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Abstract

There is significant interest in the ways the human body, both one’s own and that of others, is
represented in the human brain. In this chapter we focus on body representations in infancy and
synthesize relevant findings from both infant cognitive neuroscience and behavioral experi-
ments. We review six experiments in infant neuroscience that have used novel EEG and
MEG methods to explore infant neural body maps. We then consider results from behavioral
studies of social imitation and examine what they contribute to our understanding of infant
body representations at a psychological level. Finally, we interweave both neuroscience
and behavioral lines of research to ground new theoretical claims about early infant social cog-
nition. We propose, based on the evidence, that young infants can represent the bodily acts of
others and their own bodily acts in commensurate terms. Infants initially recognize correspon-
dences between self and other—they perceive that others are “like me” in terms of bodies and
bodily actions. This capacity for registering and using self-other equivalence mappings has
far-reaching implications for mechanisms of developmental change. Infants can learn about
the affordances and powers of their own body by watching adults’ actions and their causal
consequences. Reciprocally, infants can enrich their understanding of other people’s internal
states by taking into account the way they themselves feel when they perform similar acts. The
faces, bodies, and matching actions of people are imbued with unique meaning because they
can be mapped to the infant’s own body and behavior.
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Body representations and social-cognitive development:
Insights from infant brain science

The overarching goals of developmental social-cognitive neuroscience are to:
(i) enrich existing theories of child development, (ii) provide explanations for social
and cognitive change, and (iii) stimulate new experiments and generate novel pre-
dictions beyond those deriving from behavioral studies alone. Neuroscience and
behavioral studies of young children have often proceeded independently. We
believe that the time is ripe for more thoroughly interweaving brain and behavioral
measures to shed light on long-standing puzzles in child development. Our focus is
on body representations in infancy, with the aim of showing how combining insights
from brain science and behavioral science is leading to advances in theories of social-
cognitive development.

Several areas of study in infancy have already profited from combining behavioral
and neuroscience approaches. For example, classic behavioral experiments revealed
precocious face and speech perception by young infants, and these domains have re-
cently become hot topics for infant brain studies, which has, in turn, advanced theory
(e.g., Johnson et al., 2015; Kuhl et al., 2014). Here, we focus on a related but different
topic—the building blocks for social cognition. Specifically, we focus on body rep-
resentations in the infant brain and the importance of these representations for social
imitation and interpersonal relations. We review and synthesize this burgeoning line
of work and then draw broader theoretical inferences for the development of human
social cognition.

Centrality of body representations

The ways that the body is represented in the brain have been the subject of investi-
gation across multiple areas of neuroscience. A chief source of information derives
from studies examining brain responses to touch, which have highlighted the pres-
ence of somatotopically organized representations of the body in somatosensory
cortex in adult subjects (e.g., Kaas, 1997; Kaas et al., 2001). An extensive literature
using adult human and nonhuman primates has documented the properties of these
body maps, including demonstrations of their plasticity (Buonomano and Merzenich,
1998; Elbert et al., 1995; Kaas, 1991). However, the existence and development of
these neural body maps in human infants has been understudied.

Although developmental neuroscience approaches have not traditionally been
applied to study the neural representations of the body in human infants, several
exclusively behavioral approaches have been used to explore infants’ perception
of their own and other people’s bodies. One prominent line of work using visual
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stimuli has investigated infants’ visual recognition of intact versus distorted body con-
figurations (Jubran et al., 2019). Other work has explored infants’ reaching to the parts
of their bodies that are being tactilely stimulated (Leed et al., 2019; Somogyi et al.,
2018) and infants’ spontaneous self-touching (DiMercurio et al., 2018).

Additional knowledge about young infants’ processing of the body derives from
behavioral experiments on: (i) infant imitation, which bears on infants’ perception of
their own bodies in relation to those of other people (Meltzoff, 2007, 2013; Meltzoff
and Moore, 1997), (ii) visual-tactile/proprioceptive contingency detection (Bahrick
and Watson, 1985; Rochat and Morgan, 1995), and (iii) body-related multisensory
integration (Filippetti et al., 2013, 2015; Zmyj et al., 2011). Alongside these behav-
ioral approaches, new neuroscience techniques are beginning to be used to assess
infants’ neural representations of bodies (e.g., Marshall and Meltzoff, 2014, 2015;
Meltzoff et al., 2018; Rigato et al., 2014, 2019).

Our own interest in the neuroscience of body representations derives from the fact
that work in this area can shed light on the origins and development of interpersonal
connections and the feelings of affinity between self and other in infancy. We have
advanced the novel idea that neural body representations play a role in the registra-
tion of self-other correspondences, and as such, may facilitate the earliest interper-
sonal relationships (Marshall and Meltzoff, 2015; Meltzoff and Marshall, 2018).
This line of research is founded in a theoretical perspective that infants gain an initial
foothold on the social world through the understanding that other people are “like
me” in bodily structure and activity (Meltzoff, 2007, 2013).

We are further interested in the neuroscience of infant body representations
because it provides a test case for enhancing knowledge about cortical plasticity
and the interplay between brain development and experience (Marshall, 2015).
Finally, we have argued that the exploration of body representations can inform
research on developmental disabilities (Marshall and Meltzoff, 2020), particularly
autism spectrum disorder, which is associated with impairments in somatosensory
processing and the organization of cortical responses to tactile stimulation (Gaetz
et al., 2017; Ropar et al., 2018), as well as with impairments in high-fidelity body
imitation (Dawson et al., 1998; Edwards, 2014; Nadel, 2014; Toth et al., 2006).

In this chapter, we will articulate current progress and the future promise of
integrating experiments on infant neural body representations with related behav-
ioral studies of the body. We focus on various themes that we have addressed in
our own empirical studies of brain and behavior to illustrate the added benefits of
integrating work across these domains. Our overarching aim is to provide a more
comprehensive picture of the development of social cognition than could be afforded
by either neural or behavioral studies in isolation.

Neural body maps in human infants

The classical description of how the body is represented in the human brain derives
from the work of Penfield and colleagues (Penfield and Boldrey, 1937; Penfield
and Rasmussen, 1950) (Fig. 1). Penfield initially described the “homuncular”
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The primary somatosensory cortex processes touch and proprioceptive information, and is
located in the central area of the brain, posterior to the central sulcus (A). Penfield
showed that the primary somatosensory cortex is organized in a somatotopic fashion (B).
To facilitate comparisons to the infant neuroscience work discussed in this chapter, we
note that the foot region is situated at midline and that the hand and lip regions are
progressively more lateral.

Modified from Penfield, W., Rasmussen, T., 1950. The cerebral cortex of man: A clinical study of

localization of function. Macmillan, New York.

organization of the post-central gyrus (primary somatosensory cortex, S1) and
the pre-central gyrus (primary motor cortex, M1). Further work has since shown
additional neural representations of the body in other brain areas. Until recently,
most of this research involved adults, with few developmental investigations of
neural body representations in human infants or children. Recent years have seen
this area rapidly becoming a hotbed of activity in developmental social-cognitive
neuroscience (for reviews, see Marshall and Meltzoff, 2015, 2020; Rigato
et al., 2019).

In one study designed to explore infant neural body representations, we tested
7-month-old infants using electroencephalography (EEG) (Saby et al., 2015). We
used a computer-controlled device that delivered brief, punctate taps to specific areas
of the infants’ left hand, left foot, right hand, and right foot (Fig. 2). We hypothesized
that the topography of the infant somatosensory evoked potential (SEP) would reflect a
broad somatotopic pattern as described in Penfield’s homuncular map. Following
Penfield’s map, we predicted that when the infant’s body was touched, there would
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FIG. 2

Computer-controlled device for administering punctate tactile stimulus to infant body
parts (in this case, the foot). A burst of compressed air delivered through the tubing inflates
the membrane. The compressed air delivery is controlled by stimulus presentation software in
combination with a pneumatic stimulator unit and an adjustable regulator that controls
airflow.
Reproduced with permission from Saby, J.N., Meltzoff, A.N., Marshall, P.J., 2015. Neural body maps
in human infants: somatotopic responses to tactile stimulation in 7-month-olds. Neurolmage 118, 74-78.

be increased activity at central electrodes that overlie primary somatosensory
cortex. The more fine-grained prediction was that stimulation of infants’ feet
would be associated with a prominent response at the midline central electrode
(Cz), which overlies the foot region, whereas tactile stimulation of the hands would
yield a response at more lateral central electrodes (C3 and C4), which overlie the
regions for the right and left hand respectively. The results were in line with this
hypothesis.

Analyses focused on the magnitude of a prominent positivity in the evoked po-
tential that peaked around 175 ms following onset of the tactile stimulus (Fig. 3). In
response to hand stimulation, the amplitude of this positive component was signif-
icantly larger over the lateral central electrodes (C3/C4) than over the midline central
electrode (Cz). By contrast, stimulation of the foot elicited a significantly larger
response at the midline site than at the lateral sites. Furthermore, it has been estab-
lished from work with adults that the anatomical wiring is such that when, for exam-
ple, the left hand receives tactile stimulation, the contralateral hemisphere (right) is
activated. This pattern of contralateral activation was obtained in the infant data
(Fig. 3). Taken together, the indication of somatotopy in the infant SEP response
demonstrated that measuring event-related scalp responses to discrete tactile stimu-
lation using EEG provides a practical and informative method for beginning to
explore neural body maps in infancy.



30 CHAPTER 2 Infant body representations

Right Foot

6V

-100
—-6pv + —-6pv+
Left Hand Right Hand
6 pVT 6 VA

—1§0 v

-6Vl —6uv ]

—C3 =--Cz —C4 10 pV EE=T—mm 10 pv

FIG. 3

7-month-old infant somatosensory evoked potentials in response to touch to four body parts.
The location of the central electrodes (C3, Cz, C4) included in the analysis is shown (A).
The tactile stimulus elicited a large positive component that was organized somatotopically.
For the left and right foot stimulation the amplitude of the peak was greatest at midline
(Cz). For the left and right hand, the peak was greatest at the lateral central electrodes
(C3 and C4). Scalp maps of mean amplitude between 100 and 200 ms are shown,
with central electrodes indicated by black dots (B).

Reproduced with permission from Saby, J.N., Meltzoff, A.N., Marshall, P.J., 2015. Neural body maps in

human infants: somatotopic responses to tactile stimulation in 7-month-olds.
Neurolmage 118, 74-78.
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Lips on the brain: A test in 60-day-old infants

What about younger infants and other body parts? Meltzoff et al. (2019) modified the
methods used by Saby et al. (2015) to examine neural body maps in 60-day-olds,
prior to the age that infants begin to systematically use their hands to reach or their
feet for locomotion. We also extended our previous studies by assessing a new body
part—infant lips. Lips are an important organ to infants for survival (sucking),
language (speech articulations), affective behavior (emotional expressions), and pre-
verbal social-communication (imitation of facial acts in parent-child gestural inter-
actions). The representation of infant lips is also of relevance for developmental
theory, because although 60-day-olds will have seen their hands and feet, their
own lips remain invisible to them. The inclusion of lip stimulation therefore allowed
an evaluation of whether body representations are in place prior to visual experience
with one’s own relevant body part.

Participants were 25 infants tested in a narrow age range to reduce inter-subject
variance (range 52—64 days old) (Meltzoff et al., 2019). A repeated-measures design
was used such that each infant received stimulation on the lip (center of the top lip),
left hand, and left foot. Punctate taps were delivered in blocks of 40 trials to a single
body part, with blocks randomized across participants. Results revealed a pattern
(Fig. 4) that was consistent with the hypothesis of somatotopy. When the infant’s
left hand was touched, the amplitude of this response was greatest over lateral central
electrodes in the right hemisphere (C4/C6). For stimulation of the foot, the response

A Left Hand B Left Foot Cc Upper Lip

FIG. 4

Cortical signatures of touch to three body parts in 60-day-old infants. Scalp maps show the
spatial distribution of mean amplitude of the somatosensory evoked potential following
touch to the (A) hand, (B) foot, and (C) midline upper lip. The signature of touch to each body
part is visually apparent: Contralateral activity for the touch to the hand, midline activity
for the foot, and strong bilateral activity for the lip.
Reproduced with permission from Meltzoff, A.N., Saby, J.N., Marshall, P.J., 2019. Neural representations
of the body in 60-day-old human infants. Develop. Sci. 22, e12698.
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was largest over the midline parietal electrode (Pz), which approximately overlies
the foot region but was displaced in the posterior direction, possibly due to immature
features of the skull of 60-day-olds, including an open anterior fontanelle that may
obscure or distort activity at the midline central site (Cz). For stimulation of the lip,
the response was observed bilaterally over the central region, a pattern consistent
with the literature on lip stimulation in adults (Disbrow et al., 2003; Hashimoto,
1988; Hoshiyama et al., 1996; Tamura et al., 2008). It was also striking that the re-
sponse amplitude to lip touch was greater than that to hand or foot touch (Fig. 4),
perhaps reflecting the tactile sensitivity of lips and/or pre- and postnatal sensorimotor
experience. Further work has pursued the youngest age at which human somatotopic
organization can be documented, and has provided evidence for a structured neural
body map in the somatosensory cortex of newborns, including healthy preterm par-
ticipants (Dall’Orso et al., 2018), underscoring the early emergence of basic neural
body maps.

Toward an infant body schema: Carving the hody
at the joints

To this point, we have been referring to specific body parts, such as the hand or foot.
However, the skin surface is one continuous sheet. Linguistic labels chunk the skin
surface into units, but without regard to language, where does the hand end and the
forearm begin? Does the human infant already chunk the body into categorized seg-
ments as demarcated by adult language? Or is the acquisition of a semantic label
needed to carve the body schema into segmented units?

Behavioral research with adults shows that tactile perception is modulated by a
high-level representation of the body, often referred to as the body schema. The chief
methodology used in this research involves participants reporting on the distance be-
tween two points of tactile stimulation on the body. Using adult subjects, de
Vignemont et al. (2009) showed that the perceived distance between two equally
spaced points on the skin is greater when these points go across body-part boundaries
than when both points are within body-part boundaries. For instance, there is en-
hanced discrimination of two points on either side of the wrist joint compared to
two points of metrically equivalent distances located within the hand or within
the forearm. Other research indicates that this is not reducible to differences in tac-
tile receptor density differences (Le Cornu Knight et al., 2014). This suggests that
the representation of the body may be structured with joints acting as categorical
boundaries between body parts. Although this behavioral effect has also be demon-
strated in 5- to 7-year-old children (Le Cornu Knight et al., 2017), the preverbal
origins of this categorical effect—thought to be due to the top-down effect of a
central body schema on tactile perception—had not been studied in infants.

To address this issue, we made novel use of infant EEG responses to tactile stim-
ulation by employing a mismatch negativity (MMN) paradigm. In adults, the MMN has
been used to examine categorical effects in the auditory (Dehaene-Lambertz, 1997),
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visual (Mo et al., 2011), and somatosensory (Shen et al., 2018b) modalities. In
infants, the MMN work has principally been on speech and language development
(e.g., Ferjan Ramirez et al., 2017; Friedrich et al., 2009). These studies have consis-
tently found an enhanced MMN response to cross-category deviants compared to
within-category deviants with equal physical differences.

Our infant study adapted a somatosensory mismatch negativity (SMMN) para-
digm that has successfully been used to probe categorical aspects of body perception
in adults (Shen et al., 2018b) and infants (Shen et al., 2018a). We tested 6- to
7-month-old infants by providing tactile stimulation to the body within and across
the potential category boundary of the wrist (Fig. 5). The results showed that the
amplitude of the SMMN elicited by tactile stimuli across the wrist boundary was sig-
nificantly greater than for stimuli of equal distance within the boundary, suggesting a
categorical effect in infant body processing (Shen et al., 2020). The early-appearing,
structured representation of the body into segmented parts, such as “hand” or “foot,”
developmentally predates infants’ learning of linguistic labels for these categories
(see also, Le Cornu Knight et al., 2020). We suggest that such structured repre-
sentations may support later learning of linguistic labels as well as scaffolding a
mapping of equivalence between self and other (see below).

Categorical Boundary
Hand Arm

3-5cm 3-5cm
® ® =
Hand Distal Forearm  Proximal Forearm
Categorical comparison: deviant standard deviant
Distance comparison: standard deviant deviant

FIG. 5

Placement of tactile stimulators (indicated by black dots) on the upper limb of 6- to
7-month-old infants. Physical distances between each stimulator were equal. Results showed
a categorical effect in body perception in infants. The contrast involving tactile stimulation
across the forearm-hand boundary (distal forearm/hand) elicited significantly larger SMMN
responses than the contrast of tactile stimuli within the forearm (distal forearm/proximal
forearm).
Reproduced with permission from Shen, G., Meltzoff, A.N., Weiss, S.M., Marshall, P.J., 2020. Body
representation in infants: categorical boundaries of body parts as assessed by somatosensory mismatch

negativity. Develop. Cogn. Neurosci. 44, 100795.
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Cross-modal effects for body representations

In the mature adult representation of the body, there are not only identifiable body
parts, but these parts can be recognized as “the same” across perceptual modalities.
My hand is the same as your hand; my foot is the same as your foot. Our bodies are
comparable, a point that has far-reaching implications for social-cognitive develop-
ment. Our initial foray into more social aspects of body perception tapped into the
sensorimotor mu rhythm. The mu rhythm occurs over central electrode sites in the
alpha band (8—13 Hz in adults, 6-9 Hz in infancy; Cuevas et al., 2014; Marshall and
Meltzoff, 2011; Marshall et al., 2002). Previous work utilizing hand actions alone
showed that the infant mu rhythm over central sites is desynchronized (reduced
in amplitude) during infant motor production (Southgate et al., 2009) and also while
observing another person carry out a similar action (Marshall et al., 2011; Nystrom
et al., 2011; Southgate et al., 2009).

We designed a test situation that allowed us to examine the topography of the
infant mu rhythm response during the observation of actions that had an identical
goal (to press a button) (Marshall et al., 2013; Saby et al., 2013). The crucial exper-
imental manipulation was that the same button pushing could be carried out using
different effectors (hands vs feet) (Fig. 6A). Any difference in the mu rhythm
response could not be due to the goal, which was controlled, but to the body part
used by the actor to achieve the goal.

We found that the infant mu rhythm displayed a somatotopic response pattern not
only during action execution but also during action perception. As shown in Fig. 6B,
the pattern of activation over hand (electrodes C3/C4) and foot (electrode Cz)
regions of the sensorimotor cortex differed according to whether infants saw a hand
or a foot used. For hand acts, there was a greater reduction in mu amplitude at lateral
electrode sites (C3/C4); conversely, for foot actions there was a greater reduction in
mu amplitude at midline (Cz). This suggests that perceiving someone else using a
specific body part (hand vs foot) is associated with activation of the corresponding
area of the sensory and/or motor strip in the observer’s brain.

Infant MEG: Cross-modal effects for felt and observed touch

The foregoing experiments used EEG to explore infant body representations. In order
to provide a more sensitive estimate of the sources of activity inside the brain, we
have also conducted experiments using infant magnetoencephalography (MEG)
brain imaging (Fig. 7). Sensors in the MEG dewar can detect minute changes in mag-
netic fields (extending outside of the skull) that are due to electrical signals (neural
sources) inside the brain (Hamalainen and Hari, 2002). Source-level analysis rou-
tines use inverse methods to estimate the location of neural sources in the brain
(Lew et al., 2013). MEG technology is ideally suited to explore body representations
because body maps in sensorimotor/somatosensory cortex are close to the surface of
the brain; and MEG has proven to be extremely helpful to making discoveries about
body representations in adult participants (e.g., Pihko et al., 2010).



6 Cross-modal effects for body representations 35

Observe-Hand Observe-Foot

o
i
1

=
N
L

o
o

=024

Relative Amplitude (dB) w

| |

= e

o S
L L

(CXX-N)

FIG. 6

14-month-old infants observed visual events using the hand or foot (A). Negative values
reflect a reduction in mu rhythm amplitude (desynchronization) relative to a pre-stimulus
baseline. Desynchronization significantly varied as a function of experimental group (B).
There was greater reduction in amplitude over the hand regions (C3/C4) for infants
who observed hand actions; and greater reduction in amplitude over the foot regions (Cz) for
infants who observed foot actions. Error bars represent 1 SEM.

Modified from Saby, J.N., Meltzoff, A.N., Marshall, P.J., 2013. Infants’ somatotopic neural responses

to seeing human actions: I've got you under my skin. PLoS One 8, e77905.

For studying cortical body representations in infants, MEG has several desirable
features compared to other infant neuroscience technologies. First, compared to
EEG, MEG has about the same temporal resolution (millisecond level) but has su-
perior spatial resolution (~2mm). EEG is more vulnerable than MEG to distortions
due to the structural immaturities of the infant skull (e.g., open fontanels and sutures)
and variability in skull connectivity (Lew et al., 2013). Second, compared to fMRI,
MEG has superior temporal resolution, and infants can be awake and sitting upright
in a chair, whereas infant fMRI typically involves infants who are asleep in a supine
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FIG. 7

MEG brain-imaging device (A). The MEG (Elekta Oy, Helsinki, Finland) has 306 sensors
(204 planar gradiometers and 102 magnetometers), which are housed inside the dewar.
The baby is positioned wearing a nylon cap containing five head positioning coils that emit
signals throughout the recording session (B). This allows continuous tracking of the
infant’s head position, which is used for head-movement compensation in data analysis.
See Meltzoff et al. (2018a) for details.

Modified and reproduced with permission of the University of Washington Institute for

Learning & Brain Sciences (I-LABS) and D. Alpert (No Small Matter).

position in order to avoid head movements (which introduce too much noise for fMRI
analyses). To examine infant neural responses to visual perception of other people’s
bodies, infants have to be awake and alert (and therefore will move their heads), ruling
out infant fMRI. Third, although fNIRS allows testing of awake infants with head
movements, the temporal and spatial resolution afforded by infant MEG is superior.

This does not mean that infant MEG is to be preferred in all applications. MEG is
expensive (similar to MRI) and not portable. Therefore, MEG cannot be used in the
field or at home, for which EEG and fNIRS technologies are more suitable. Also,
infant MEG is fairly new, and the head-movement tracking and compensation algo-
rithms and source-level analysis routines are not readily available in off-the-shelf
packages. For our MEG studies of infant body representations, we were able to cap-
italize on the University of Washington’s MEG Center at the Institute for Learning &
Brain Sciences (I-LABS), directed by Samu Taulu (creator of the most widely used
MEG head-movement compensation methods, which allow one to correct for subject
head movements relative to the fixed sensor array, see Fig. 7: Taulu and Hari, 2009;
Taulu et al., 2005). His work and that of others at I-LABS is focused on optimizing
MEG for infants (Clarke et al., 2020; Ferjan Ramirez et al., 2017; Larson and
Taulu, 2017).

We used MEG whole-brain imaging and advanced source-localization
techniques to probe the representation of the body in the infant brain (Meltzoff
et al., 2018a). In two experiments using 7-month-old infants, our work built upon
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and sought to extend prior findings (Nevalainen et al., 2014; Saby et al., 2015).
Experiment 1 evaluated the spatiotemporal organization of infants’ brain responses
to being touched on their hands and feet. We found significant activation in the hand
and foot regions of contralateral primary somatosensory cortex as well as increased
activity in other parietal and frontal areas. According to the source estimates, the most
salient neural activity when the foot was touched was at the midline along the inter-
hemisphere wall (see Penfield’s map, Fig. 1B), and the activity when the infant’s hand
was touched was, on average, 19 mm more lateral. Our MEG source-level results were
more detailed than could be obtained from our EEG scalp-level recordings with infants
(Fig. 8), but are consonant with them. The main pattern of results suggested a soma-
totopic organization in infant cortex resembling that in adults.

Having shown that infant MEG is an effective technology for exploring neural
body representations, we next conducted a more ambitious study. Experiment 2
explored infant brain responses to visually perceiving another person’s body being
touched. To conduct this experiment, we made video recordings of a rod gently
touching an adult’s hand or foot. Infants watched the videos, but they were not
touched themselves. Consistent with the results of Experiment 1, significant activa-
tion occurred in the infant’s own somatosensory cortex in response to seeing a hand
or foot being touched. This supports the idea that shared anatomical regions in
human infants are activated whether touch of the body is tactilely or visually per-
ceived, which fits with cognitive neuroscience work in human adults (Keysers et al.,
2010; Pihko et al., 2010), as well as with newer infant EEG work on tactile-visual
interactions (Drew et al., 2018). At the same time, we found that the activation
for observed touch (Experiment 2) occurred in fewer infants than for felt touch
(Experiment 1). It is noteworthy that a weaker somatosensory response to observed
touch has also been reported in adult subjects (Pihko et al., 2010), for whom the
source strength for observing someone else being touched was around 10 times
weaker than that to felt touch.

Finally, it is of significant interest that in Experiment 2 we also found activity in
brain areas involved in multisensory body and self—other processing. Specifically,
observation of another person’s hand being touched was associated with activation
in areas corresponding to the extrastriate body area (EBA), fusiform body area
(FBA), and the temporal-parietal junction (TPJ). Previous infant work has used
fNIRS to broadly examine temporal cortex responses to observed biological mo-
tion (Lloyd-Fox et al., 2011), but to our knowledge, our results are the first to sug-
gest EBA and FBA responses to seen body parts in infants.

Neural responses to reciprocal imitation social games

In the real world, outside of the neuroscience laboratory, reciprocal imitative games
are a common form of parent-child interaction. The baby shakes a rattle. The mother
mimics the baby. The baby repeats the game. We believe that one of the reasons that
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FIG. 8
Results of infant MEG experiment involving tactile stimulation of hand (A) and foot (B) in
7-month-old infants. Source localization analysis methods were used. The resulting
consistency maps show, at each voxel, the number of infants (out of 14) meeting
a conservative P < 10~® threshold at any time point within the 400 ms window following tactile
stimulus. The maps are visualized with a lower bound of 11 subjects.
Reproduced with permission from Meltzoff, A.N., Ramitez, R.R., Saby, J.N., Larson, E., Taulu, S.,
Marshall, P.J., 2018. Infant brain responses to felt and observed touch of hands and feet:
An MEG study. Develop. Sci. 21, e12651.

parents and infants find this interpersonal game, so alluring is that both partners rec-
ognize that they are matching the bodily movements of the other. We thought that
infant brain studies could shed light on these interpersonal matching activities.
The neuroscience work was built on a series of behavioral studies of reciprocal
imitation conducted by Meltzoff (1990, 2007). In one study, 14-month-old infants
sat across the table from two adults who were side-by-side (a paired comparison
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setup similar to infant looking-time studies). Two television monitors were situated
behind the infant and in view of the adults. One screen displayed the current infant,
and the other a recording of the immediately preceding infant from the same study.
Each adult mimicked one of the infants on the screens. Behavioral measures
showed that infants looked longer and smiled more at the person who was imitating
them, indicating preferential attention and emotional reactions at being “matched.”
This pattern was replicated and extended in 9- to 18-month-olds by Agnetta and
Rochat (2004); and additional studies using behavioral measures have also verified
infant preferences for people who match the infants’ own behavior (Carpenter
et al., 2013; Nadel, 2014).

The novelty of the neuroscience experiment was that we recreated a reciprocal
imitation situation while recording infant EEG (Saby et al., 2012). EEG signals
were recorded from 14-month-old infants while they observed an adult who, by
experimental design, either matched or mismatched the actions the infant had just
executed. We hypothesized that mu rhythm desynchronization over central sites
would differentiate between these two conditions, in part based on our own previ-
ous neuroscience work (discussed above) and in part based on brain studies in
adults (Kourtis et al., 2010) and 3-year-olds (Meyer et al., 2011), which showed
that the extent of mu rhythm desynchronization is greater when an observed action
takes place in the context of joint action. We also analyzed the time course of EEG
desynchronization immediately before and after the culmination of the adult’s
goal-directed matching act in order to explore the idea of a predictive component
in infant social interactions: Infants may not simply respond to what the adult does
in mutual imitation games but may be able to predict it ahead of time.

Results indicated that desynchronization of the EEG mu rhythm was greater when
infants were imitated than when they were not. Moreover, we found that this effect was
strongest in the 500ms time period immediately prior to the culmination of the ob-
served imitative act. This temporal pattern is consistent with theory (Csibra, 2007;
Weiss et al.,, 2018) and infant data (Filippi et al., 2016; Koster et al., 2020;
Southgate et al., 2009, 2010; Stapel et al., 2010) showing that infant neural responses
during action observation have an anticipatory element. We believe that predictive cod-
ing comes strongly into play in interactions involving reciprocal imitation. We think that
infants’ ability to anticipate the adult’s behavior and to recognize that the observed act
by the adult is “like me” (matching a self-generated act) makes this type of social in-
teraction particularly salient and enjoyable to infants (see also below).

What infant imitation tells us about body representations

To this point, we have primarily taken a neuroscience perspective on body represen-
tation in infancy. In this section, we examine behavioral studies of social imitation
that inform us, at a psychological level, about the representation of bodies.

One early study of imitation illuminating body representations was conducted by
Meltzoff (1988). Fourteen-month-old infants observed an adult press the top panel of
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an object with his head, which made the panel illuminate. The object was out of reach
from the infants, and the infants were not allowed to touch or handle it during the adult
demonstration. After a delay, infants were presented with the object. Results showed
that infants imitated by using their sead to press the panel, with 67% of the infants in
the experimental group doing so. Two control groups were used, one was a baseline
control to assess spontaneous production of this behavior, and the other was an
end-state control (the adult pressed the object with his hands to make the panel illu-
minate). None of the infants in either of the control conditions touched the panel with
their heads. This experiment provided the first demonstration of infant imitation
using a novel body part, and it has now been widely replicated and extended
(e.g., Beisert et al., 2012; Buttelmann et al., 2013; Gergely et al., 2002; Kiraly
et al., 2013; Zmyj et al., 2009; see also Gleissner et al., 2000).

One reason that this imitation using the head is informative is that it is an unusual
act. Infants would more naturally use a different effector (the hand) to press the panel
and turn on the light. Control groups demonstrated that the head-touch act was not
performed by infants unless they saw the adult use his head to turn on the light. We
can conclude that infants were not simply re-creating the end-state of “light on,” but
were recognizing and imitating the use of a particular body part per se. A reasonable
inference from the pattern of results is that infants can map the similarity between
their head and the head of another person.

This brings us to imitation of facial gestures. Meltzoff and Moore (1977, 1994)
designed studies of early facial imitation not only to assess the nature and scope of
the phenomenon but also to uncover information about body representations. In the
1977 study, the three facial acts used (lip protrusion, mouth opening, and tongue
protrusion) were selected to evaluate the specificity of infants’ matching behaviors.
Results showed that infants could use the same body part to imitate two different acts
(lip pursing vs. lip opening) and could use two different body parts to perform the
same general action (lip protrusion vs. tongue protrusion). In the absence of infant
neuroscience data, the hypothesis put forward was that young infants were capable of
representing at least a small set of body parts: “Infants seem to have a primitive body
scheme that allows them to map a delimited set of body parts: tongue to tongue, lips
to lips. We have not observed young infants confusing tongue protrusion with finger
protrusion, for example. When tongue protrusion is presented, infants activate the
tongue quite quickly, as if the first level of analysis is a kind of organ identification”
(Meltzoff and Moore, 1994, p. 95).

The broader theoretical point is that generative imitation at any age—whether in
neonates or in 14-month-olds—cannot exist without an internal representation of the
body and recognition of the correspondence between one’s own body and the bodies
of others. When a 14-month-old sees the head-touch act, they are manifesting an
ability to map the other person’s head to a specific body part of their own. When
a neonate imitates mouth opening, they likewise map the other person’s lips to their
own lips. One reason that facial imitation is so interesting for theory is that infants
cannot see their own face, and so facial imitation reveals cross-modal mapping.
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However, this is not unique. The imitation of head-touch also involves a body part
that is invisible: The child cannot see their own head any more than they can see their
own lips or tongue. And yet they imitate.

Meltzoff and Moore (1997) advanced a theory termed “Active Intermodal
Mapping” (AIM) to explain the mechanisms involved in infant imitation. AIM pro-
vides a detailed account of the metric of equivalence used by infants to map bodily
acts they see onto matching acts of their own. Of most relevance to the current chap-
ter, Meltzoff and Moore (1997): (i) proposed that the representation of the body is
integral to how infants solve the correspondence problem for imitation (pp. 183-184,
186), (ii) described the role of prior motor experience including prenatal experience
in imitation (p. 184), and (iii) highlighted social games involving reciprocal imitation
in the development of children’s imitation (pp. 189-190). Although the findings on
early imitation have generated debate (see Meltzoff et al., 2018b), much of the recent
empirical work (Coulon et al., 2013; Heimann and Tjus, 2019; Nagy et al., 2020) has
replicated and extended the findings by showing neonatal imitation of tongue pro-
trusion, lip movements, and finger movements. Beyond imitative behavior per se,
studies using other behavioral techniques (looking-time measures) have successfully
documented cross-modal body representations in neonates (Filippetti et al., 2015),
which aligns well with the AIM model.

Theory: Body representations as building blocks
in social cognition

What are the broader implications of the foregoing work for theories of social-
cognitive development? Classical developmental theory has at times struggled to
explain the rapid onset and development of human social cognition. According to
Piaget’s (1954, 1962) classical stage-developmental theory, infants are “egocentric”™—
unable to discern equivalences between the self and other. Young infants may be
visually attracted to faces, or auditorily attentive to speech, but these are thought to
be solely perceptual biases, according to classical theory.

In contrast, modern research using a combination of neuroscience and behavioral
approaches suggests that young infants can represent the bodily acts of others and
their own bodily acts in commensurate terms. According to the “Like-Me” social-
developmental framework (Meltzoff, 2007, 2013), self and other are linked, which
allows for bidirectional learning. Infants can learn about the affordances and powers
of their own body by watching adults’ actions and their causal consequences in the
world. Reciprocally, infants enrich their understanding of other people’s internal
states by taking into account the way they themselves feel when they perform
similar acts.

We thus conjecture that the “first connection” to other people derives from a per-
ceived similarity between the bodies and actions of self and other. Your hand is like
my hand. Your foot is like my foot. This action I take is like the action you take.
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You are a proxy for me, and I can learn about the world by observing your dynamic
interactions with people and things and the causal consequences that follow.

In typical development, this construal of others in relation to self is not born
through language, complex cognitive development, or associative learning. Rather,
the perception that others are “like me” may be a foundation from which more com-
plex levels of social cognition emerge. Infants interpret social interaction and recip-
rocal imitative games through “priors” that allow infants to interpret these events in
particularly meaningful ways. Moving objects may generally attract infants’ atten-
tion based on perceptual biases and salience, but people and their actions are special
to infants. Alongside perceptual biases, the faces, bodies, and matching actions of
people are imbued with unique meaning because they can be mapped to the infant’s
own body and behavior.

This “like-me” construal of other people’s bodily actions may also shed light on
social-cognitive development in later infancy. Between 1 and 2 years of age, infants
exhibit robust empathy and altruistic helping directed toward other people (Barragan
and Dweck, 2014; Barragan et al., 2020; Newton et al., 2016; Schuhmacher et al.,
2019; Svetlova et al., 2010; Warneken and Tomasello, 2006). The origins of such
sociality are not fully understood, but one possible component is infants’ capacity
to interpret social agents as being “like me”—with internal wants, needs, and in-
tentions that require fulfillment—just like the infants’ own when they themselves
display the same bodily actions (e.g., begging for an out-of-reach object). We
hypothesize that infants’ experience with their own bodies, bodily actions and in-
ternal states, may be one pathway for coming to understand the internal states of
others (Meltzoff, 1995, 2013; Meltzoff and Brooks, 2008).

The neuroscience work described in this chapter plays a role in elucidating
infant social cognition by shedding light on the neurobiological bases of infants’
processing of bodies, both their own body and the body of others. Converging brain
and behavioral studies on body representations provide a rich database for advanc-
ing scientific understanding of infants’ intial state and the mechanisms of change in
social-cognitive development. Our thesis is this: As infants’ understanding of their
own bodies and intentional actions change with experience, so too does their under-
standing of other people who are interpreted as “like me.” The behavioral and neu-
roscientific studies presented here suggested that young infants recognize the
correspondence between self and other in terms of bodily representations, which
provides a key bridge for coming to understand other minds.
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