response to the speed-discontinuity event. A
behavioral study ruled out the possibility that older infants fail to use a speed discontinuity
to individuate objects. (Previous behavioral studies (Schweinle & Wilcox, 2004; Wilcox &
Schweinle, 2003) had already established that younger infants interpret a speed-
discontinuity event as involving two objects, but older infants had not been tested.) Finally,
an additional fNIRS study revealed that the pattern of results obtained in response to the
speed-discontinuity event in the older infants does not generalize to other spatiotemporal
discontinuities. In Experiment 4, 11- to 13-month-olds showed activation in posterior
parietal and anterior temporal cortex in response to a path discontinuity event, but
(replicating the findings of Experiment 3) showed activation in posterior parietal cortex,
only, to the speed discontinuity event.

How do we explain this unexpected pattern of results? A more detailed analysis of the
events, and the processes they evoke, may provide some insight. The extent to which
infants” and adults’ experience physical objects as entities that persist across space and time,
even when perceptual contact is lost and then regained, is determined by a number of
factors. Two well established principles that guide infants’ and adults’ apprehension of
object identity are continuity of motion and smoothness of mation (Spelke et al., 1995).
According to the continuity principle, physical objects move on connected paths; they do not
jump in space and time. Hence, a gap in path of motion necessarily signals the presence of
two objects. This is an either/or judgment. It is not surprising, then, that throughout the first
year infants, like adults, reliably interpret a path discontinuity event like that of Experiment
4 as involving two objects (Aguair & Ballargeon, 2002; Spelke et al., 1995; Wilcox &
Schweinle, 2002; Xu & Carey, 1996). In comparison, according to the smoothness principle,
objects undergo linear motion at a constant speed in the absence of forces. It is this principle
that leads adults and infants to interpret an event in which an object disappears behind one
edge of a screen and immediately appears at the other edge, as involving two objects.
However, a speed discontinuity event does not always (and unambiguously) signal the
presence of objects (Michotte, Thines, & Crabbe, 1991). When viewing occlusion sequences
(or events perceived as occlusion sequences), the extent to which adults interpret the event
as involving two objects depends on the width of the occluding surface, the speed at which
the objects move when visible, and/or the occlusion interval. The percept of two objects is
strongest when the occluding screen is wide, the objects move at a more moderate pace
when visible, and the reappearance at the opposite side of the occluding surface is
immediate (Michotte et al., 1963). In sum, when interpreting a speed discontinuity event,
adults consider a number of factors. In contrast, when interpreting a path discontinuity event
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involving two screens only a single factor need be considered: whether the object traveled
the path between the two screens.

Drawing on this analysis, one possible explanation for the different pattern of fNIRS results
obtained with the 3- to 6-month olds and 7- to 8-month-olds, as compared to the 10- to 13-
month-olds, is one of age-related differences in the processes evoked or, more accurately the
number of factors infants consider, when viewing the speed discontinuity event. Perhaps the
two younger age groups considered a single factor: occlusion interval (immediate
reappearance = two objects). In contrast, the older infants may have considered a number of
factors: speed of motion, occlusion interval, and width of the screen (immediate
reappearance after occlusion behind a wide screen in conjunction with objects moving at a
moderate rate prior to occlusion = 2 objects). According to this interpretation, a more
detailed analysis of the event involving a number of factors evoked a different cortical
circuit, one that does not include anterior temporal cortex. Although speculative, this
interpretation is consistent with current research and theory in the developmental sciences
(Baillargeon, Li, Gernter, & Wu, 2011; Baillargeon et al., 2012). Baillargeon and her
colleagues have reported that young infants often attend to a single factor when interpreting
physical events, usually a factor that is the most reliable predictor of an event outcome.
However, with time and experience infants learn to consider a number of factors that could,
potentially, influence the outcome of the event. Perhaps the activation of distributed
networks that involve different cortical areas support these changes in the way infants
interpret physical events.

The current research reports measurements from two cortical areas using a unilateral (left)
probe. Hence, we lack information about the contribution of other cortical areas to object
processing during these tasks. For example, we suspect that some temporal areas are
selectively sensitive to the featural, as compared to the spatiotemporal, properties of objects.
In addition, it is possible that physical objects (like those used in the present research) elicit
greater left than right hemisphere activation. Given the complex nature of object processing,
and the extent to which the mature brain is functionally specialized, it will be important for
future research to include greater coverage of cortical areas in order to identify early
developing circuitry.

We also offer caution in our interpretation of age-related changes in patterns of cortical
activation. It is possible that when activation is observed in one cortical area in one age
group but not another, activation patterns have shifted laterally to cortical areas outside of
the region sampled. Or, perhaps activation has moved deeper into the cortical folds or to
cortical depths below the sensitivity of fNIRS. Although it is difficult to imagine this as an
explanation for the lack of activation in anterior temporal cortex to the speed-discontinuity
event (activation was obtained in anterior temporal cortex to the path-discontinuity and
shape-difference event), it is a potential explanation for the lack of sensitivity to shape
information in the parietal cortex in the older infants. Although, on the basis of the research
reviewed, we believe this a less viable explanation than those offered in section 4.1, such an
explanation does need to be considered.
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4.4 Final Comments

The present results suggest that the functional network of cortical areas involved in tracking
objects through occlusion is not static, but instead changes during the first year of life. We
have suggested that at least some of these changes reflect age-related differences in the way
that infants process information. For example, parietal activation during shape processing in
younger but not older infants may reflect greater dependency on motion-carried information
to extract object shape or greater reliance on action-related information in the analysis of
object shape. In addition, different patterns of activation obtained during individuation-by-
speed may reflect age-related changes in the process by which infants solve the
individuation problem. Future research will be aimed at localizing object processing areas
within a larger cortical circuit, including more areas of temporal and parietal cortex, as well
as determining the specificity of these areas in the developing brain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The shape difference, color difference, and control test events of Wilcox et al. (2012). Each
cycle of the test event was 10 s and infants saw 2 complete cycles during each test trial.
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Control

Figure 2.

The speed-discontinuity, path-discontinuity, and control test events of Wilcox et al. (2010).
Each cycle of the test event was 12 s and infants saw 2 complete cycles during each test

trial. These are also the test events used in Experiment 4.
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Shape Difference
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Figure 3.
The shape difference, speed discontinuity, and control test events of Experiments 1 to 3.

Each cycle of the test event was 12 s and infants saw 2 complete cycles during each test
trial.

Neuroimage. Author manuscript; available in PMC 2015 October 01.



1duosnuely Joyny vd-HIN 1duosnuely Joyny vd-HIN

wdudsnuel Joyny vd-HIN

Wilcox et al. Page 25
Vertex Nasion
10%
Nasion _
a
s P3
)
7
B
m
2 's
" l1.3l4.5..9l
T3 TS~ O1 c
Figure 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). This configuration was identical to that used by Wilcox et al.
(2010, 2012). 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. (¢) 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.
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Figure 5.
Hemodynamic response curves for Experiments 1 to 3 (smoothed for presentation purposes

with a 0.5 Hz low-pass filter). Relative changes in HbO and HbR (red and blue lines
respectively) during each test event at each of the nine channels are displayed for each of the
three experiments, separately. Time is on the x-axis and hemodynamic changes in uM cm on
the y-axis. The bold lines separate channels associated with each of the four 10-20
coordinates. In all three experiments, 1 to 24 s was the test event and 25 to 34 s was the
silent pause (baseline). The hemodynamic response was averaged over 7 to 24 s, indicated
by narrow grey shading. Our analyses focused on channels 2, 3, 6, and 7, as indicated by
wide grey panels. Asterisks indicate M (SD) responses that differed significantly from
baseline (* p< .05, ** p< .01, *** p<.001).
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Figure 6.

Patterns of neural activation obtained for the 3- to 6-month-olds (Experiment 1), 7- to 8-
month-olds (Experiment 2), and 10- to 12-month-olds (Experiment 3). The colored dots
(large green = shape difference, medium blue = speed discontinuity, small yellow = control)
indicate that neural activation was obtained during that test event at that channel. The
distance between sources and detectors remained fixed but mean head size varied by age
(see text). The black lines indicate the actual location of T3, T5, and P3 (based on mean
head measurements) for the younger and older infants.

Neuroimage. Author manuscript; available in PMC 2015 October 01.




1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wilcox et al.

T3 T8 P3
1 2 3 1 5 €
0. : : [
£ e by s Lo o] [ { _
e ] ; : ' :
= 10 * e : ho ; i 5
ik O R o
% =t h;r 1 \ A ]
E o g "-vf»a\ C,«.,a.-\ -r(:-a__;\ F"_-- 1";»\., 1..‘}4 wE s
= i ; : :
5 0T s K [ oV Ok (O
2 2 o o2 b 2 Jo 2 o 2 fo 2 o oz
Seconds
Figure 7.

Page 28

01

Hemodynamic response curves for Experiment 4 (smoothed for presentation purposes with a
0.5 Hz low-pass filter). Relative changes in HbO and HbR (red and blue lines respectively)
during each test event at each of the nine channels are displayed. Time is on the x-axis and
hemodynamic changes in UM cm on the y-axis. The bold lines separate channels associated
with each of the four 10-20 coordinates. Time 1 to 24 s was the test event and 25t0 34 s
was the silent pause (baseline). The hemodynamic response was averaged over 7 to 24 s,
indicated by narrow grey shading. Our analyses focused on channels 2, 3, 6, and 7, as
indicated by wide grey panels. Asterisks indicate M (SD) responses that differed
significantly from baseline (* p < .05, ** p < .01, *** p <.001).
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Table 1

Mean (SD) during of looking (in sec) during the test events for Experiments 1 to 3.

Shape Difference | Speed Discontinuity Control
=52 N =51 N =50
Experiment1 | 15 65 (6 68) 12.46 (7.01) 8.56 (4.97)
perimen 65 (6. 46 (7. 56 (4.
Experiment2 14 13 (5 44 11.60 (6.47) 10.48 (5.94)
perimen 13(5. 60 (6. 48 (5.
Experiment 3
Fheriment 12.68 (6.14) 11.03 (5.91) 13.68 (5.49)
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