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There is a large body of work demonstrating that infants are sensitive to the distinction between human andme-
chanical entities from the early months of life, and have different expectations for the way these entities move
and interact. The current work investigates the extent to which the functional organization of the immature
brain reflects these early emerging sensitivities. Infants aged 8 months watched two kinds of hands (human or
mechanical) engage in two kinds of events (one with a functional outcome and one without). Using functional
near-infrared spectroscopy (fNIRS), we assessed hemodynamic activation in the left and right temporal and
temporal-occipital cortex in response to these events. The neuroimaging data revealed a significantly greater in-
crease in activation in the right middle-posterior temporal cortex to events executed by the human than theme-
chanical hand; the event in which the hand engaged (function or non-function) did not significantly influence
hemodynamic responses. In comparison, the left middle-temporal cortex showed significantly greater activation
to events executed by the human than mechanical hand, but only when the events were functionally relevant.
That is, the left middle-posterior temporal cortex responded selectively to human (as compared to mechanical)
agents, but only in the context of functionally relevant actions on objects. These results reveal that the immature
brain is functionally specialized to support infants' processing of human and non-human agents as distinct enti-
ties. These results also shed light on the cognitive and cortical mechanisms that guide infants' learning about
agentive action and object function.

© 2016 Elsevier Inc. All rights reserved.
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Introduction

Background

The visual world is dynamic and complex and filledwith amyriad of
objects. From the early days of life we organize objects into broad cate-
gories (e.g., biological/non-biological, animate/inanimate, social/me-
chanical) and hold expectations for how objects should move and
interact (Fox and McDaniel, 1982; Gelman and Opfer, 2002; Leslie,
1994; Luo and Baillargeon, 2010; Setoh et al., 2013; Spelke and
Kinzler, 2007). These expectations guide our interpretation of events in-
volving familiar objects and facilitate learning about new objects. In the
mature brain, there are dedicated networks that support processing of
objects on the basis of the category to which they belong. Much of
what we know about these networks comes from functional neuroim-
aging studies, which have significantly enhanced our understanding of
how the mature human mind organizes, processes, and represents
object-related information. In contrast, little is known about the func-
tional organization of these cortical networks in the immature brain.
To narrow this gap in knowledge the current research focuses on the
cortical bases of two distinctions to which infants are sensitive: that be-
tween (a) human/non-human agents and (b) the functional/non-
functional use of tools.
Biological and non-biological motion
Over the last 35+ years a great deal of research has been conducted

on infants' sensitivity to biological motion. Most of this research
employed point displays of human action and revealed that from the
early months of life infants are sensitive to biological motion
(Bertenthal et al., 1984; Fox and McDaniel, 1982; Hirai & Hiraki, 2005;
for a review, see Bertenthal, 1993). At the same time, “biological” is a
broad term that has been used to encompass a wide range of entities
and it is difficult to ascertain from early studies whether the distinction
that best characterizes the findings is that between “biological and non-
biological” or that between “human and non-human.” Subsequent re-
search has revealed that infants, children, and adults respond selectively
to human as compared to non-human biological (e.g., spider, dog) mo-
tion, just as they respond selectively to human as compared to non-
human non-biological (e.g., robot, mechanical) motion (e.g., Carter
and Pelphrey, 2006; Chouchourelou et al., 2013; Kaiser et al., 2012;
Pyles et al., 2007). Most relevant to the current research is that infants
perceive entities with human-like motion patterns as possessing goal-
directed, agentive behavior (Csibra et al., 2003; Csibra et al., 1999;
Schlottmann and Ray, 2010). The extent to which infants extend these
characteristics to non-human entities is more complex and discussed
below.
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Human and non-human agents
One of the most salient agents to which infants are exposed from

birth are humans and, more particularly, the hands of humans. We de-
fine “agent” as an entity that moves on its own accord (is self-
propelled) and changes the state of another entity. We do not necessar-
ily attribute volition, intention, or sentience (i.e., mental states) to an
agent, but many agents do possess these characteristics. Infants
6 months and older are sensitive to action sequences performed by
human hands: infants parse sequences into meaningful unites, imitate
novel actions on objects and, eventually, extrapolate the end state of in-
complete sequences (Baldwin and Baird, 2001; Bellagamba and
Tomasello, 1999; Meltzoff, 1988a, 1988b, 1995). In seminal studies in-
vestigating infants' understanding of the extent to which the behavior
of human hands is goal-directed, Woodward (1998), habituated 6-
and 9-month-old infants to an event inwhich a humanhand repeatedly
acted on an object. In test trials, infants saw the hand act on either
(a) the same object at a different location or (b) a different object at
the same location. Infants in both age groups looked longer during test
trials when the hand acted on a different object at the same location
than the same object at a different location, suggesting that by at least
6 months infants are more sensitive to a change in a hands' goal than
its path ofmotion. Subsequent studies revealed that by 9months infants
represent goal-directed actions as specific to an individual agent
(Buresh and Woodward, 2007; Woodward, 1998, see Woodward,
2009 for a review) and that infants are more likely to make a goal attri-
bution if the action on an object results in a salient change of state
(e.g., the handmoves or manipulates an object, as compared to touches
an object), if the action sequence is one with which they are familiar, or
if the action is one in which they have themselves engaged (Biro and
Leslie, 2007; Jovanovic et al., 2007; Király et al., 2003; Sommerville
et al., 2005).

In contrast, whenWoodward (1998) replaced the human handwith
a mechanical (clawed) hand, 6- and 9-month-old infants showed no
goal-related expectations: they looked about equally to the same ob-
ject/different location and different object/same location test events.
There are now several reports confirming that infants younger than
12 months are more sensitive to goal-directed actions executed by
human agents than mechanical devices (Gerson and Woodward,
2012; Hofer et al., 2005; Jovanovic et al., 2007) and are more likely to
simulate and imitate actions of human hands than those of mechanical
devices (Boyer et al., 2011; Legerstee and Markova, 2007; Meltzoff,
1995). At the same time, with sufficient cues to establish goal intention,
such as self-propulsion, clear action-effects, and equifinality (Biro and
Leslie, 2007; Király et al., 2003) or with experience with the claw
(Boyer et al., 2011; Gerson andWoodward, 2012; Hofer et al., 2005) in-
fants as young as 7 to 9 months will attribute goal-directedness to non-
human agents. These and related findings suggest that infants have a
bias to assign intentional agency to humans but not mechanical devices
(Fields, 2014), a bias that is malleable with salient goal-related cues and
motor experience.

Object function
One type of behavior in which human hands often engage is that of

the functional use of tools. We define “function” as an agent-produced
action on an object that the object affords and/or for which it was
intended, either by design or through conventional use (Wilcox et al.,
2008; for related definitions, see Booth and Waxman, 2002; Booth,
2006; Casler and Kelemen, 2007; Kemler Nelson, 1995, 1999). Object
function, as an event, contains a causal structure: the features of the ob-
ject provide a mechanism by which to achieve a goal (i.e., perform the
function) and aid the agent in the completion of that goal.

Froman early age infants are sensitive to the functional properties of
tools. By at least 6months infants detect the functional relation between
object parts and surfaces and interact with objects in ways that are con-
sistent with these relations (Bourgeois et al., 2005; Palmer, 1989; Ruff,
1984). Young infants also recognize the affordances of tools and tailor
their actions accordingly, gradually becoming more sophisticated at
manipulating objects on the basis of the functions they afford (Barrett
et al., 2007; Clifton et al., 1991; Freeman et al., 1980; Lockman et al.,
1984; McCarty et al., 2001; Pieraut-Le Bonniec, 1985; von Hofsten and
Fazel-Zandy, 1984; von Hofsten and Rönnqvist, 1988). Furthermore, in-
fants distinguish between functional and non-functional use of tools
(Wilcox and Chapa, 2004; Wilcox et al., 2011; Wilcox et al., 2008), gen-
eralize functional properties to objects similar in appearance or that
share important characteristics (Baldwin et al., 1993; Booth and
Waxman, 2002), and attend to novel ways objects can be used and im-
itate those actions (Meltzoff, 1988a, 1988b). Older infants and young
children use object function as the basis for which to categorize objects,
make inferences about the function of an object based on category
membership, and extend labels to novel objects that function in a simi-
lar way (Booth andWaxman, 2002; Booth, 2000, 2006; Kemler Nelson,
Russell, Duke, & Jones, 2000; Kemler Nelson, Frankenfield, Morris, &
Blair, 2000; Madole and Cohen, 1995).

Collectively, this body of work suggests that infants are not only sen-
sitive to object function across a wide range of situations and tasks, but
that they use function-related information to make inferences about
what physical properties an object should possess, how it will be
acted on and used as a tool, and the ontological category to which it be-
longs. Function is not just a salient object property: it is a learning
mechanism.

Cortical networks
There is reason to believe that early emerging knowledge evident in

the infant behavioral work reviewed above reflects organizing princi-
ples of the human cortex. For example, there is a large body of research
indicating that the superior temporal sulcus (STS) is critical to the anal-
ysis of humanmotion in children and adults (Carter and Pelphrey, 2006;
Grossman et al., 2005; Martin and Weisberg, 2003; Morris et al., 2008;
Pelphrey et al., 2003; Peuskens et al., 2005; Pyles et al., 2007), showing
greater sensitivity to point-light and animated displays containing up-
right human motion, as compared to displays containing robot motion,
motion of mechanical objects, or disjointed or inverted human motion
(Carter and Pelphrey, 2006; Grossman et al., 2005; Martin and
Weisberg, 2003). However, because in many of these studies human
and biological motionwere confounded (just as we saw in early behav-
ioral work), it was not clear whether the observed effects reflected a
biological/non-biological distinction or a human/non-human distinc-
tion (Chouchourelou et al., 2013; Han et al., 2013). More recent work
using human biological motion (e.g., human running), non-human bio-
logical motion (e.g., animal jumping), andmechanical motion (robot or
mechanical device) stimuli suggests that the posterior temporal sulcus,
particularly in the right hemisphere, responds more robustly to human
motion than to either non-human biological motion or mechanical mo-
tion (Han et al., 2013; Kaiser et al., 2012; Morris et al., 2008; Pyles et al.,
2007). Finally, there is evidence that posterior STS (pSTS) is critical to
the analysis of intentional, goal-directed actions (Carter and Pelphrey,
2006; Martin and Weisberg, 2003; Pelphrey et al., 2003; Peuskens
et al., 2005; Pyles et al., 2007; for reviews see Adolphs, 2009;
Cunningham et al., 2003; Cunningham and Zelazo, 2007) and that
pSTS responses are more robust in the right than left hemisphere.

In contrast, movement of mechanical, robot, or animate objects typ-
ically leads to activation in the middle temporal gyrus (MTG)
(Beauchamp et al., 2002, 2003; Beauchamp and Martin, 2007; Han
et al., 2013; Martin and Weisberg, 2003), or post-central gyrus (PCG)
(Morris et al., 2008), and these patterns of activation are dissociated
from those obtained in response to human motion. For example, view-
ing vignettes in which objects with human-like movement patterns
leads to activation in the STS, whereas viewing vignettes in which ob-
jects with mechanical movements engage in automated actions leads
to greater activation in theMTG (Martin andWeisberg, 2003). Although
there are no neuroimaging studies of which we are aware that investi-
gated cortical responses to functional and non-functional use of tools,



Fig. 1. The (a) pound and (b) pour test events of the human hand, function condition. The figure depicts one cycle of the test event; two cycles of the event were seen in each test trial.
Infants saw pound and pour events on alternating trials. The trial type seen first (pound or pour) was counterbalanced across infants.
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there is evidence that viewing videotapes or point light displays of a tool
undergoing motion leads to activation in MTG, often left lateralized
(Beauchamp et al., 2002, 2003; Beauchamp and Martin, 2007).

Very little is known about the origins and development of the pat-
terns of activation reported in infant populations. In one of a limited
number of studies, Lloyd-Fox and colleagues (Lloyd-Fox et al., 2009;
see also Farroni et al., 2013) investigated the extent to which the infant
cortex responds differentially to social and mechanical stimuli using
functional near-infrared spectroscopy (fNIRS). In these studies 5-
month-oldswere presentedwith a video of awoman engaged in actions
(e.g., moved her eyes, opened her mouth, or moved her hands to play
peek-a-boo), and a video of inanimate objects undergoing mechanical
movements (e.g., machine cogs, pistons, or a moving mechanical toy),
on alternating test trials. Bilateral activation was obtained in posterior
temporal cortex in response to the dynamic social stimuli. In contrast,
activation was obtained in left middle-anterior temporal channels in
response to the dynamic mechanical stimuli. Although these studies
reveal distinct patterns of activation to the social and mechanical
events, the stimuli varied on many different dimensions, making it
difficult to draw firm conclusions about which differences elicited the
responses observed.

Taking a slightly different approach, Grossman and colleagues
(Grossmann et al., 2013) assessed hemodynamic responses to human
and robotic motion in 4-month-olds. Infants saw events in which the
form of an object (human or robot) was crossed with the motion that
the object displayed (human or robot). Two main findings emerged:
(1) areas in the right premotor cortex responded selectively to robot
as compared to human motion (regardless of whether the motion was
seen on a human or robot form), and (2) left temporal cortex responded
selectively to congruent (human-human/robot-robot) as compared to
incongruent (human-robot/robot-human) form-motion pairings. Un-
like Lloyd-Fox et al. (2009), actions of human and non-human entities
did not elicit distinct patterns of activation in temporal cortex.

Current research

In summary, it is clear that infants are sensitive to the distinction be-
tween human and non-human entities, and have different expectations
for whether these entities engage in agentive, goal-directed behavior.
Infants are also sensitive to the functional use of tools, and are selective
about the conditions under which object-directed actions are perceived
as functionally relevant. However, we know little about the cortical ar-
chitecture that supports processingof these distinctions towhich infants
are sensitive. The purpose of the current research is to identify the ex-
tent to which the immature brain is organized in accordance with
these behavioral sensitivities. If infants' processing of human and non-
human agents is supported by different cognitive networks, we would
expect different patterns of cortical activation to events involving
human as compared to non-human (claw) hands. Likewise, if infants
process events involving tools engaged in functionally relevant as com-
pared to non-functionally relevant actions differently, then distinct cor-
tical systems/structures should be invoked. Finally, we tested the
hypothesis that infants aremore sensitive to human hands, as compared
tomechanical hands, as agents of function. If so, infants' response to ob-
ject function may differ for human as compared to non-human agents.
Experiment

This experiment assessed cortical activation during infants' process-
ing of events inwhich agents acted on tools. Infants aged 6 to 10months
were shown events in which one of two agent types, human hand or
mechanical hand, engaged in one of two actionswith a tool, functionally
relevant or functionally irrelevant (Fig. 1). We assessed activation bilat-
erally in temporal and temporal-occipital cortex. If infants are sensitive
to the distinction between human and mechanical hands, and the pro-
cessing of these two types of agents are mediated by different cognitive
and cortical networks, wewould expect to see this reflected in hemody-
namic responses. Similarly, if infants are sensitive to the distinction be-
tween function and non-function events, we would expect
hemodynamic responses to reflect this difference. Finally, if infants
have different expectations for whether human and mechanical hands
engage in agentive tool use, we would expect an interaction between
agent and function in patterns of cortical activation.
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Methods

Participants
Infants aged 6 to 10 months participated (N = 69; M = 249 days;

SD= 29 days; F = 29; range = 186–312 days). Thirty-eight additional
infants were tested but eliminated from the sample due to procedural
problems (n=3), inability to complete at least 6 out of the 12 total trials
(n= 14), difficulty obtaining optical signal (n= 18), or fussiness (n=
3). The percentage of infants excluded here is typical for fNIRS studies
with infant populations (Sarah Lloyd-Fox et al., 2010). Infants were
pseudo-randomly assigned to one of four conditions formed by crossing
agent (human hand or mechanical hand) and event type (function or
non-function), with the stipulation that similar number ofmales and fe-
males be assigned to each condition: human hand, function (n = 19);
hand, non-function (n=16), mechanical hand, function (n=16); me-
chanical hand non-function (n = 18).

Parents were recruited primarily by social media and commercially
available lists, and given $5 or a lab t-shirt for their participation.
Task and procedure
Crossing the two independent factors - agent and event type -

formed the four conditions describe below.
Infants in the human hand, function condition were presentedwith

three pairs of test trials. Each pair of trials consisted of a pound trial and
a pour trial (Fig. 1). Each trial was 15 s in duration, duringwhich infants
watched two complete cycles of the test event (pound or pour) appro-
priate for that trial. Each pair of pound and pour trials was seen with a
different pair of green and red containers (Fig. 2). The green container
always pounded a nail box and the red container always scooped and
poured from a rice box, so the object colour predicted the function
event in which the object would engage. A human hand, covered with
a black glove, performed all of the events. Becausemore than one exper-
imenter helped conduct the study, the human hand (and arm to which
it was attached) was covered in a black glove to control for individual
differences in skin colour and other visible features (e.g., hair, moles,
Fig. 2. The three pairs of cups used in the three pairs of test events. In each pair, the green
cup was used in the pound event and the red cup in the pour event.
or blemishes).1 A curtain was raised to begin and lowered to end each
trial.

Infants in themechanical hand, function condition were presented
with the same events as infants in the human hand, function condition
except that instead of seeing the events performed by a human hand
wearing a black glove, all of the events were performed by amechanical
grabber claw, painted black (Fig. 3). The grabber claw (and rod towhich
it was attached) was painted black to equate the perceptual cues in the
human hand and mechanical hand conditions as much as possible.

Infants in the human hand, non-function condition saw the same
events as infants in the human hand, function condition, except the
nail box (pound trials) and rice box (pour trials) were moved 21 cm
to the left, toward the center of the stage. 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 scooping or pouring rice.

Infants in the mechanical hand, non-function condition saw the
same events as infants in the human hand, non-function condition, ex-
cept that the black mechanical grabber claw also performed them in-
stead of the gloved human hand.

The size of both of the pound and pour boxes was 23.5 cm × 13 cm,
including the legs; however, the nail box had an additional 12 cm
wooden nail that protruded from the top. The test events seen here
are similar to priming trials seen in previous work (Wilcox and Chapa,
2004; Wilcox et al., 2014). Infants saw pound and pour events on alter-
nating trials. The order in which infants saw the events (pound and
pour) was constant across all three pairs of trails and was randomly
assigned. Because analysis of optical imaging data requires a baseline in-
terval, each trial was preceded by a 10 s baseline, during which the
screen was lowered, covering the apparatus and stage; no other visual
or auditory stimuli were presented during this time.

Infants sat in a Bumbo or their parents lap in a dark, quiet room and
watched the test events appropriate for their condition on a puppet-
stage apparatus. Trained experimenters produced the eventswith a pre-
cise, timed script. Two observers, naive to the condition towhich infants
were assigned, monitored infants' looking behavior through peepholes
in the frames on either side of the apparatus. Each observer held a
game controller connected to a Dell computer, and pressed a button
when the infants attended to the event. The looking times by the pri-
mary observer were used in data analysis. Inter-observer agreement
was calculated and averaged 94% (per trial and infant).

Total duration of looking (i.e., cumulative looking) to each test trial
was obtained. Trials in which infants looked b8 s (constituting one full
cycle of the event) were excluded from analysis. This ensures that
group differences in hemodynamic responses could not be attributed
to group differences in overall time spent attending to the events.

Instrumentation
The imaging equipment contained sixteen fiber optical cables: eight

fiber optical cables that delivered near-infrared light to the scalp of the
participant (emitters), eight fiber optical cables that detected the
diffusely reflected light at the scalp (detectors), and a 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
1 In Woodward (1998) the arm but not the hand of the experimenter was covered.
Guajardo and Woodward (2004) reported that when the arm and hand are covered, as
compared to having only the arm covered, infants are less likely to perceive the actions
as goal directed (and by extension as produced by a human agent). In Guajardo &Wood-
ward, the hand reached along a direct path and grasped the toy, a relatively simple motor
sequence. In the present experiments, the action sequences in which the hand engaged
were more complex (e.g., the arm/hand followed a unique path - andwere seen from dif-
ferent perspectives - as the pound/pour events were produced), providing a rich set of vi-
sual cues by which to identify the hand as human. Given this rich set of visual cues,
evidence that additional visual cues support infants' perception of the hand/arm as a hu-
man agent (Guajardo andWoodward, 2004), and the fact that the human andmechanical
hand conditions elicited different patterns of cortical activation, we are confident that the
infants in the present experiment perceived the human hand as uniquely human.



Fig. 3. The (a) pound and (b) pour test events of themechanical hand, function condition. The figure depicts one cycle of the test event; two cycles of the event were seen in each test trial.
Infants saw pound and pour events on alternating trials. The trial type seen first (pound or pour) was counterbalanced across infants.
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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.).

Prior to the experimental session, infants were fitted with a custom-
made headgear that secured the fiber optics to the scalp. The headgear
consisted of two pads, each containing 4 sources and 4 detectors, which
covered temporal and temporal-occipital regions of the left and right
hemispheres, respectively. Configuration of the sources and detectors
within the headgear, location of corresponding channels, and placement
of the headgear on the infant's head are illustrated in Figs. 4 and 5.
Source-detector separation was 2 cm. The pads in which the sources
and detectors were embedded were not elastic so the distance between
the sources and detectors within each pad remained fixed even when
head circumference varied. The bands connecting the two pads were
elastic. The headgear was placed on the infant's head using T3 and T4 as
the primary anchors in left and right hemisphere, respectively. The
mean head circumference measurements did not differ significantly by
condition, F(3,69) = 0.874, p N 0.05 (human function: M = 45.34 cm,
SD=1.41 cm; humanmotion:M=44.84 cm, SD=1.55 cm;mechanical
function: M = 44.56 cm, SD = 1.23 cm; mechanical motion: M =
44.94 cm, SD=1.69 cm). Although the head circumference of the infants
tested ranged from41.5 cm to 49 cm, the difference in the amount of skull
covered by the left and right segments of the headgear, each, differed by
1.69 cm between the smallest and largest head circumference, which is
less than the source-detector distance.

Processing of fNIRS data
The fNIRS data were processed for each source-detector pairing and

event separately, similar to the procedure to that of Wilcox and col-
leagues (Wilcox et al., 2014). Briefly, the raw signals were acquired at
a rate of 200 samples per second, digitally low-pass filtered at 3 Hz, a
principal components analysis was used to design a filter for systemic
physiology andmotion artifacts, and the datawere converted to relative
concentrations of oxygenated (HbO) blood using the modified Beer-
Lambert Law.

For the test trials, changes in HbO were examined using the follow-
ing time epochs: the 2 s prior to the onset of the test event, the 15 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 test condition. Trials objectively categorized as containing mo-
tion artifacts (a change in optical density intensity N1 unit within 0.5 s
during the 2 s baseline and the test event) were eliminated from the
mean. Although each infant was presented with 12 total trials, each in-
fant must have contributed 6 ormore trials to the total to be included in
the final sample.

On the basis of this criterion, and looking time criteria, 198 of 809
(24.5%) possible trials were eliminated from the analysis. The total per-
cent eliminated did not vary across the four conditions: Human hand,
function condition, 46 of 228 (20.2%) possible trials as compared to
human hand, non-function condition, 49 of 188 (26.1%) possible trials,
z-score = −1.4239, p N 0.05; or mechanical hand, function condition,
46 of 179 (25.7%) possible trials as compared to mechanical hand,
non-function condition, 57 of 214 (26.6%) possible trials), z-
score=−0.2104, p N 0.05; or human hand, function condition as com-
pared to mechanical hand, function condition, z-score = −1.322,
p N 0.05.

Results

Looking time data
Duration of looking time data, in seconds, were averaged across tri-

als and infants for each event condition, and a univariate ANOVA was
conducted with agent and event as the between-subjects factors
(Table 1). The main effect of agent, F(1,68) = 1.282, p N 0.05, and
event, F(1,68) = 1.090, p N 0.05, were not significant. However, the in-
teraction of agent × event was significant, F(1,68) = 8.705, p = 0.004,
η2 = 0.828. Paired comparisons revealed that infants in the human
hand, function condition looked significantly longer at the display
than infants in the human hand, non-function condition, t(33) =
3.800, p b 0.001, Cohen's d = 1.323 (Cohen, 1988). Infants in the
human hand, function and the mechanical hand, function conditions
did not differ significantly in their mean looking times, t(33) = 1.223,
p N 0.05, Cohen's d = 0.403, nor did the infants in the mechanical
hand, function and the mechanical hand, non-function conditions,
t(32)=−1.111, p N 0.05, Cohen's d=0.37. Typicallywe do notfind sig-
nificant differences in looking times to human, function and human,



Fig. 4.Headgear configuration and placement. The headgear consisted of two pads, placed
over temporal and temporal-occipital regions of the (a) left and (b) right hemisphere,
respectively. Four emitters (red circles) and four detectors (black squares) were
embedded in each pad and the left and right pads were anchored at T3 and T4,
respectively, of the 10–20 International EEG system. Emitter-detector distances were all
2 cm. The numbers represent channels. The circled numbers are those channels that
were included in the ROI for that hemisphere.

Fig. 5. An infant wearing the headgear, while participating in the study. Infants sat in a
supportive seat to restrain excess movement. The headgear was secured onto the
infant's head by an elastic chinstrap.
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non-function events (Wilcox and Chapa, 2004; Wilcox et al., 2008), so
this outcome was unexpected. These differences will be considered in
our analysis of hemodynamic responses.
Table 1
Total looking time (in seconds) per condition.

Human hand Mechanical hand

Function Non-function Function Non-function

Mean 13.49 12.49 13.04 13.51
Std. deviation 0.82 0.71 1.35 1.15
Optical imaging data
For each of the 20 channels (10 channels within each hemisphere)

responses were averaged over 8–15 s. Averaging over this time epoch
captured hemodynamic responses following completion of one full
event cycle until the end of the trial. Responses were then averaged
over trial and infant, for each of the four conditions separately, to obtain
a grand average. Mean hemodynamic responses, including HbO and
HbR, are reported in Appendix B and Appendix A, respectively. How-
ever, because HbO responses are typically more robust than HbR re-
sponses (Strangman et al., 2003), we focused our analyses on HbO.
To test our prediction that condition-specific patterns of activation
would be obtained in temporal cortex, mean HbO responses at each
channel were subjected to 2 × 2 ANOVA with agent (human/mechani-
cal) and event (function/non-function) as the between-subjects factors
for each channel within each hemisphere separately. We sought to
identify spatially continuous channels that could be grouped together,
on the basis of activation patterns, to form regions of interest (ROIs).
For each of the ten channels in each hemisphere, the corresponding
ten p-values were corrected for multiple comparisons using the False
Discovery Rate (FDR) analysis (Benjamini and Hochberg, 1995).

In the left hemisphere, four spatially contiguous channels (1, 5, 6,
and 9) showed a significant agent × event interaction (Table 2); no sig-
nificant main effects were obtained. These four neighboring channels
were grouped together to form an ROI, which was located over left
middle-posterior temporal cortex (Fig. 6). A grand mean for the ROI
was computed by averaging the responses obtained at the four chan-
nels. The ROI grand mean was subjected to a 2 (agent) × 2 (event)
ANOVA. The outcome of this analysismirrored that obtained in the indi-
vidual channels. The main effects of agent (F(1,66) = 2.253, p N 0.05)
and event (F(1,66) = 2.209, p N 0.05) failed to reach significance, but
a significant interaction was obtained between agent × event,
F(1,66) = 15.112, p b 0.001, η2 = 0.969. Paired comparisons revealed
that the human hand, function event elicited significantly greater acti-
vation than the mechanical hand, function event, t(33) = 3.577,
p b 0.001, Cohen's d = 1.245. In contrast, activation obtained in re-
sponse to the human hand, non-function event and the mechanical
hand, non-function event did not differ significantly, t(29) = −1.858,
p N 0.05, nor did activation obtained in response to the human hand,
function event and the human hand, non-function event, t(33) =
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1.626, p N 0.05. In other words, left hemisphere responses were driven
by the difference between human and mechanical hand, but only
when the actions were functionally relevant.

In the right hemisphere, four spatially contiguous channels (11, 14, 15,
and 19) showed a significant main effect of agent (Table 3). The main ef-
fect of event and the agent × event interaction were not significant. The
four neighboring channels were grouped together to form an ROI,
which was located over right middle-posterior temporal cortex (Fig. 7).
A grand mean for the ROI was computed by averaging the responses ob-
tained at the four channels. The ROI grand mean was subjected to a 2
(agent) × 2 (event) ANOVA. A significant main effect of agent was ob-
tained, F(1,65) = 14.502, p b 0.001, η2 = 0.963, revealing that the re-
sponse to the human hand was greater than that to the mechanical
hand. The main effect of event (F(1,65) = 0.111, p N 0.05), and the inter-
action between agent × event (F(1,65) = 1.351, p N 0.05), failed to reach
significance.

Recall that analysis of the looking time data revealed that infants
attended more to the human function than the mechanical function
event. Onemight be concerned that differences in attention to the visual
displays could have contributed to the hemodynamic responses ob-
served. Although we view this unlikely, mostly because a different pat-
tern of resultswas obtained in the looking time andHbOdata, to control
for this possibility we conducted the same analyses on the right and left
ROIs as described above, but added looking time as a covariate. We
found the same pattern of results. In the left hemisphere, the main ef-
fects of agent (F(1,66) = 2.646, p N 0.05) and event (F(1,66) = 2.345,
p N 0.05) failed to reach significance, but a significant interaction was
obtained between agent × event, F(1,66) = 12.498, p b 0.001, η2 =
0.936. Follow-up comparisons revealed that the human hand, function
event elicited significantly greater activation than the mechanical
hand, function event, p b 0.001. In contrast, activation obtained in re-
sponse to the human hand, non-function event and the mechanical
hand, non-function event did not differ significantly, p N 0.05. Likewise,
activation obtained in response to the human hand, function event and
the human hand, non-function event did not differ significantly,
p N 0.05. In the right hemisphere, a significant main effect of agent
was obtained, F(1,65) = 13.224, p b 0.001, η2 = 0.947. The main effect
of event (F(1,65) = 0.298, p N 0.05), and the interaction between
agent × event (F(1,65) = 2.102, p N 0.05), failed to reach significance.

Discussion

There is a large body of behavioral work indicating that infants orga-
nize objects into ontological categories and information about these cat-
egories guide infants' expectations for how objects should move and
interact (e.g., Gelman and Opfer, 2002; Gervain et al., 2011; Leslie,
1994; Luo and Baillargeon, 2010; Setoh et al., 2013; Spelke and
Kinzler, 2007). The current studies assessed cortical activation in re-
sponse to events that differed on one of two critical dimensions:
whether the event was (a) produced by a human hand or a mechanical
hand and (b) composed of actions on objects that were functionally rel-
evant or not functionally relevant. In all other ways the events were
Table 2
HbO responses for left hemisphere channels (univariate ANOVA), and follow-up comparisons fo
corrected for multiple comparisons (Benjamini and Hochberg, 1995), revealed four spatially c
under investigation.

Interaction Follow up comparisons

Human function N robot
function

Channel F-value (df) p-Value t-value (df) p-Value

1 9.919 (1,53) 0.003 2.740 (26) 0.006
5 4.474 (1,47) 0.040 2.444 (25) 0.011
6 4.579 (1,58) 0.037 1.822 (30) 0.039
9 11.126 (1,60) 0.002 3.590 (32) b0.001
identical. Hence, differences in patterns of activation could be attributed
to one of these two factors, or an interaction between these two factors,
and not to other characteristics of the events. Two main findings
emerged.

Effect of agent: human hand and mechanical hand

In the right hemisphere a ROI in the middle-posterior temporal cor-
tex, which included channels 11, 14, 15, and 19, evidenced significantly
greater activation to the human hand than to the mechanical hand. The
event in which the hand engaged, function or non-function, did not sig-
nificantly influence hemodynamic responses. These findings reveal, for
thefirst time, that the infant brain is sensitive to the distinction between
human andmechanical hands, and that the right middle-posterior tem-
poral cortex is specialized for processing events involving actions of the
human hand. This outcome is consistentwith the outcome of fMRI stud-
ies conducted with adult participants, which have reported greater re-
sponses in pSTS, typically on the right, to the movement of human
hands as compared to mechanical devices (Kaiser et al., 2012; Morris
et al., 2008) and suggest that these responses become lateralized early
in life. At the same time, we did not find selective responses to the me-
chanical hand as predicted. Functional imaging studies with adults have
reported dissociation of responses to human and mechanical actions.
Whereas the movement of human hands generates (typically right
lateralized) responses in pSTS, mechanical motion generates (typically
left lateralized) responses in MTG (Beauchamp et al., 2002, 2003;
Beauchamp and Martin, 2007; Han et al., 2013; Martin and Weisberg,
2003). Why did we find selective, lateralized responses to events in-
volving the human hand but not events involving themechanical hand?

One possibility is that this outcome reflects infants' greater experi-
ence with human than mechanical hands. Whereas infants have exten-
sive and repeated exposure to actions of human hands from birth –
parent's pick them up, change their diaper, dangle toys for them to
look at – they have few, if any, experiences with mechanical hands. In
support of an experience hypothesis, there is evidence that experience
with human hands and the actions they perform, as well as an infant's
ownmotor skill level, facilitates behavioral and cortical responses to ac-
tion patterns (Biro and Leslie, 2007; Hunnius and Bekkering, 2014;
Jovanovic et al., 2007; Király et al., 2003; Sarah Lloyd-Fox et al., 2013;
Sommerville et al., 2005). Similarly, behavioral and cortical responses
to novel and more complex action patterns in adults are associated
with adult's experience with those action patterns (Blake and Shiffrar,
2007; Chouchourelou et al., 2013; Servos et al., 2002).

Another possibility is that the right middle-posterior temporal re-
sponse reflects sensitivity to agency rather than human motion. That
is, infants perceived the human hand but not the mechanical hand as
an agent. Given the large body of research indicating that infants attri-
bute agency to non-human entities, including mechanical devices,
across a wide range of experimental contexts (Biro and Leslie, 2007;
Hunnius and Bekkering, 2014; Jovanovic et al., 2007; Király et al.,
2003), it is unlikely that the infants in the current study did not grant
agency to the mechanical hand.
r left hemisphere univariate ANOVA analyses. The outcome of these analyses, whichwere
ontiguous channels in each hemisphere that were sensitive to the categorical distinctions

Human motion N robot
motion

Human function N human
motion

t-Value (df) p-Value t-Value (df) p-Value

−1.699 (23) 0.052 1.131 (24) 0.269
−0.670 (18) 0.256 0.800 (22) 0.432
−1.235 (24) 0.115 0.752 (32) 0.457
−1.284 (24) 0.211 2.227 (31) 0.033



Fig. 6.Mean hemodynamic responses in the left hemisphere of infants in each condition: (a) human hand, function; (b) human hand, non-function; (c) mechanical hand, function; and
(d) mechanical hand, non-function. T3 and T5 correspond to the International 10–20 coordinates, and T3 served as our left hemisphere anchor point when securing the headgear on the
infant. The red curves indicate change in oxyhemoglobin concentration (HbO), the blue curves indicate change in de-oxyhemoglobin concentration (HbR), and the green curves indicate
the sum total of HbO andHbR (HbT). The black vertical lines indicate time points 0 s and 15 s, the onset and offset of the trial, respectively. The horizontal axis indicates time (−2 s to 25 s),
and the vertical axis indicates change in optical density units (ΔOD, in μMcm). The numbers to the right of eachwaveform indicate the channel (see Fig. 4a for reference). The highlighted
channels indicate the four spatially contiguous channels (see text) that were averaged to obtain a grand mean for a left region of interest (ROI). The response obtained in the left ROI
differed significantly for conditions (a) and (c). In contrast, the left ROI response obtained in conditions (b) and (d), and conditions (a) and (b), did not differ significantly.
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Another possible explanation for this pattern of results is that it re-
flects infants' differential attribution of intention to human as compared
to mechanical agents. Typically infants perceive human action as voli-
tional and intentional in nature, and are less likely to perceive the ac-
tions of non-human entities as intentional (Fields, 2014). Although it
is possible that the infants in the present study interpreted the actions
of the human hand, but not the mechanical hand, as intentional in na-
ture we consider this explanation unlikely, for the following reason. In-
fants' percept of intentionality is more robust if the event in which the
non-human entity is involved includes a salient change of state
(e.g., an action on an object as compared to touching an object) or if
the action sequence is one in which infants are familiar or have them-
selves engaged. In the current studies, the events involved a salient
change of state (e.g., movement of the containers to make contact
with other surfaces/substances) and actions (pounding/pouring) in
which infants are familiar and often engage (Biro and Leslie, 2007;
Jovanovic et al., 2007; Király et al., 2003; Sommerville et al., 2005).
Hence, it is more likely that the pattern of results reported here reflects
infants' sensitivity to the distinction between human and mechanical
hands, than the distinction between intentional and non-intentional be-
havior. However, we acknowledge that this hypothesiswarrants further
testing.

Interaction effect: agent and event

In the ROI in the left middle-posterior temporal cortex, which in-
cluded channels 1, 5, 6, and 9, a significant interaction between agent
Table 3
HbO responses for right hemisphere channels (univariate ANOVA), corrected for multiple
comparisons (Benjamini and Hochberg, 1995).

Agent Event Interaction

Channel F-value (df) p-Value F-value (df) p-Value F-value (df) p-Value

11 4.367 (1,56) 0.042 0.042 (1,56) 0.839 0.870 (1,56) 0.355
14 8.354 (1,60) 0.005 0.399 (1,60) 0.530 2.635 (1,60) 0.110
15 8.827 (1,55) 0.005 0.043 (1,55) 0.836 0.180 (1,55) 0.673
19 6.136 (1,63) 0.016 1.947 (1,63) 0.168 0.000 (1,63) 0.996
and event was obtained. Follow-up comparisons revealed that cortical
responses to the human-function and mechanical-function events dif-
fered significantly. That is, greater activation was obtained to the
Fig. 7.Mean hemodynamic responses in the right hemisphere of infants, collapsed across
event, for each of the two agent types: (a) human hand and (b) mechanical hand. T4 and
T6 correspond to the International 10–20 coordinates, and T4 served as our right
hemisphere anchor point when securing the headgear on the infant. The red curves
indicate change in oxyhemoglobin concentration (HbO), the blue curves indicate change
in de-oxyhemoglobin concentration (HbR), and the green curves indicate the sum total
of HbO and HbR (HbT). The black vertical lines indicate time points 0 s and 15 s, the
onset and offset of the trial, respectively. The horizontal axis indicates time (−2 s to
25 s), and the vertical axis indicates change in optical density units (ΔOD, in μM cm).
The numbers to the right of each waveform indicate the channel (see Fig. 4b for
reference). The highlighted channels indicate the four spatially contiguous channels (see
text) that were averaged to obtain a right region of interest (ROI). The response
obtained in the right ROI differed significantly for (a) and (b).
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function event when a human as compared to a mechanical hand per-
formed it. In contrast, cortical responses to human-function and
human-non-function events, and to mechanical-function and
mechanical-non-function events, did not differ significantly. In other
words, the left posterior temporal cortex responded selectively to
human as compared to mechanical agents, but only in the context of
functionally relevant actions on objects. These data provide some in-
sight into the cognitive and cortical architecture that supports infants
reasoning about functionally relevant events.

There is a large body of behavioral work showing that infants are
sensitive to the functional properties of objects from the early months
of life. For example, by 6 to 8months infants recognize the functional re-
lation between an object and its parts, use objects in ways that are con-
sistent with these relations, and form event categories on the basis the
functions in which objects engage (Bourgeois et al., 2005; Gibson and
Walker, 1984; Molina and Jouen, 1998; Palmer, 1989; Ruff, 1984;
Wilcox and Chapa, 2004;Wilcox et al., 2008). Just as infants' behavioral
responses to object function are robust and selective, the present re-
search demonstrates that cortical responses to object function are ro-
bust and selective. What is most novel about these results is that the
response to function was selective to events involving human hands.
So, whereas the right hemisphere showed greater sensitivity to actions
of human thanmechanical agents, the left hemisphere showed this sen-
sitivity onlywithin the context of events inwhich the actionsperformed
on the objects were functionally relevant, a finding that has not
emerged so clearly in infant behavioral work.

We were puzzled that the distinction between function and non-
function, alone, was not reflected in cortical responses. Given the large
body of research demonstrating that infants are sensitive to the func-
tional properties of objects, and that infants use functionally-relevant,
but not functionally-irrelevant, information to guide their apprehension
of objects (Wilcox and Chapa, 2004; Wilcox et al., 2008), we expected
cortical responses in the temporal cortex to reflect this conceptual dis-
tinction. Although it is difficult to interpret null results, it is possible
that agent type (i.e., whether the agentwas a human hand or amechan-
ical hand) was more salient to infants than whether the agent engaged
in functionally relevant events on objects. Of course, it is also possible
that cortical areas from which we did not measure, such as frontal or
premotor cortex, would respond more sensitively to this distinction.
Le

R

Concluding comments

The outcome of this study contributes significantly to our under-
standing of the cortical basis of infants' processing of agents, physical
objects, and functionally relevant events. These findings shed light on
the cognitive architecture that underlies infants' acquisition of object
knowledge and allows us to begin to build a picture of the developing
cortical networks that support this knowledge acquisition. At the
same time, there is a significant amount of work left to do. As we and
others move forward in this field, care must be taken to design studies
that allow for strong inferences about localized and process-specific
patterns of cortical activation. It is also important to test additional age
groups in order to gain better insight into developmental processes. Al-
though challenging, continued work along these lines is exciting be-
cause it has the potential to address fundamental questions about the
cognitive and neural architecture that supports the development of
human knowledge.
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Appendix A. HbRmeans and standard deviations for each channel, per condition. Channels 1–10measure in the left temporal areas, channels
11–20 measure in the right temporal areas.
Human hand, function
 Human hand, non-function
 Mechanical hand, function
 Mechanical hand,
non-function
Channel name
 Mean
 Std. deviation
 Mean
 Std. deviation
 Mean
 Std. deviation
 Mean
 Std. deviation
ft hemisphere
 Channel 1
 −0.024
 0.029
 −0.032
 0.031
 −0.001
 0.034
 −0.020
 0.044

Channel 2
 −0.016
 0.026
 −0.011
 0.028
 −0.009
 0.025
 −0.024
 0.050

Channel 3
 −0.021
 0.044
 −0.018
 0.030
 0.004
 0.026
 −0.012
 0.047

Channel 4
 −0.010
 0.022
 −0.007
 0.015
 0.022
 0.030
 −0.004
 0.040

Channel 5
 −0.021
 0.032
 −0.021
 0.017
 −0.001
 0.026
 −0.019
 0.040

Channel 6
 −0.013
 0.032
 −0.016
 0.032
 −0.008
 0.020
 −0.023
 0.040

Channel 7
 −0.014
 0.026
 −0.008
 0.029
 −0.006
 0.030
 −0.018
 0.049

Channel 8
 −0.019
 0.026
 −0.007
 0.021
 0.003
 0.042
 −0.014
 0.025

Channel 9
 −0.017
 0.029
 −0.014
 0.021
 0.000
 0.027
 −0.036
 0.027

Channel 10
 −0.015
 0.037
 −0.004
 0.027
 −0.009
 0.035
 −0.004
 0.053
ight hemisphere
 Channel 11
 −0.021
 0.028
 −0.017
 0.022
 −0.025
 0.059
 −0.003
 0.034

Channel 12
 −0.017
 0.043
 −0.006
 0.021
 −0.013
 0.030
 0.007
 0.029

Channel 13
 0.000
 0.048
 −0.009
 0.025
 −0.002
 0.022
 0.005
 0.050

Channel 14
 −0.023
 0.037
 −0.005
 0.016
 −0.016
 0.049
 −0.005
 0.033

Channel 15
 −0.029
 0.033
 −0.026
 0.033
 −0.024
 0.033
 −0.015
 0.033

Channel 16
 −0.017
 0.033
 −0.017
 0.037
 −0.020
 0.037
 0.004
 0.041

Channel 17
 −0.014
 0.021
 −0.007
 0.024
 0.003
 0.031
 −0.005
 0.030

Channel 18
 −0.036
 0.039
 −0.028
 0.025
 −0.023
 0.025
 −0.020
 0.035

Channel 19
 −0.028
 0.030
 −0.025
 0.030
 −0.007
 0.031
 −0.029
 0.047

Channel 20
 −0.018
 0.027
 −0.009
 0.029
 −0.001
 0.047
 −0.007
 0.028
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Appendix B. HbOmeans and standard deviations for each channel, per condition. Channels 1–10measure in the left temporal areas, channels
11–20 measure in the right temporal areas.
Le

R

Human hand, function
 Human hand,
non-function
Mechanical hand, function
 Mechanical hand,
non-function
Channel name
 Mean
 Std. deviation
 Mean
 Std. deviation
 Mean
 Std. deviation
 Mean
 Std. deviation
ft hemisphere
 Channel 1
 0.410
 0.780
 0.104
 0.558
 −0.387
 0.757
 0.482
 0.556

Channel 2
 0.229
 0.490
 0.290
 0.676
 0.003
 0.822
 0.328
 0.515

Channel 3
 0.393
 0.859
 0.374
 0.604
 0.377
 0.475
 0.360
 0.810

Channel 4
 0.139
 0.476
 0.067
 0.386
 −0.446
 0.566
 −0.210
 0.763

Channel 5
 0.621
 0.805
 0.369
 0.724
 −0.071
 0.665
 0.581
 0.678

Channel 6
 0.566
 0.651
 0.398
 0.636
 0.189
 0.437
 0.662
 0.355

Channel 7
 0.368
 0.769
 0.464
 0.722
 0.265
 0.753
 0.094
 0.654

Channel 8
 0.419
 0.707
 0.050
 0.395
 −0.098
 0.576
 0.153
 0.794

Channel 9
 0.652
 0.684
 0.165
 0.544
 −0.088
 0.487
 0.461
 0.626

Channel 10
 0.472
 0.764
 0.389
 0.632
 0.346
 0.646
 0.674
 0.831
ight hemisphere
 Channel 11
 0.525
 0.608
 0.302
 0.385
 −0.068
 0.948
 0.075
 0.896

Channel 12
 0.422
 0.652
 0.142
 0.418
 0.000
 0.975
 −0.028
 0.451

Channel 13
 0.421
 0.652
 0.338
 0.416
 0.130
 0.688
 0.187
 0.657

Channel 14
 0.646
 0.659
 0.466
 0.594
 −0.174
 0.686
 0.236
 0.864

Channel 15
 0.663
 0.607
 0.562
 0.419
 0.121
 0.589
 0.156
 0.702

Channel 16
 0.588
 0.571
 0.328
 0.507
 0.066
 0.926
 0.496
 1.185

Channel 17
 0.269
 0.593
 0.358
 0.366
 0.354
 0.751
 0.552
 0.691

Channel 18
 0.669
 0.660
 0.467
 0.615
 0.106
 0.800
 0.545
 0.692

Channel 19
 0.674
 0.553
 0.461
 0.517
 0.297
 0.404
 0.085
 0.856

Channel 20
 0.623
 0.530
 0.259
 0.629
 0.201
 0.678
 0.405
 1.022
Appendix C. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2016.07.021.
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