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Neural Correlates of Familiar and Unfamiliar Action in Infancy

Abstract

Behavioral evidence shows that experience with an action shapes action perception. Neural
mirroring has been suggested as a mechanism underlying this behavioral phenomenon.
Suppression of EEG power in the mu frequency band, an index of motor activation, typically
reflects neural mirroring. However, contradictory findings exist regarding the association

between mu suppression and motor familiarity in infant EEG studies.

In this study, we investigated the neural underpinnings reflecting the role of familiarity on
action perception. We measured neural processing of familiar (grasp) and novel (tool-use)
actions in 9-and-12-month-old infants. Specifically, we measured infants’ distinct motor/visual
activity and explored functional connectivity associated with these processes. Mu suppression
was stronger for grasping than tool-use, while significant mu and occipital alpha (indexing visual
activity) suppression were evident for both actions. Interestingly, selective motor-visual
functional connectivity was found during observation of familiar action, a pattern not observed
for novel action. Thus, the neural correlates of perception of familiar actions may be best

understood in terms of a functional neural network, rather than isolated regional activity.

Our findings provide novel insights on analytic approaches for identifying motor-specific neural
activity while also considering neural networks involved in observing motorically familiar versus

actions.
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There is a close connection between action production and action perception that emerges
early in development. Behavioral studies have demonstrated that as infants gain experience
with new actions, there are also changes in their anticipation and understanding of other’s
actions (Ambrosini et al, 2013; Filippi & Woodward, 2016; Gerson & Woodward, 2014; Kanakogi
& Itakura, 2011; Krogh-Jespersen et al., 2018,2020; Libertus & Needham, 2010; Sommerville et
al., 2005, 2008). Neural mirroring, the recruitment of similar neural activity during the
production and perception of action, has been suggested as a mechanism that links action
experience and action perception (Gallese et al., 1996; Hunnius & Bekkering, 2014; Marshall &
Meltzoff, 2014; Pineda, 2005; Woodward & Gerson, 2014). Research into this possibility has
made use of the EEG mu rhythm, which is oscillations in the alpha band (adults 8-13Hz, infants
6-9Hz) recorded over the sensorimotor cortex, as a potential index of neural mirroring (Cochin
et al., 1999; Fox et al., 2016; Lepage & Théoret, 2006; Muthukumaraswamy & Johnson, 2004).
The mu rhythm is found to be suppressed in power (also called mu suppression) during both
action execution and action observation, and cortical source localization studies provide
supportive evidence that the mu rhythm is associated with activity in the sensorimotor cortex
in adults (Hari et al., 1997; Toro et al., 1994). However, deploying measures of the mu rhythm in
infant EEG studies has led to seemingly contradictory findings on the unique role of one’s motor
expertise on the level of mu suppression. That is, research with infants has demonstrated an
association between infants’ motor experience and the level of mu power suppression during
action observation. Yet, other studies have revealed similar patterns in mu suppression not only
for motorically familiar actions such as grasping actions, but also for actions that are completely
outside of infants’ motor repertoire such as tool-use actions. This calls into question whether
the mu rhythm is modulated by the motoric familiarity of an action or not. In the current study,
we aimed to investigate the neural underpinnings of observing familiar and novel actions within
the same sample of infants and to identify the neural processes that are uniquely associated

with observing motorically familiar actions.

A growing body of studies indicates that mu suppression is associated with and affected by
infants’ experience producing actions (Cannon et al., 2016; Gerson, Bekkering et al., 2015;

Paulus et al., 2012; van Elk et al., 2008; Yoo et al., 2016). For instance, Cannon et al. (2016)
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found that 9-month-old infants who were more proficient graspers showed stronger mu
suppression when observing others’ grasping actions. In an experimental intervention, Gerson,
Bekkering et al., (2015) reported that active experience with a novel action, but not passive
observational experience, engendered changes in mu power when 10-month-old infants
subsequently heard the sound associated with that action. Moreover, Filippi et al. (2016) found
that 7-month-old infants’ likelihood of imitating the goals of others’ action was correlated with
variations in mu suppression during their own reaching and during observation of others’
reaching actions. Together, these findings highlight the potential role of motor experience in

modulating mu suppression during action observation.

However, another body of studies with infants at the same age (9 months) and analyzing neural
activity in the same frequency range (6-9Hz) recorded over the sensorimotor cortex (central
sites), found mu suppression when infants observe actions and events that they have not had
active experience with (de Klerk et al., 2016; Southgate & Begus, 2013; Virji-Babul et al., 2012).
In a between-subjects design, Southgate and Begus (2013) reported that 9-month-old infants
showed mu suppression during anticipation of grasping as well as novel tool-use actions and
even while viewing the movements of self-propelled objects. Similar findings were reported by
Virji-Babul et al., (2012), in 4-to-11 month-old infants in a within-subjects design. These findings
challenge the assumption that mu suppression is a unique neural correlate of the motor

familiarity of observed actions.

Thus, while behavioral evidence illustrates a connection between production and perception in
infants, the neural processes associated with this link are in question. Mu suppression has been
a valuable candidate, extensively used as an index of neural processes associated with action
production and perception. However, mu suppression as an isolated neural signal, may not
unambiguously reflect motor familiarity of the observed action. One reason could be related to
the potential influence of occipital (visual) alpha, which occurs in response to the presentation
of a visual stimulus (Fox et al., 2016; Hobson & Bishop, 2016). Reliable separation of mu from
occipital alpha is critical for adequate interpretation of visual and motor effects on action

perception (Hobson & Bishop, 2016). Yet, it remains a methodological challenge to parse apart
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mu from occipital alpha (Hobson & Bishop, 2016). To resolve this issue, reporting alpha activity
recorded over multiple brain regions (at least including activity over visual areas) has been
recommended (Perry & Bentin, 2010; Bowman et al., 2017; Cuevas et al., 2014; Fox et al.,
2016). This is a helpful starting point, though reporting multi-region activity is not sufficient to
parse apart whether mu suppression is reliably discernable from visual alpha. Others explore
the relation between central and occipital alpha (Tangwiriyasakul et al., 2013) or encourage
researchers to use methodological controls (e.g. using baselines that control for attentional
demands) as an additional approach to distinguish action-specific processes from visual
processes (Fox et al., 2016). Infant researchers have reported alpha activity recorded over
multiple regions (Southgate & Begus, 2013; Cannon, et al., 2016; Yoo et al., 2015; Filippi et al.,
2016; de Klerk et al., 2016); however, it is rarely the case that additional approaches are
endorsed to ensure that activity recorded over central and occipital sites are reliably

independent (but see Filippi et al., 2016; de Klerk et al., 2016).

In addition, it is not only important to reliably distinguish between motor and visual processes,
but also understanding how motor and visual processes are coordinated together during action
perception is crucial, as visual processes may be inherent during action processing (Fox et al.,
2016). Using mu suppression in isolation as a neural marker of action processing may overlook
potentially important network connectivity. Understanding the dynamic inter-regional
communications among networks in the brain can provide insights to the basis of infants’
behavioral repertoire (Gao et al., 2017). However, the functional relation of motor and visual
processes on action perception in infancy remains unclear. Debnath and colleagues (2019)
demonstrated enhanced connectivity between EEG signal recorded at central and occipital
scalp locations during infants’ observation of a familiar grasping action. It is an open question
whether this functional connectivity is also evident during the observation of novel actions.
Exploring functional connectivity between mu and occipital alpha, rather than mu as an isolated
neural marker, could be the key in reconciling the discrepancy across findings (Bowman et al.,
2017). That is, functionally related neural systems may better index the underlying mechanism

that uniquely governs perception of motorically familiar action. It could be that active
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experience in an action builds on and strengthens communication between network processes

(Johnson, 2000), which may not be evident during observation of novel action.

Current Study

In the current study, we aimed to better understand the neural correlates of perceiving
motorically familiar and unfamiliar actions, beyond changes in mu power. For this purpose, we
collected EEG while 9-and-12-month-old infants viewed a familiar action (grasping) and a novel
action (tool use) in a within-subjects design. Infants begin to produce reaches by 5 months and
become highly skilled by 9 months (Bertenthal & Clifton, 1998). The ability to engage in tool-use
actions becomes robust during the second year when infants become able to spontaneously
engage with novel tools (Keen, 2011). Thus at both 9 and 12 months of age, reaching is a
motorically familiar action, while engagement with a novel tool is unfamiliar. Therefore, our
main analyses were conducted across these two ages. We drew on several recent
methodological approaches to more clearly capture distinct EEG mu measured at the central
electrodes from EEG alpha measured at the occipital electrodes (see Bowman et al., 2017; Fox
et al., 2016; Hobson & Bishop, 2016). Importantly, we assessed mu suppression relative to a
baseline that was visually similar to the action videos. This was done to reduce the extent to
which mu activity might be confounded with occipital alpha response to visual novelty
(Nystrom et al., 2011). Then, offering a tighter comparison with a within-participant design, we
compared whether suppression of mu / occipital alpha is modulated by motor familiarity. We
also assessed infants’ skills in grasping and capacity to engage in the novel tool use action so
that we could evaluate correlations between motor competence and mu / occipital alpha
suppression during action observation. Lastly, we explored functional connectivity between
central and occipital neural activity during perception of familiar and unfamiliar action to

evaluate coordination of motor and visual processes.
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Method

Participants

Forty-nine full-term 9-month-olds (21 infants; M = 9 months 21 days, SD= 10; range: 9;0 —
10;15; 13 males) and 12-month-old infants (28 infants; M = 12 months 21 days, SD= 17.8; range:
11;15 - 13;15; 11 males) participated in this study®. Participants were recruited in an urban
Midwest region in the United States. Infants represented a diverse racial background (52%
European, 15% Hispanic, 16% African-American, 5% Asian, and 12% mixed-racial) and were
from relatively highly educated families (91% caregivers reported receiving bachelor’s or higher
degrees). Thirteen infants were excluded from analyses due to being distressed shortly after
application of the EEG electrode net (2), unusable EEG data prior to data analysis (6), and for
not having at least three artifact-free EEG trials per condition after all EEG processing steps (5).
The final dataset consists of 36 infants (17 9-month-olds, 19 12-month-olds). This study was

approved by the campus Institutional Review Board at the University of Chicago.

Procedure

Upon arrival in the laboratory, infants’ caregivers were first informed about the testing
procedure by Experimenter 1 (E1) and filled out a written consent form. During this process,
Experimenter 2 (E2) measured the infants’ head circumference and prepared the best-fit net in
the EEG testing room. Then, the infants and caregivers were accompanied to the EEG testing
room. The infants sat in an infant-friendly high-chair or on the caregiver’s lap and were fitted
with a 128-sensor HydroCel Geodesic Sensor Net (Electrical Geodesics, Inc., Eugene, OR).
Impedances were kept below 100 kQ where possible. The EEG was recorded at 1000Hz (Net
Station software, EGI, v4.5.7) and Cz electrode was used as an online reference. Once infants
wore the EEG net, E1 took pictures and a video to document individual net placement, and

these pictures were sent to caregivers after their visit. Infants faced a computer screen on a

1 We based the sample size on the studies that have utilized similar experimental designs
(Cannon et al., 2016 analyzed 21 participants, and Southgate & Begus, 2013 analyzed 33
participants with 11 in each condition).
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table at approximately 70cm distance on which stimuli videos were presented via Eprime 2.0
(Schneider et al., 2012). When videos were presented via Eprime, triggers indicating the onset
and end of videos were simultaneously sent to the EEG recording software Net Station. See
Figure 1 for room set up. E1 sat behind a screen throughout the video presentation hiding from
the infants’ view and monitored the infant during the experimental procedure. Parents were
asked to avoid interacting with their infants as much as possible, except when the infants were
in distress. E2 was in the next room monitoring the recordings of EEG and videos of the session.
Videos of the sessions were recorded from two different camera views. One camera was placed
in front of the infant to capture a close-up view of the infant, and another camera was placed
behind the infant to record the computer monitor presenting the video stimulus during
observation. These recordings in the experimental session were video-coded offline so that it
can be time-locked to the EEG recording. The EEG session consisted of an action observation

and an action execution phase.
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Observation phase

A. Schematic time-line of Observation trial

(a)Grasp Condition

Experimental Window !
Reach

Baseline
“Hey| Baby" Look Down

— —  —

| I 1 |
Oms 1000ms Oms 500ms -1000ms -500ms oms 500ms 1000ms
(b)Cane-use Condition

*0- time locked to movement onset

Experimental Window !
“Hey Baby" Look Down Pull

Baseline

—

Figure 1 [Color should be used for print]. A. Schematic time-line of an observation trial. (a)
grasp condition; (b) cane-use condition. B. Experimental room set-up of the observation phase.
Left: Example of an infant participant and parent in the set-up during the observation phase
facing the computer screen. Right: View of infant and parent during the observation phase.

Action observation

During the action observation phase, two types of actions were presented: a familiar action (i.e.
grasping a toy to bring it closer) and a novel tool-use action (i.e. using a cane to bring a toy

closer; see Figure 1). Both action observation conditions were presented with 4000-4500ms
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long videos. To make the transition of the videos look more natural, we put a dissolve filter in
the video editing software (Adobe Premiere Pro) that introduced a gradation of brightness for
500ms (dark to bright) at the start and end of each video for both conditions. Each video began
with the experimenter sitting still and facing the center of the screen and saying “Hey, Baby!”
or “Hi there!”, presented in a pseudo-random order with no more than 3 repetitions in order.
The toy for the grasp condition and the toy and cane for the cane-use condition were present in
the scene from the start of the videos. In the grasp condition, the experimenter looked down at
the toy, grasped it and brought the toy closer. In the cane-use condition, the experimenter
looked down at the toy and then pulled the cane to bring the toy closer. Before each action
observation video, a still image of the experimenter sitting in front of an empty table was
presented for 1000ms. Trials were presented in a semi-randomized order of grasping and cane-
use action videos, such that infants were presented with a maximum of 20 trials per set, up to
40 trials in total. The order of the conditions was pseudorandomized so that infants did not
observe more than three trials of the same type of action in a row. Ten unique toys were used
for the two types of action conditions such that all toys appeared twice for each trial type.
Infants completed a mean of 33.4 trials (SD= 7.1, Range: 16-40), (9m: 32.7 trials, SD=6.7; 12m:
34.1 trials, SD= 7.5). After 40 trials or once the infants lost interest, the observation phase

ended and infants participated the action execution phase.

Action execution

We collected infants’ execution of grasping and cane use action to A) confirm whether the
neural response during action observation indeed reflects the neural response during the
execution of action and B) to examine whether individual variance in motor competence affects
infants’ processing of action. During the action execution phase, infants sat in front of a table
(see Figure 2). Across the table, E1 positioned herself behind curtains and E2 sat next to the
caregiver, outside of the infants’ visual scene. The execution phase began with two warm-up
trials, where E1 (the same person infants observed in the videos during the action observation
phase) opened the curtains, saying “Hi, baby. Are we ready?” and closed the curtains. These

warm-up trials were to ensure that the infants were attending and ready to proceed with the

10
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session. Every infant received 5 grasp trials and 5 cane-use trials in a fixed order, first grasp
followed by cane-use trials. We utilized a fixed order of grasp and cane-use execution trials to
be sure to get at least infants’ execution of grasps. The execution grasp condition began with E1
opening the curtains, not moving for 1000ms (baseline), and then closing the curtains. Then, E1

III

opened the curtain again and said “Hey baby, look!” showing the toy to the infant. E1 placed
the toy in front of the infant, making sure that the toy was placed within the infants’ reach. The
execution grasp condition ended when the infant grasped the toy. If the infant did not attempt
to grasp the toy within 10 seconds, E1 pointed or tapped the toy so that the infant attended to
the toy. Once infants reached for and grasped the toy, or after 3 repetitions of the prompt, E1
retracted the toy and closed the doors. Every trial ended with E1 providing positive

encouragement (i.e. “Good job” or “All right”). Infants completed a mean of 4.74 trials (SD=

0.94, Range: 1-5), (9m: 4.8 trials, SD= 0.91; 12m: 4.68 trials, SD= 0.98).

The execution cane-use condition also began with the same baseline prompt as the grasp
execution condition. Then, E1 opened the curtain and said “Look” showing the toy to the infant,
and placed the toy at the end of the table, beyond infants’ reach. E2 then placed the cane
(length of cane: 48cm, width of crook: 13.5cm) around the toy. If the infant did not attempt to
grasp the toy within 10 seconds, E1 pointed or tapped the toy so that the infant attended to the
toy. E1 did not point to the cane nor provided any assistance. The cane-use trial ended after
infants either successfully retrieved the toy by pulling the cane or 60 seconds elapsed. Every
trial ended with E1 providing positive encouragement (i.e. “Good job” or “All right”). Infants
completed a mean of 4.07 trials (SD= 1.2, Range:1-5), (9m: 4.14 trials, SD=1.2; 12m: 4 trials,
SD=1.3).

At the end of the testing session, caregivers were debriefed about the goal of the study and
families received a small gift (toy or t-shirt) and 20 US dollars as compensation for participating

in the study.

11
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Execution phase

A. Schematic time-line of Execution trial

(a)Grasp Condition

Baseline Experimental Window

Oms 1000ms -1000ms -500ms Oms 500ms 1000ms
(b)Cane-use Condition *0- time locked to first touch of toy / cane
7 .

Baseline

Experimental Window

I

B. Experimental set up during Execution phase

Figure 2 [Color should be used for print]. A. Schematic time-line of an execution trial. (a) grasp

condition; (b) cane-use condition. B. Experimental room set-up of the execution phase. Left:
View of infant and E1 during an execution grasp trial (E1 left to the curtain). Right: View of
infant and parent during execution grasp trial.
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Analysis

Video-coding analysis

An open-source video coding software Datavyu (Datavyu Team, 2014) was used for coding
videos offline. It was important that we utilize a baseline that closely matches the visual scenes
of the action observation experimental window of each condition in order to reduce the
influence of visual differences. The baseline for action observation phase was coded as the first
frame after change of brightness (from dark to bright), and when E1 was visible with objects
(toy and cane) present, but not moving for 500ms (Figure 1). The baseline period included the
experimenter sitting still and greeting the child without further movement. The baseline did not
include any arm or hand movements and this was the same across conditions. The
experimental time window in the action observation phase was coded from the first frame of
E1’s movement onset (started to reach in grasp condition or started pulling the cane in cane-
use condition). E1’s onset of movement was time-locked to Oms, and data of 1000ms before
and 1000ms after this mark were taken as the experimental time window for the analyses. For
execution trials, since it was impossible to match the visual scene of the baseline and
experimental windows for execution trials, the baseline was coded as the first frame that the
curtains were fully open, and when E1 was visible to the infant for 1000ms. The experimental
time window for the grasp and cane-use condition was coded based on the first frame that the
infant touched the toy and the contact led to grasping the toy / that led to pulling the cane.
Infants’ touch was time-locked to Oms, and data of 500ms before and 1000ms after this mark

was taken as the time window for EEG execution analyses (Figure 2).

In order to capture infants’ processing of others’ actions in the action observation phase and
not the coincidental execution of their own actions, we coded moments of infants’ own
grasping actions, which included grasping (e.g., arm of the chair, or mother’s hand) or grasping
movements without an object (e.g., making a grasping movement in the air) in the action
observation phase. All action observation and baseline EEG segments that overlapped with

parental interference (e.g., talking to the infant, bouncing the infant), crying, infant not-looking

13
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at the screen, or infants’ own grasping were excluded from further analysis (see supplemental

material for analysis of gross and fine-motor movements).

Behavioral Analysis

Grasping latency

Based on Cannon et al. (2016) and Yoo et al. (2016), we examined infants’ grasping competence
during execution trials. We assessed the latency with which infants grasped the toys as a
marker of their grasping competence. The amount of time was calculated from the touch that
resulted in a grasp until the completion of the grasp. Grasp completion was coded as the
beginning of the toy pick up or infants’ fingers wrapped around the toy if there was no pick up.
Only trials with touches that led to a toy grasp were included to calculate the grasp latency
measure. An independent coder coded 73% of the data. A high degree of reliability was found
(ICC- 0.78) with 95% confidence interval from 0.57 to 0.9 for grasping latency. Infants had to

provide at least two codable trials to be included in the analysis.

Cane pulling latency

In order to use a measure comparable to the grasp latency measure, we defined infants’ cane-
use competence during execution trials as latency to pull the cane. The average amount of time
was calculated from the pull that resulted with the toy within infants’ reach. A successful pull in
the cane-use condition was defined as 1) looked at the toy being placed at the end of the cane
2) initiated one clear pull without removal of hand from cane (until the cane reached the
endpoint of the rack) and 3) maintained eye-gaze throughout the pull. An independent coder
coded 70% of the data. A high degree of reliability was found (ICC- 0.95) with 95% confidence
interval from 0.86 to 0.98 for cane-pulling latency. Infants had to provide at least two codable

trials to be included in the analysis.

EEG data analysis

14
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The EEG data preprocessing was performed by the Maryland analysis of developmental EEG
(MADE) pipeline (Debnath et al., 2020). Recordings were converted and exported to a Matlab-
compatible format (The Mathworks, Natick, MA) using Net Station software. EEG data
(pre)processing was conducted using EEGLAB (v14.0.0) toolbox (Delorme & Makeig, 2004).
First, video-coded markers were imported onto the EEG dataset and data were downsampled
to 500Hz. The subsequent processing steps are identical to those applied in Debnath et al.,
(2019) and Meyer et al., (2022). The outer ring of electrodes on the 128-channel net have often
poor connections in pediatric data (see Debnath et al., 2020 for more detail) and were
therefore removed a priori (E17, E38, E43, E44, E48, E49, E113, E114, E119, E120, E121, E125,
E126, E127, E128, E56, E63, E68, E73, E81, E88, E94, E99, E107) with 104 channels remaining for
analysis. The continuous data were filtered at 0.3 Hz highpass and 50 Hz lowpass using FIR filter
provided within the FIRfilt plugin of EEGLAB (Widmann et al., 2015). Then, using FASTER (Nolan
et al., 2010) plugin of EEGLAB bad channels were detected and removed. In order to filter out
non-neural artifacts including blinks, saccades, or EMG, we applied a hybrid approach of using a
copied dataset, applying a 1 Hz high-pass filter and segmenting data into 1-second epochs,
removing excessive EMG, and then running ICA on the copied dataset as suggested by Debnath
et al. (2020). Then ICA weights were applied to the original dataset. A semi-automatic process
using ADJUST EEGLAB plugin (Mognon et al., 2011) identified ICA components and the
components were also manually reviewed. Next, time-windows of interest (baseline and
observation trial segments) that were contaminated by the infant grasping, not looking, crying
or the parent interfering were excluded from further analysis based on video coding. The
remaining data were segmented into baseline segments and experimental segments. A voltage
threshold rejection (+150 uV) was applied on six frontal channels (E1, E8, E14, E21, E25, E34) to
identify and remove additional eye artifacts. For all other channels, we interpolated data for
artifacted channels in each epoch. Epochs with more than 10% of interpolated channels were
rejected. After preprocessing, 3 participants were excluded in the observation condition from
further time-frequency and connectivity analysis because they had an insufficient number of
artifact free trials (<3 in each condition). For the execution condition, 12 participants for grasp

and 19 participants in the cane-use condition were excluded from further time-frequency and
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connectivity analysis because they had an insufficient number of artifact free trials (<3 in each
condition, following minimum trial requirement of infant mu rhythm studies, Marshall et al.,
2011; Debnath et al., 2019). (See supplemental material for a detailed breakdown of inclusion
of participants for EEG analysis). For the observation session, there were a mean of 8.3 artifact
free grasp trials (range 3—17) and a mean of 7.5 artifact free cane-use trials (range 3—-19) in the
final 9-month-old dataset, and a mean of 9 artifact free grasp trials (range 4—19) and a mean of
10.4 artifact free cane-use trials (range 4—-19) in the 12-month-old dataset. For the execution
session, there were a mean of 4.3 artifact free grasp trials (range 3-5) and a mean of 3.7
artifact free cane-use trials (range 3-5) in the 9-month-old dataset, and a mean of 3.1 artifact
free trials (range 3-5) in the grasp condition and a mean of 3.3 artifact free cane-use trials
(range 3-5) in the 12-month-old dataset. Preprocessed epoch data were then converted into
current source density (CSD) using the CSD toolbox (Kayser & Tenke, 2006), and event-related
spectral perturbation (ERSP) was calculated on CSD transformed data to estimate the baseline-
corrected spectral power (in dB) between 3- to 30Hz for all channels and trials. (The derived
EEG data in BIDS format and Matlab analysis scripts are available on the Open Science

Framework: https://osf.io/f9da5/).

Time-frequency analysis

Time-frequency decomposition was computed using the EEGLAB newtimef function. To assess
infants’ neural motor activity during action observation and execution consistent with previous
research (Debnath et al., 2019; Marshall et al, 2011; Meyer et al., 2022), our analyses focused
on mu power, by measuring baseline-corrected spectral power in the 6-9Hz alpha frequency
band in channels overlaying sensorimotor (Central) regions (C3 = E29, E30, E35, E36, E37, E41,
E42; C4 = E87, E93, E103, E104, E105, E110, E111; Figure 3). We did not include the midline
channel (Cz) because the activity in Cz is found to be associated with and modulated by leg
movements in infants (van Elk et al., 2008; de Klerk et al., 2016) while C3 and C4 are found to
be associated with hand and arm movements in infancy (Saby et al., 2013). Mu power during
action observation was calculated for the following time windows: anticipatory (-1000ms to

Oms) time window during which E1 is still and no movement is happening, and movement (Oms

16
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to 1000ms) during which E1 starts to produce the action (grasp condition: 0 to 500ms entails
E1’s reach to the toy, and 500 to 1000ms entails the E1’s grasp completion of bringing the toy
closer to her; cane-use condition: 0 to 1000ms entails E1’s cane pulling action). Mu power
during action observation was calculated relative to the experimenter present with the object
but without movement. Mu power during execution was calculated for infants’ action onset (-
500ms to Oms and Oms to 1000ms) relative to the experimenter present without presence of
objects. In addition, power over frontal, parietal, and occipital regions was analyzed as well (F3=
E19, E20, E23, E24, E27, E28; F4=E3, E4, E117, E118, E123, E124; P3= E47, E51, E52, E53, E59,
E60; P4=E85, E86, E91, E92, E97, E98; O1= E66, E69, E70, E71, E74; O2=E76, ES2, E83, E84, E89;

see Figure 3).

A. Channel Clusters
Frontal
Central
Parietal

Occipital

B. ICPC Channel Cluster Pair
Central-Frontal

Central-Parietal

Central-Occipital

Figure 3 [Color should be used for print]. A. Electrode channel clusters, from top to bottom, for
Frontal (Blue circle), Central (orange circle), Parietal (green circle), and Occipital (red circle)
scalp locations. B. Arrows indicating ICPC channel cluster pair between regions. Blue arrow:
Central-Frontal, Green arrow: Central-Parietal, Red arrow: Central-Occipital.

Statistical comparison across time and frequencies
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We performed point-wise analyses of spectral power modulation in all electrodes for each time
window against a null hypothesis of no change in baseline-corrected power (represented by
zero) during the event of interest. We computed one sample non-parametric permutation tests
with FDR correction for multiple comparisons against zero for each time point using the

“std_stat” function of the EEGLAB toolbox for visualization.

Inter-channel phase coherence

We measured coherence between brain regions by calculating inter-channel phase coherence
(ICPC), which estimates the consistency of phase angle difference between two clusters of
channels over time and frequency (Cohen, 2014). Phase angles were first calculated from two
clusters of electrodes (see below) and then subtracted. ICPC value (range: 0to 1) closerto 1 is
interpreted as more synchrony between two channel clusters, supporting the idea that when
brain regions are functionally coupled, the timing of their oscillatory processes becomes
synchronized (Cohen, 2014). As in Debnath and colleagues (2019), we calculated ICPC between
channel clusters over central areas and the three other brain areas in both the left (C3— F3, C3—
P3, C3— 01) and right (C4— F4, C4— P4, C4— 02) hemispheres (See Figure 3). We also calculated
ICPC between occipital and the three other brain regions in both hemispheres (left: 01— F3,
01- C3, 01- P3; right: 02— F4, 02— C4, 02— P4) (See supplemental material). We computed
ICPC in both observation of grasping and cane-use conditions at 6-9 Hz frequency during

movement time window (Oms to 500ms time-locked to movement onset).
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Results

Mu suppression during action execution

We first assessed neural activity during action execution with the aim to verify that 6-9Hz range
covers neural processing of execution of grasping and cane-pulling action in this sample of
infants. There was significant 6-9Hz mu power suppression in the electrode clusters overlying
the motor cortex both during execution of grasping and cane-pulling action. Thus, suppression
of power in the 6-9Hz frequency range captures action processing in this sample and can
therefore serve as an index of neural motor activation in the observation phase. (For more

detailed information on action execution, see supplemental materials).

Mu and occipital alpha during observation of action

We analyzed 36 (9m- 17, 12m- 19) participants’ neural activity during action observation. Figure
5 displays results of comparing alpha power in 6-9Hz frequency range relative to baseline over
frontal, central, parietal, and occipital electrode clusters in each condition during the
observation phase collapsed over age. All activity shown is significantly different from zero at

the p < .05 level with FDR correction for multiple comparison.

The point-wise analysis revealed that there was significant mu suppression in the electrode
clusters overlying the motor cortex (C3, C4) both prior to the start of the E1’s movement (-
1000ms to Oms) and continuing through the movement period for both grasp and cane-use
conditions for both age groups (Oms to 500ms) (Figure 4, Central). Significant suppression over
the occipital region was evident around the onset of the E1’s movement in the grasp condition
(Oms to 1000ms), but in the cane-use condition, occipital alpha was significantly suppressed
from around 500ms post-movement observation (Figure 4, Occipital). (Verification that mu
power and occipital alpha, measured using the baseline in our current study, are reflecting
independent neural activity and likely come from different sources is reported in supplemental

material).
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(a)Grasp Condition (b)Cane-use Condition
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Figure 4 [Color should be used for print]. Statistically significant time-frequency plot of spectral
power relative to baseline during observation phase for (a) grasp condition, (b) cane-use
condition, across age. The color towards blue indicate significant suppression of power relative
to baseline. Green in images depicts non-significant (p > .05) activity. Power (decibels, dB) is
shown by the color bar.

Mu/occipital alpha suppression and motoric familiarity

To address our main question of whether motor familiarity influences mu power and occipital
alpha, we performed a 4-way mixed ANOVA with condition (grasp, cane-use) and time
(anticipatory: -1000ms to Oms; movement: Oms to 1000ms) and hemisphere (left, right) as
within-subjects variables, and age (9m, 12m) as between-subject variable for each region. We
included two time windows due to visual differences across time in the time-frequency plot
(Figure 4, central and occipital). For the model with central region, we found a significant main
effect of condition (F(1,34) = 5.0, p = .03) and a significant main effect of time (F(1,34) = 1.69, p

<.001). Follow-up analyses were performed to determine the effects of condition and time.
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Pairwise t-test between time windows (anticipatory and movement) revealed a significant
difference on mu power (t(35)=-3.9, p <.001), with more mu power suppression observed
during the anticipatory period (M= -.91 dB, SE =.17) than during movement (M= -.51 dB, SE
=.18). Pairwise t-test between condition revealed that there was more overall mu power
during observation of grasp action (M = -.90 dB, SE = .16) than for cane-use action (M=-.52 dB,
SE =.2), (t(35)=-2.3, p = .03, Cohen’s d = 0.29; Figure 5).

For the model with occipital region, we found a significant main effect of time (F(1,34) = 25.2, p
<.001), a significant interaction of time and age (F(1,34) = 9.3, p = .05), and a significant three-
way interaction of time, age, and hemisphere (F(1,34) = 4.42, p <.001). Follow-up pairwise t-
test between time windows revealed a significant difference on occipital alpha (t(35)= 4.67, p
<.001), with more occipital alpha suppression observed during the movement (M=-1.02 dB, SE
=.17) than anticipatory period (M= -.37 dB, SE = .20). The interaction effect of age and time
resulted from stronger occipital alpha during movement in 12-month-olds (M=-1.35 dB, SE
=.23) than during anticipatory period in 12-month-olds (M= -.35 dB, SE =.19), (¢(35)=5.88, p
<.001). No other pair was significant after Bonferroni correction. A follow-up Bonferroni post-
hoc t-test on the 3-way interaction was conducted and showed that there was significant
difference between anticipatory left (M=-.39 dB, SE = .34) and movement left (M=-1.34 dB, SE
=.27) in 12-month-olds (t(18)=5.36, p <.001) and significant difference between anticipatory
right (M= -.30 dB, SE =.29) and movement left in 12-month-olds (t(18)=5.69, p <.001).

Importantly, in contrast to mu power, occipital alpha power was not modulated by condition.

Together, we found that mu suppression was evident for observation of both familiar and
unfamiliar action. This is in line with previous work on infant mu rhythm during observation of
grasp action (Debnath et al., 2019; Meyer et al., 2022; Southgate et al., 2009; Hwang et al.,
2021), and for novel action (Southgate & Begus, 2013; Virji-Babul et al., 2012). Importantly,
greater mu suppression was exhibited during observation of grasp than cane-use action. This

provides evidence that infants’ mu suppression is modulated by motoric familiarity.
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Figure 5. Baseline-corrected power of the alpha frequency band (6-9Hz) over Central (C3, C4)
sites as a function of condition (Grasp / Cane-use). Error bar indicates + 1 SE. *p < .05, ***p
<.001.

Mu/alpha suppression and behavioral competence

13 9-month-olds and 17 12m-month-olds had sufficient grasp behavioral execution trials, and
10 9-month-olds and 11 12m-month-olds had sufficient cane pulling behavioral execution trials.
The mean grasp latency was 846ms (SD = 400) for 9-month-olds and 775ms (SD = 280) for 12-
month-olds. The mean cane pulling latency was 2158ms (SD = 760) for 9-month-olds and
1749ms (SD = 978) for 12-month-olds. We found no differences between the two age groups

for grasp (p > 0.5) and cane pulling (p > 0.3, Figure 6) latencies.

To investigate whether mu suppression is associated with behavioral efficiency with an action,
we submitted the competence measure (latency to grasp, latency to pull) as our dependent
variable and mu power during observation of action (Oms to 1000ms) and age (9m; 12m) as

independent variables for each condition in separate regression models. In the grasp condition,
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the model with age and mu power revealed a marginally significant model, R? = .26, F(3, 24) =
2.74, p < .06, and a significant interaction of mu power and age group, (b =-322.6, SE=117.5, t
=-2.75, p =.01), and a significant main effect of mu power (b = 248, SE =96.3,t=2.58, p =.02)
on latency to grasp (Figure 7). Follow-up analyses were performed to determine where the
interaction effect originated. We found a positive correlation between mu power and grasp
latency in 9-month-old group (r = -.59, p < .04), with faster grasping latency associated with
more suppression in mu power. We found no evidence of such relation in the 12-month-old
group (r=-.31, p > .2), possibly due to less variability in the 12-month-old grasping latency to
detect meaningful relation. In the cane-use condition, we did not find evidence for a relation of
mu power and age on infants’ cane pulling latency measure (p > .1). We also conducted the
same analysis with occipital alpha and found no evidence of a relation between occipital alpha
and behavioral competence (grasp latency: p > 0.8; cane pulling latency: p > 0.5; correlation
between occipital alpha and behavioral competence: B,; = 4.1, By; = 3.0, respectively).
These findings suggest that motor experience with a familiar action is uniquely associated with
infants” mu suppression during action observation, as has been found in prior studies (Cannon
et al., 2016; Gerson, Bekkering et al., 2015; Paulus et al., 2012; van Elk et al., 2008). No such

correlation was evident for the novel tool-use action.
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Figure 6 [Color should be used for print]. Bar-plot of infant’ behavioral competence. Left:
Infants’ grasping latency, Right: Infants’ canepulling latency, in milliseconds.
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Figure 7 [Color should be used for print]. Scatter plot of Mu Power (6-9Hz) overlying central
area (a) during observation of grasping action and infants’ grasp latency (in milliseconds), and
(b) during observation of cane-use action and infants’ cane pulling latency. X-axis scale is
reversed, indicating faster latency towards right side of the axis. (Note: (a) only the regression
line for 9m is significant; the line for 12m is not significant)

Inter-channel phase coherence

To explore functional connectivity of motor and visual processes, we compared ICPC at 6-9 Hz
frequency for electrode pairs between central-occipital to that of central-frontal and central-
parietal. We analyzed 36 (9m- 17, 12m- 19) infants’ ICPC. Our goal in exploring ICPC was two-
fold. First, we tested whether we replicate the findings by Debnath et al. (2019) for the grasp
condition. Second, we wanted to explore the pattern of ICPC for a novel cane-use action. We
analyzed the ICPC in a 3-way mixed ANOVA with age (9m, 12m) as a between-subject factor and
hemisphere (right, left) and electrode-pair (central-frontal, central-parietal, central-occipital) as

within-subject factors independently for each condition (grasp, cane-use).
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For ICPC in the grasp condition, the analysis revealed a significant main effect of electrode-pair
(F(2, 68) =5.12, p < .05), and a significant interaction effect of hemisphere and age (F(1,68) =
4.3, p<.05; partial eta squared = 0.14). Follow up pair-wise comparisons after Bonferroni
correction revealed that ICPC between central-occipital electrodes pair (M= .39, SE =.08) was
significantly higher than central-frontal (M = .36, SE = .08; t(35)= 2.56, p = .01) and central-
parietal (M = .36, SE = .07; t(35)= 2.62, p = .02) (Figure 8(a)). For the interaction effect of
hemisphere and age, no pairs were significant after Bonferroni correction; however, the
interaction effect seemed to be originated from differences in 12-month-olds. Descriptively,
there was higher connectivity in the left (M = .37, SE =.01) than right hemisphere (M = .35, SE
=.01) in the 12-month-olds across pairs. In the cane-use condition, we did not find evidence for
a difference between electrode-pair connectivity (Figure 8(b)). Thus, we replicate the findings in
Debnath et al., (2019) for the grasp condition and confirm that motor and visual areas are
functionally connected during observation of familiar, grasping action. We find no evidence for
a difference of connectivity among regions during observation of a novel, tool-use action. (See
supplemental material for ICPC regarding connectivity between occipital-frontal, occipital-

parietal, occipital-central).
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Figure 8. Average of central-based Inter-channel phase coherence (ICPC) between channels
pairs over frontal, central, parietal and occipital areas in 6—9 Hz frequency band. The time
window includes Oms to 500ms during observation of (a) grasp and (b) cane-use action. Error
bar indicates + 1 SE. *p < .05.
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Discussion

In this EEG study, we used a tight controlled within-subjects design to systematically compare
9-and-12-month-old infants’ distinct motor and visual processes to motorically familiar and
unfamiliar actions using alpha power in the 6-9 Hz frequency range. More specifically, we
investigated whether there are differences in central and occipital alpha during observation of
motorically familiar versus unfamiliar actions. We extended our analyses by exploring
associations of behavioral competence and mu power, and by investigating functional

connectivity in the 6-9 Hz frequency range.

We pursued several methodological approaches, including using baselines that carefully
matched the visual aspects of the experimental window, to more clearly assess distinct action-
specific motor process and visual attentional processes in response to familiar versus novel
actions. We found that both mu suppression and occipital alpha suppression were evident
during observations of both motorically familiar and unfamiliar actions, though they were
distinct in the pattern they exhibited. Mu suppression was present during action anticipation
(before movements occurred) and throughout the movement period, while occipital alpha was
present during the onset of movement and not during action anticipation. This suggests that
mu suppression is independent of an attentional response to the visual aspects of the stimulus.
More importantly, mu suppression was stronger for familiar than for novel actions, whereas the
level of occipital alpha suppression did not vary as a function of motor familiarity. While this
replicates Southgate & Begus (2013) and Virji-Babul et al. (2012) by showing that mu
suppression is evident during observation of familiar and novel action, these findings also differ
from previous ones in that mu suppression is sensitive to motoric familiarity. Virji-Babul et al.
(2012) did not report occipital alpha power and thus it is unclear to what extent alpha effects
were driven by motor or visual areas. In addition to not finding a difference between central
and occipital alpha as a function of motor familiarity, Southgate & Begus (2013) found an
increase in occipital alpha from baseline. This might reflect potential visual effects related to
the demand of the task beyond motor processes that may have affected their findings, but this

possibility remains unexplored.
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Consistent with prior research relating expertise in action and neural motor activity during
observation of familiar action in adults and infants (Calvo-Merino et al., 2006; Cross et al., 2006;
Cannon et al., 2014, 2016; Orgs et al., 2008), we found that mu suppression was specifically
associated with infants’ own competence in actions. We found a correlation between 9-month-
old infants’ grasp latency and the level of mu power during observation of grasping actions. For
occipital alpha no such relation was evident. It should be noted that the lack of evidence for an
association between mu power and grasp competence in the 12-month-old group is not
necessarily an indication of no relation, but could be due to little variability within the 12-
month-old grasp competence. Indeed, as infants gain more experience with an action, they
produce more stable and accurate movements (Thelen et al., 1996; von Hofsten, 2004). Thus,
we provide supporting evidence that motor competence is associated with mu power for

familiar action, that is not found with occipital alpha.

Also, we found no evidence for such relation between mu suppression during observation of
novel actions and infants’ competence in novel actions. While, in general the interpretation on
the lack of evidence for a relation should be interpreted with extreme caution, it is in this case
not surprising and was expected given that the novel action is outside of the infants’ motor
repertoire at this age. It is an open question whether we would observe a change in this
relation as infants gain experience and learn to produce means-end actions. Future work should

directly address this possibility.

Together, while our results regarding mu power show that mu suppression is exhibited for both
familiar and novel actions, we also observe a unique pattern for motoric familiarity in the way
that is reflected in mu suppression. The level mu suppression is modulated by motoric
familiarity, and mu suppression during observation of familiar action specifically correlates with
infants’ own actions. Nevertheless, it is difficult to reconcile the puzzle on the underlying neural

correlates of perception of motorically familiar action by relying on mu power alone.

Exploring functional connectivity between networks, rather than isolated regional neural

markers, may be a better indicator regarding the underlying mechanism during perception of
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motorically familiar action. Critically, many infant EEG studies report activation of mu and
occipital alpha during observation of actions (Cannon et al., 2016; Yoo et al., 2015; Filippi et al.,
2016; de Klerk et al., 2016); however, only few have directly explored whether activity from
central and occipital alpha are functionally related during action observation (Debnath et al.,
2019). When we extend our analyses beyond mu power to the functional connectivity of motor
and visual processes, we find a clearer role of motor familiarity on neural processes of action
perception. During observation of familiar grasping actions, central-occipital phase coherence
in the 6-9Hz frequency range was higher than phase coherence between areas with shorter
distance like central-parietal and central-frontal electrode pairs across age. In other words,
central and occipital areas were functionally more connected compared to their connections
with other brain regions. Debnath et al. (2019) suggested that higher phase synchronization
between central and occipital regions indicates that while activity in motor and visual regions
reflect distinct processes, they are functionally linked. We did not find evidence for such a
specific connectivity pattern during observation of the novel tool-use action. Thus, we
introduce the possibility that neural correlates of perceiving motorically familiar versus

unfamiliar action may be reflected in integrated activity of a neural network.

Understanding the dynamic of interconnected networks in the brain can provide insights on
functional capabilities infancy (Gao et al., 2017). As such, the application of functional
connectivity in this study sheds light on the potential possibility of inter-relation between
motor experience and motor-visual connectivity. That is, the functional connectivity between
motor and visual regions during observation of familiar grasping action may be a product of
active experience in grasping and observing one’s grasp. Infants start grasping for objects at 3-4
months and become proficient in grasping around 8 to 9 months of age (von Hofsten & Fazel-
Zandy, 1984). Actions such as grasping, allow observation of direct physical changes. For
instance, when one produces a grasping action, the effect of grasping is clearly visible in that
the object moves closer and looks bigger (Woodward, 2005). Therefore, accumulated
experiences with producing grasps and observing their effects could have built on stronger
connections between motor and visual regions, thereby functionally playing a role in

perception of others’ grasps. In fact, Pineda (2005) hypothesized that coupling between
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different sources of activity could be responsible for the relation between perception and
action, and researchers already have emphasized the potential functional significance of motor-
visual coactivation (Fox et al., 2016), specifically in the developmental population (Bowman et
al., 2017). This also aligns well with the theory on bidirectional action-effect associations which
stresses the link between motor system activation and visual processing during action
perception (Paulus, 2012). More work is needed, yet our findings highlight the potential
significance of exploring the dynamics of interconnected networks in the infant brain, which

may better illuminate the underlying processes of action perception.

Future direction

An open question is whether and to what extent new motor experience with a novel action
modulates neural activity in infancy. At the behavioral level, extensive literature has
demonstrated that active experience on a novel action alters infants’ processing of others’
actions (Gerson & Woodward, 2014; Gerson, Mahajan et al., 2015; Libertus & Needham, 2010;
Sommerville et al., 2005, 2008). For instance, Sommerville et al. (2008) trained 10-month-old
infants on using a cane to retrieve an out-of-reach toy. They found that having this active
experience changed infants’ goal understanding of another person’s cane-use action. EEG
studies have found consistent results on the role of active experience when processing others
actions as well (Bakker et al., 2016; Gerson, Bekkering et al., 2015; Paulus et al., 2012). Our
study contributes to the literature by showing that active experience with a familiar action is
associated with stronger mu suppression and with neural communication between motor and
visual areas during observation. However, with the current analysis, we cannot draw any
conclusions about whether mu power or functional connectivity is modulated by learning a
novel skill. It will be important to corroborate whether active experience or training of novel
action subsequently generates stronger mu power to trained action and whether training

induces changes in functional connectivity between motor and visual processes.

Another crucial direction would be to build upon our understanding of the dynamic

communication between regions during action perception in infancy. Our study expanded on
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the approach to explore connectivity between regions, and it revealed critical implications on
action perception. However, it is restricted to regional connectivity and does not consider
interactions across large scale neural networks. Computational approaches and methodological
innovation in this regard would be important to depict a comprehensive picture of connections
across the whole brain during action perception, and further elucidate how the network of

communication between areas changes as a function of experience.

Lastly, in order to accurately depict whether and how active motoric experience affects
generating efficient connectivity routes during action perception, research has yet to gain
understanding on how motor skill acquisition changes neural processing, in particular structural
and functional connectivity patterns. Surprisingly little is known and documented about the
links between changes in early motor development and neural processes associated with
production of action. Only a few studies document changes in EEG power or coherence
associated with changes in motor skill in infancy (resting-state EEG- Bell & Fox, 1996; Corbetta
et al., 2014; Xiao et al., 2018; during action execution- Nishiyori et al., 2016; 2021). This is a
critical gap in the literature that necessitates attention for better understanding of the relation
and coordination between infants’ motor control and changes in neural activity. Importantly, if
changes in power or coherence coincide with changes in motor experience or ability, a holistic
interpretation can be made regarding the role of motor experience on neural reorganization
and the mechanism involved with the interplay between action perception and execution

(Gonzalez et al., 2016).

Conclusion

Together, our findings provide fundamental evidence on the neural correlates and novel
insights about motor-visual processes during infants’ action perception of familiar and novel
actions. Specifically, observation of familiar actions exhibited stronger motor-related response
distinct from general visual processes, and was associated with specific functional connectivity
between motor and visual areas compared to connections with other brain regions. This paves

the way for future research to make use of methodological approaches to parse motor-specific
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neural activity while also to consider neural processing in a dynamic network. This further

broadens the scope of infant EEG mu rhythm procedures and its interpretations.
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