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Although many studies have examined the location and function of the mirror neuron system (MNS) in human
adults, we know relatively little about its development. The current study fills this gap by using fMRI to examine
for the first time the development of the brain regions implicated in action execution, action observation, and
their overlap. We examined age-related differences in brain activation by contrasting a group of children
(n = 21) and adults (n = 18). Surfaced-based analyses of action execution and action observation revealed that
brain activity for action observation and execution in children is similar to adults, though adults displayed
greater activity than children within the right superior parietal lobe during action execution and the occipital
lobe during action observation compared to control. Further, within-individual measures of overlapping acti-
vation between action observation and execution revealed age-related differences, such that adults, compared to
children, displayed more spatial overlap. Moreover, the extent of the overlap in activation across conditions was
related to better motor skills and action representation abilities in children. These data indicate that the MNS
changes between middle childhood and adulthood. The data also demonstrate the functional significance of the

putative MNS to motor skills and action representation during development.

1. Introduction

The mirror neuron system (MNS) is a network of brain regions that
are active when individuals perform an action as well as when they
observe others perform the same or similar actions. Brain regions that
show this pattern of activation include the superior parietal lobe, the
inferior parietal lobe/intraparietal sulcus (IPL), superior temporal
sulcus (STS), posterior middle temporal gyrus, dorsal premotor, and
ventral premotor/inferior frontal gyrus (IFG) (Caspers et al., 2010;
Molenberghs et al., 2012). Because most studies investigating the MNS
in humans cannot examine the mirroring properties of specific neurons
(Mukamel et al., 2010), we use the term MNS to describe the broad
network of regions that display similar activity during both action ex-
ecution and action observation. Since the discovery of single neurons
with mirroring properties in non-human primates, the MNS is thought
to integrate the performance of actions with the ability to understand
others’ actions and intentions (Di Pellegrino et al., 1992; Gallese et al.,
1996; Rizzolatti et al., 1996). However, the function and significance of
the MNS has been widely debated (Hickok, 2009, 2014; Van Overwalle
and Baetens, 2009).

A developmental approach may be particularly useful in providing

insight into the function and significance of the MNS (Ferrari et al.,
2013; Woodward and Gerson, 2014). The abilities to perceive and
execute actions improve across childhood (Calero et al., 2013; Wang
etal., 2011), and recent research suggests that these abilities are related
to neural correlates of action observation and action execution (Cannon
et al., 2016; van Elk et al., 2008). Investigations that capitalize on these
early periods of change can shed valuable light on the function and
significance of the MNS by examining (a) the extent of overlap in brain
activity for action execution and action observation, (b) how this
overlap may be different at later points in development, and (c) how it
may be related to developing behavioral abilities to execute and men-
tally represent action.

Although there is a large corpus of research investigating the loca-
tion and function of the MNS, most work in this area has been per-
formed in adults and relatively little is known about its development.
Recent work in infancy and early childhood suggests that the MNS is
present during early development. This work primarily uses EEG mu-
rhythm desynchronization over the sensorimotor areas of the scalp as a
proxy for MNS activity. Like in adults, infants and children demonstrate
similar brain activity (mu-rhythm desynchronization) during action
observation and action execution (Fox et al., 2016; Marshall and
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Meltzoff, 2011). Mu desynchronization increases from infancy to
adulthood (Thorpe et al., 2016). Intriguingly, mu desynchronization
seems to be related to motor experience such that infants’ motor abil-
ities relate to changes in mu desynchronization when controlling for
age (Cannon et al., 2016; van Elk et al., 2008). Moreover, increasing
motor experience by training infants in novel actions increases mu
desynchronization associated with perception of those actions (Gerson
et al., 2015; Paulus et al., 2012). Researchers have also argued that mu
desynchronization may be related to infants’ representation of others’
actions (Woodward and Gerson, 2014). Indeed, 9-month-old infants
display mu desynchronization specifically for goal-directed actions
(Southgate et al., 2010). Another study found that 7-month-olds
showed greater mu desynchronization on trials in which they subse-
quently imitated the goal-directed behavior of the experimenter (Filippi
et al., 2016). Together, these findings suggest developmental changes in
the neural system supporting action execution and action observation,
and that these changes are related to both motor skills and action un-
derstanding from early in development. These findings therefore have
intriguing implications for the development and function of the MNS.

An important limitation of the MNS research in infancy and early
childhood is that the most commonly used measure—EEG mu-rhythm
desynchronization—lacks the spatial resolution to evaluate whether the
same neural sources are active during action execution and action ob-
servation. As such, it is crucial to investigate the development of the
MNS using methods that provide greater spatial resolution such as
fMRI. To our knowledge, there are no studies examining the normative
development of the neural regions that are active during both action
observation and action execution. The inclusion of separable action
observation and action execution conditions is necessary for drawing
conclusions about MNS activity, given this system is identified by si-
milar activity during action observation and action execution. There are
a few fMRI studies examining action observation and/or action ex-
ecution in children (Biagi et al., 2016; Ohnishi et al., 2004; Reynolds
et al., 2019, 2015; Wadsworth et al., 2018, 2017), but even here, there
are few studies examining developmental change (Shaw et al., 2011,
2012).

In general, studies of the neural correlates of action observation find
that children and adults activate similar areas when observing object-
directed actions (Biagi et al., 2016; Ohnishi et al., 2004; Shaw et al.,
2011, 2012). The areas activated are commonly discussed as the action
observation network. The MNS and the action observation network are
largely overlapping, but the latter extends further to occipitotemporal
areas involved in processing visual information and actions (e.g., bio-
logical motion) that are not active during action execution. For in-
stance, similar to studies with adults, children (7-13 years) displayed
activation in the dorsal premotor, IPL, STS, fusiform gyrus, and visual
association areas when observing object-related hand actions (Ohnishi
et al., 2004). Likewise, the only study examining developmental
changes between children (7-15; mean = 11 years) and adults (20-38;
mean = 31 years) in the action observation network found that chil-
dren and adults displayed a similar activation network. However, the
children’s network was less lateralized to the left hemisphere than
adults (Biagi et al., 2016).

The few studies that included action execution and action ob-
servation conditions within the same children also find similar net-
works to the ones in adults, involving IPL, IFG, dorsal premotor as well
as occipital areas (Reynolds et al., 2019, 2015; Wadsworth et al., 2017).
Importantly, none of these studies involving action execution (with or
without action observation) in childhood examined age-related differ-
ences in the MNS. Moreover, none of these studies tested for differences
in mirroring activity by measuring the extent of the overlap between
action observation and action execution conditions. Finally, to our
knowledge, no fMRI study with children has examined the functional
relevance of the MNS by evaluating the relations between overlapping
brain activity for action observation and action execution, and motor
skills and/or children’s ability to understand or represent other’s
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actions. Thus, the function of the MNS in development is still unclear.
In the present study, we examine, for the first time, the neural areas
implicated in action execution and action observation as well as their
overlap in children and adults. We employed a novel task in which
participants perform and observe the same reach-grasp action, while
controlling for overt shifts in attention across conditions, in order to
better isolate the brain activity associated with observing and executing
actions beyond that associated with domain general attentional de-
mands. By using a surface-based conjunction analysis, we examined
which areas display significant activation during both execution and
observation. Examining the conjunction on the surface—as opposed to
the volume—provides several advantages such as restricting the acti-
vation to gray matter, and improving inter-subject alignment and spa-
tial specificity (Oosterhof et al., 2011). This analysis allowed us to
identify the shared cortical regions between action observation and
action execution as well as to test for age differences in those regions,
thus facilitating better examination of MNS activity and development.
We expected greater activation in regions identified as part of the MNS
for adults compared to children. Moreover, in order to investigate the
functional significance of the MNS in children, we evaluated the rela-
tion between the amount of overlap in activation between action ex-
ecution and observation and indexes of children’s motor skills, action
representation ability, and age. Based on the infant and adult literature,
we hypothesized that the extent of execution-observation overlap
would be associated with better motor skills, better action representa-
tion abilities, and that the extent of overlap would increase with age.

2. Methods
2.1. Participants

Twenty-one children (14 females; Mean,ge = 8.38; SDyge = 0.91;
Range,g. = 7.19-9.99 years; 71.4% Caucasian) and 18 adults (14 fe-
males; Mean,ge = 22.93; SD,g. = 2.58; Range,,. = 18.97-29.07 years;
77.8% Caucasian) provided fMRI data for this study. Four other chil-
dren (2 females; Mean,ge = 7.65; SDyge = 0.29; Range,q. = 7.34-7.94
years; 75% Caucasian) were scanned, but excluded because of excessive
motion. Participants were part of a larger study that also included ex-
amination of EEG activity associated with the same reach-grasp task.
Most participants (81.4%) had their EEG recorded during a prior la-
boratory visit (mean time between tasks = 5.65; SD = 22.09 days) and
were selected for an fMRI visit based on successful task completion and
usable (artifact-free) EEG data. The reason for participants completing
the fMRI visit before the EEG visit was due to scheduling conflicts (i.e.,
scanner availability or rescheduling). During the EEG visit, participants’
behavioral assessment of motor skill and action representation abilities
took place. Here, we report on only the fMRI and behavioral data for
the sample of children who completed the fMRI assessment. All parti-
cipants were right handed and free of any neurological or psychiatric
disorder. The institutional review board of the University of Maryland
approved of all experimental procedures.

2.2. MRI data collection

Imaging data were collected on a 3T Siemens Tim Trio scanner
using a 32-channel head coil. For anatomical localization, high-re-
solution structural images were collected using a T1-weighted sequence
with TR = 1900 ms, TE = 2.32ms, T1 = 900 ms, voxels of 0.9 mm X
.45mm X 0.45mm, FoV 230mm, covering the whole head. For
functional data, T2*-weighted gradient echo planar images (EPI) were
collected (TR = 2000 ms; TE = 24 ms, voxel size 3 mm isotropic, 36
slices, flip angle 90 and 117 volumes per run').

! Three adult participants had 113 volumes per run because they were pre-
sented a slightly different (i.e., shorter) instruction cue (see below). However,
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Fig. 1. Graphical representation of the three task conditions: Action Observation, Action Execution, and Control. Each condition was presented 8 times as a block of 5

consecutive trials for a total of 40 trials per condition or 8 blocks.

2.3. fMRI task

We utilized a novel experimental task depicted in Fig. 1, in which
participants performed three conditions: Action Observation, Action
Execution, and Scene Observation (Control). For a graphical re-
presentation of the experimental setup in the scanner, see Fig. S1.
Participants had an MRI-safe table with two boxes on top of the table.
This table was situated across their lap such that they could reach for
the appropriate boxes without having to look at the box or move their
head. Note the table was only used in the Action Execution conditions.
For all conditions participants viewed images on a screen projected to a
mirror above the participants’ head (as is standard in fMRI set-ups).
These images supplied the visual stimulus for all conditions, including
the condition in which participants executed their reach/grasp with the
real boxes in front of them. Participants had extensive practice with all
conditions of the task both in a mock scanner and in the real scanner
bore before the data collection began, with careful attention to mas-
tering reaching/grasping while looking at the screen and not the boxes
in front of them during the Action Execution condition. In this way, the
visual stimulus could be controlled across conditions.

For Action Observation, participants viewed a video of an actor’s
hand executing object-directed grasps of handles and knobs on boxes
presented on a screen to the participants. For Action Execution, parti-
cipants viewed the same boxes, handles, and knobs on the screen, but
instead of viewing someone else execute an object-directed grasp,
participants executed object-directed grasps of real-life versions of the
handles and knobs on boxes situated on a table in front of them, though

(footnote continued)
the duration of the experimental stimuli was identical across participants.

they kept their gaze on the images of the boxes on the screen (Fig. S1).
All participants executed the grasp actions with their right hand (i.e.,
their dominant hand), and all reach/grasps in the Action Observation
condition were performed by an actor’s right hand. In the Control
condition, participants viewed static images of the same boxes shown in
the Action Execution and Action Observation conditions, but with the
handles/knobs removed to eliminate the possibility of imagined
grasping. Importantly, given the visual stimulus was supplied by the
computer screen above participants’ heads for all conditions, all three
conditions were designed such that they elicited the same shifts in vi-
sual attention (see description below), so as to control for the possibility
of confounding attentional differences across conditions. Each trial
began with a jittered fixation cross (500-1500 ms) to direct initial gaze,
followed by the appearance of two boxes (1000 ms) on the screen. A toy
then appeared over one of the two screen boxes (500 ms) as an in-
formative cue to indicate which box would be reached for/grasped
(either by an actor’s hand in the Action Observation Condition, or by
the participant who reached and grasped a corresponding real-life box
in the Action Execution condition). The experimental event differed
depending on trial type (either execute action, observe action, or ob-
serve scene).

Specifically, for Action Observation, the actor’s hand appeared in
the center bottom of the screen for 500 ms and then the actor reached
for the previously cued location (1500 ms). Participants were instructed
to look at the fixation cross when it appeared, and then to watch the
hand reach and grasp the target (previously cued) object. To mimic the
visual and attentional shifts associated with the Action Observation
condition, for Action Execution, a fixation cross appeared in the center
bottom of the screen for 500 ms to orient the participants’ attention to
the same location of where the actor’s hand appeared in the Action
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Observation Condition. The fixation cross then disappeared and the
participant looked to the previously cued box on the screen while they
reached for and grasped the corresponding real-life box in front of them
(1500 ms). In this way, the visual and attentional experience in the
Action Execution condition matched that in the Action Observation
condition except in the Execution condition the participant did not
observe the action but rather executed it themselves. The Control
condition matched the Action Observation and Execution conditions
except no action was executed or observed. For this condition, a fixa-
tion cross appeared at the center bottom of the screen (500 ms) (just as
in the Action Execution Condition). The fixation cross then disappeared
and the participants shifted their attention to look at the previously
cued box (just as in other conditions). Which box was cued (left or
right) as well as which box contained either a knob or a handle was
fully counter balanced across trials. Note that handles and knobs each
required slightly different grasping actions, which deliberately in-
creased the complexity of the task to keep participants engaged, and
critically forced participants to look at the screen to determine the re-
quired action, thus controlling their visual experience across condi-
tions. The slightly different grasping actions were not conditions of
interest but rather utilized to maintain participants’ engagement in the
grasp task. As such, all execute trials are analyzed together regardless of
the type of grasp.

Trials were presented in blocks of sets of five consecutive trials with
the same condition. At the beginning of each block, participants were
reminded of which experimental condition they had to perform by re-
ceiving instructions to either “Reach” or “Look” (2000-2500 ms” ;
Fig. 1). An experimenter stood beside the participants (next to the
scanner bore) to ensure that participants placed their hand in the center
of the two boxes upon receiving the “Reach” reminder, and that they
kept their hands still in their lap upon receiving the “Look” reminder.
The task consisted of a total of 8 blocks or 40 trials per condition di-
vided into 4 functional runs of approximately 4 min. All stimuli were
presented using Matlab with the Psychophysics Toolbox extensions,
Version 3 (PTB-3) (Brainard, 1997; Kleiner et al., 2007; Pelli, 1997).
Participants received an approximately 45-minute training session to
ensure that they understood the task and could perform it accurately as
well as practice how to complete the task and remain motionless in the
scanner. In addition, as noted, most participants (81.4%) completed the
same task while EEG data were collected before performing the task in
the scanner (Mean time between tasks = 5.65; SD = 22.09 days). Re-
sults of the EEG study will be reported elsewhere.

2.4. Behavioral tasks

Only children completed the behavioral tasks.

2.4.1. Motor skills

In order to assess the children’s motor skills, we used the pegboard
task from the Movement Assessment Battery for Children (MABC;
Henderson and Sugden, 1992). The test requires the children to pick up
a small peg and place it into a small hole (in a grid of holes) as quickly
as possible. It is a standard measure of motor skills for this age group.
One hand holds the box of loose pegs and the other hand places the
pegs, one at a time, into the holes (in any order). Children practice with
four pegs. Practice pegs are removed and test data is calculated on 12
pegs. Children first complete practice and test trials by moving pegs
with their non-dominant hand, and then complete another practice and
test round with their dominant hand. The task requires both speed and
accuracy of hand movements to the target, and manipulation of small
objects. As stipulated in the MABC manual, the task is scored as the

2Three adult participants were consistently presented with 2000 ms in-
structions. The rest of the participants were presented with instructions that
varied from 2000-2500 ms.
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total time (in seconds) it takes children to accurately complete this
action (place all the pegs in the holes). As such, faster times represent
better motor skills. We utilized the non-dominant hand as it was per-
formed first and it provided more variability than the dominant hand.
Children took on average 38.71s to complete the pegboard task
(SD = 8.74, min = 24.72, max = 54.00).

2.4.2. Action representation ability

To evaluate children’s ability to represent others’ actions, we used a
task designed to capture children’s ability to mentally represent dif-
ferent hand positions and object-directed hand actions (Bowman et al.,
2017). This task has been used in prior childhood assessments of action
representation. This task consists of 8 items. For each item, children
were asked to pick the hand (out of four possible options) that is in the
best shape to grab the handle. Correct responses on each item required
understanding of how both body orientation (of the hand in relation to
the object) and grasping position (relative positions of fingers, palm,
and wrist) should be optimized to grasp differentially shaped and or-
iented handles. This task was also timed and children were instructed to
select their response as fast as they could. Reaction Time (RT) and
accuracy are measured. Practice items were presented to ensure task
understanding. Given that most children in this age range display high
levels of accuracy, we operationalized action representation ability as
the sum of the RT to select their responses. As such, faster RTs indicate
better action representation ability. Children took on average 39.57 s to
complete the action representation task (SD = 9.52, min = 24.06,
max = 59.04).

2.5. Data analyses

Surface-based fMRI analyses were performed using the Analysis of
Functional Neurolmages (AFNI) (Cox, 1996) and surface-mapping
(SUMA) programs (Saad and Reynolds, 2012). Cortical surface models
were created from the structural MRI data using the automated pipeline
from Freesurfer (version 5.1.0 with RedHat 6.3 Linux terminal). This
pipeline developed by Dale, Fischl, and colleagues has been widely used
and documented elsewhere (Dale et al., 1999; Desikan et al., 2006;
Fischl and Dale, 2000; Fischl et al., 2002, 1999; Fischl et al., 1999b).
The output of this pipeline was used by SUMA to generate a 2D mesh
surface representation of the brain for each subject. These surface
models were aligned to the structural data producing an aligned surface
volume.

Before projecting to the surface, the functional time series were
preprocessed in the volume domain. The preprocessing steps were slice-
timing correction and co-registration of each functional volume and the
anatomical volumes to the first volume of the functional timeseries
using an affine registration. Six motion parameters (x,y,z and roll, pitch,
yaw) were calculated at this step and volumes that displayed excessive
motion (> 1 mm framewise displacement) were censored and subse-
quently excluded from regression analyses. Moreover, runs that con-
tained excessive motion were not utilized in further analyses. Excessive
motion consisted of greater than 4 mm total frame displacement across
a run or greater than 10% of outlier time points (> 1 mm frame dis-
placement). For three children one run was excluded and for two
children two runs were excluded. Although on average children dis-
played more motion than adults, #(37) = 3.39, p = .002, the results
presented below remain significant when mean FD is included as a
covariate in all analyses to control for average motion.

The preprocessed time series aligned to the individual’s surface
volume were then projected to a 2D standardized surface mesh (MNI
N27, 36,0002 surface nodes per hemisphere) using the participant’s
own anatomy. Intensities were normalized to a mean of 100. Data were
then smoothed on the surface using a 5 mm full-width half maximum
Gaussian smoothing kernel. Smoothing was performed on the surface as
it has been shown to result in greater spatial accuracy compared to
smoothing on the volume where signal from non-adjacent voxels can be
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smoothed due to the way the cortex is folded (e.g., smoothing across
gyri).

For each participant, a general linear model (GLM) was used to
estimate a parameter for each of the three conditions (Action
Observation, Action Execution, and Control). We used REML estimation
methods to account for the temporal autocorrelation in the time series.
Each condition of interest was modeled using AFNI’s duration modu-
lated block function with each block beginning after the instruction cue
and ending at the end of the last trial of the block. Blocks were ap-
proximately 23 s and contained 5 trials of the same condition. In ad-
dition to the regressors for each condition, we included nuisance re-
gressors in the model including polynomial trends to detrend the time
series as well as twelve motion regressors (i.e., roll, pitch, yaw, x, y, z
and their derivatives) to model the residual effects of motion. Contrasts
were estimated for each effect of interest (i.e., Action Observation vs.
Control and Action Execution vs. Control).

The coefficients and t-values for each contrast were brought to
second-level analyses using mixed effect models (3dMEMA; (Chen
et al., 2012). We estimated the effect of each condition for each node
for children and adults separately. To correct for multiple comparisons,
we used Monte Carlo simulations on the cortical surface to estimate the
minimum cluster size. Specifically, noise was generated within the
functional volume and then mapped to the surface and smoothed to
reach the target smoothness. Simulations were then run on these
smoothed surface data. Using a voxel threshold of p < 0.005, this
approach suggested that a minimum cluster size of 88 mm? on the
surface maintained an overall alpha < .05. All results discussed used
this cluster correction. However, we also present two additional ana-
lyses. First, we indicate in Table 1 regions that also survive when using
a more stringent cluster correction (voxel threshold of p < .001 and
cluster size > 55 mm?). Second, estimating spatial autocorrelations
when volumetric data are projected to and smoothed on the surface is a
complicated problem and to our knowledge no cluster-correction
method currently exists to account for this. Thus, we also performed the
same analyses in the volume, in which we account for the spatial au-
tocorrelation when estimating the minimum cluster size. Results from
these analyses were similar to the one presented on the surface (see
Supplementary Data for details).

In order to identify the MNS at the group-level, we performed a
conjunction analysis to determine the neural regions that were sig-
nificantly active (p < .05 corrected) during both Action Execution as
well as Action Observation when each was independently contrasted to
the Control condition (Nichols et al., 2005). To further evaluate the
development and function of the MNS, we examined individual
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differences in the extent of the concurrence of activation during Action
Execution and Action Observation by performing a conjunction analysis
across the whole brain at the individual level (p < .005 uncorrected).
To control for overall levels of activation, we used a ratio or the per-
centage of nodes displaying significant activation for both conditions
(i.e., overlap) while adjusting for all the significant nodes across either
condition. This was done by dividing the number of nodes displaying
the conjunction by the total number of significantly active nodes (i.e.,
nodes active just for one or both conditions). We tested if the percen-
tage of nodes displaying the conjunction was related to age, motor
skills, and action representation ability by performing zero-order cor-
relations. Moreover, in an exploratory analysis, we examined if the
extent of the execution-observation overlap mediated the relation be-
tween age and either motor skills or action representation in a regres-
sion framework. Separate models were tested for each behavioral out-
come (i.e., motor skills and action representation). We estimated the
indirect effects of the MNS activation using the PROCESS macro for
SPSS (Model 4) to determine the 95% bootstrap bias corrected con-
fidence intervals (Hayes, 2017).

3. Results
3.1. Neural correlates of action execution

To determine which areas were active during action execution, we
contrasted Action Execution with the Control condition for adults and
children separately. As displayed in Table S1 and Fig. S2, for adults, we
observed several large clusters that were more active during Action
Execution compared to Control, encompassing the primary motor
cortex, superior parietal, inferior parietal lobe (intraparietal sulcus and
postcentral sulcus), superior precentral gyrus (dorsal premotor), in-
ferior precentral gyrus (ventral premotor), and STS/inferior temporal.
As illustrated in Table S1 and Fig. S2, children displayed a similar
network of activation. Indeed only two clusters reached significance
when evaluating differences in activation to Action Execution between
children and adults. As shown in Fig. 2 and Table 1, adults displayed
significantly higher activity in the right superior parietal region (post-
central gyrus and sulcus). In contrast, children exhibited higher activity
in the left medial temporal region (parahippocampal gyrus). These re-
sults held for the volume analysis (see Supplementary Data; Fig. S4).

3.2. Neural correlates of action observation

We investigated the active areas during Action Observation by

Table 1
Differences in activation between children and adults for Action Execution and Action Observation.
Region H # nodes Area (mm?) Peak node X y z t-value
Action Execution > Control
Children > Adults
1 Parahippocampal gyrus /Medial temporal* LH 199 287.59 6958 -33 -31 -8 —5.78
Adults > Children
2 Postcentral sulcus and gyrus RH 102 133.08 18532 22 -40 72 3.73
Action Observation > Control
Adults > Children
1 Middle occipital gyrus/Lunate sulcus/Occipital Pole* LH 87 437.55 29887 -13 -96 2 4.88
2 Intraparietal sulcus/Superior occipital gyrus and sulcus* LH 114 277.89 21231 —-22 -76 33 3.58
3 Lateral occipito-temporal sulcus* LH 39 192.70 31540 -36 -74 -1 4.97
4 Temporo-occipital incisure LH 38 143.81 31828 —44 —-67 -3 3.21
5 Postcentral sulcus LH 38 92.24 22859 —38 —-34 40 4.98
6 Middle occipital gyrus/Superior occipital gyrus* RH 28 135.40 29756 24 -99 6 5.93
7 Middle occipital gyrus RH 27 122.57 30225 44 -75 15 3.81
8 Middle occipital sulcus and lunate sulcus RH 25 104.22 29751 24 -91 2 4.00

Note: Region names are based on the Freesurfer parcellation (Destrieux et al., 2010). x, y, z = MNI coordinates for the peak node within each cluster; t-values = t-
value for the peak node. LH = Left hemisphere; RH = Right hemisphere. Clusters are thresholded at alpha < 0.05 (corrected; voxel threshold of p < .005 and
cluster size > 88 mm?). *Cluster also survives a more stringent threshold (voxel threshold of p < .001 and cluster size > 55 mm?).
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Fig. 2. Developmental differences (Children vs. Adults) in activation for Action Execution and Action Observation.

contrasting this condition to the Control condition independently for
children and adults. As depicted in Table S2 and Fig. S3, adults dis-
played widespread bilateral activation including superior parietal, in-
ferior parietal lobe (intraparietal sulcus and postcentral sulcus), su-
perior precentral gyrus (dorsal premotor), inferior precentral gyrus
(ventral premotor), STS/inferior temporal, middle and inferior occipital
gyrus and sulcus. Children displayed an analogous network of activa-
tion, except they did not display significant activation in inferior pre-
central gyrus (ventral premotor) and the left inferior parietal lobe
cluster was divided into two clusters. When evaluating age-related
differences by contrasting children and adults in Action Observation,
adults displayed significantly higher activation in the left inferior par-
ietal lobe (intraparietal sulcus and postcentral sulcus) and other visual
areas in the occipital lobe (Fig. 2 and Table 1). No clusters survived in
which children displayed greater activation compared to adults. While
these age-related differences were significant at a more stringent
threshold on the surface (Table 1), they were not present when using
volumetric analyses (see Supplementary Data; Fig. S4).

3.3. Shared activation of action execution and action observation

In order to examine the MNS, we determined the neural regions that
were significantly active during both Action Execution as well as Action
Observation when each was contrasted to the Control condition. As
displayed in Fig. 3, the conjunction analyses in adults revealed that
several areas displayed overlapping activation (i.e., activation during
both conditions), including several areas previously identified as part of
the MNS such as superior parietal, inferior parietal lobe (intraparietal
sulcus and postcentral sulcus), superior precentral gyrus (dorsal pre-
motor), inferior precentral gyrus (ventral premotor), and STS/inferior
temporal. For children, the conjunction analyses revealed similar re-
sults. In order to quantify age differences in the overlap/conjunction,
we examined if individual differences in the extent of the execution-

observation overlap was related to age. Because the adult group con-
tained an outlier (> 3 SDs from the mean), we performed a nonpara-
metric test, which is robust to outliers or non-normal distributions. As
expected, a Mann-Whitney test revealed that adults displayed sig-
nificantly more overlap in the individual-level conjunction analyses
compared to children, Median,q,s = 5.78; Medianjgren = 2.28;
U= 313,p < .001 (Fig. 4A). In the same vein, when examining age as
a continuous measure within the child group, results revealed a similar
relation with age such that older participants displayed a larger con-
junction, although it was a non-significant trend (Fig. 4B), r(19) = .41,
p = .064.

Functional Significance of Shared Activation for Action Execution
and Action Observation

Finally, to evaluate the functional role of the MNS, we examined if
individual differences in the amount of overlap across conditions was
related to children’s motor skill and action representation ability. As
hypothesized, results revealed that individuals who displayed more
overlap across conditions (suggestive of increased mirror-like activity)
had better motor skills (Fig. 4C), r(19) = —.46, p = .036, and action
representation abilities (Fig. 4D), r(19) = —.60, p = .004.

Moreover, to further explore the role of the MNS, we evaluated
whether the execution-observation overlap mediated the relations be-
tween age and either of the two behavioral measures (i.e., motor skills
and action representation). This was done in two separate models by
estimating the indirect effects of the execution-observation overlap in
the relations between i) age and motor skills as well as ii) age and ac-
tion representation. Indirect effects indicated the extent to which the
overlap in action execution and action observation activity mediated
the relations between age and the behavioral outcomes. For the relation
between age and motor skills, 7(19) = —.58, p = .006, the execution-
observation overlap did not mediate this relation as the indirect effect
of the overlap was not significant, —1.1 (SE = 1.12), 95% CIs [ —4.45,
0.33]). Indeed, when age was included in the same model, the relation
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Fig. 3. Brain regions significantly active for Action Execution (blue), Action Observation (yellow), and the overlap, or conjunction, of the two (green).
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between the extent of the overlap and motor skills was no longer sig-
nificant, b = —1.12, t(18) = —1.33, p = .200, while the relation
between age and motor skills remained significant, b = —4.49, t(18) =
—2.30, p = .033. Although the relation between age and action re-
presentation was not significant, 7(19) = —.19, p = .412, the execu-
tion-observation overlap marginally mediated the relation between age
and action representation as suggested by an indirect effect estimate of
—2.72 (SE = 1.96), 95% CIs [ —7.77, 0.03]. The relation between the
extent of the execution-observation overlap and action representation
remained significant when age was in the same model, b = —2.86, t
(18) = —3.04, p = .007; while the relation with age was not sig-
nificant, b = 0.73, t(18) = 0.34, p = .740.

4. Discussion

Despite considerable research on the MNS in adults, little is known
about its development, location, and functional significance in child-
hood. In the current study, we utilized a novel task to investigate the
neural regions involved in both action execution and action observation
as well as their overlap in children, as a way to examine MNS activity.
Moreover, we evaluated age-related differences in brain activation by
comparing children and adults. Finally, we examined the functional
significance of overlapping observation-execution activation in child-
hood by relating the extent of the execution-observation overlap to
motor and action representation abilities.

4.1. Neural correlates of action observation and action execution

In line with previous studies examining the brain regions involved
in action observation and/or action execution in children (Biagi et al.,
2016; Ohnishi et al., 2004; Reynolds et al., 2019, 2015; Wadsworth
et al., 2018, 2017), children displayed similar activation as the “ma-
ture” activation maps during Action Observation and Execution. Al-
though activation maps were highly similar for children and adults, we
did observe age-related differences during action execution and action
observation. For Action Execution, adults, in contrast to children, dis-
played greater activation in the right superior parietal lobe. For Action
Observation, adults displayed more activation compared to children
within the occipital cortex and on the left inferior parietal lobe (in-
traparietal sulcus and postcentral sulcus), a region commonly involved
in action execution. However, this parietal region, did not survive
cluster correction on the supplementary volume analyses (see Supple-
mentary Data). As such, we caution against strong interpretations of
age-related differences in this region. In sum, these findings suggest
that the activation maps for action execution and action observation are
largely similar for children and adults. However, despite gross simila-
rities in activation between children and adults, some brain regions did
exhibit differences in activation (Table 1), suggesting potential devel-
opmental changes between middle childhood and adulthood.

4.2. Shared activation of action execution and action observation

Identifying age-related differences (and similarities) in Action
Execution and Action Observation conditions, however, does not speak
directly to age-related change in the extent of shared neural processing
of action execution and observation. Importantly, because the current
study was able to identify “Action Observation” regions that were also
involved during Action Execution, we could probe development of
overlapping activation between conditions. To identify shared activa-
tion between execution and observation, we performed conjunction
analyses between conditions of Action Observation and Execution —
both at the group level and within individuals. Similar to the activation
results, children and adults displayed similar regions of overlap. Across
children and adults, the areas displaying overlap across execution and
observation have been identified as part of the MNS in previous fMRI
studies, including superior parietal, inferior parietal lobe (intraparietal
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sulcus and postcentral sulcus), superior precentral gyrus (dorsal pre-
motor), inferior precentral gyrus (ventral premotor), and STS/inferior
temporal (Molenberghs et al., 2012). Somewhat surprisingly, we also
found overlap across conditions for temporal-occipital regions. Al-
though not traditionally considered as part of the MNS, several studies
have also found overlap in activation during observation and execution
of actions in areas involved in processing visual information (Caspers
et al.,, 2010; Molenberghs et al., 2012), suggesting further integration
between the action observation network and the MNS. While the group
conjunction results only allow for a qualitative comparison between
groups, the individual-level conjunction analyses showed that the ex-
tent of the execution-observation overlap was significantly smaller for
children compared to adults. This finding is in line with the develop-
mental literature examining the MNS using EEG, where age-related
increases in mu-rhythm desynchronization are also observed (Cannon
et al., 2016; Thorpe et al., 2016).

4.3. Functional significance of shared activation for action execution and
action observation

In the current study, we also found evidence for the functional
significance of the MNS-insofar as this system is indexed by over-
lapping activity in action-execution and action-observation conditions
in our task. Specifically, the extent of the execution-observation overlap
was related to behavioral assessments of children’s motor skills and
action representation abilities. These findings are in line with the mu-
rhythm desynchronization literature, in which patterns of brain activity
thought to index an underlying MNS are related to motor experience
and/or motor skills as well as young children’s ability to understand
actions (Cannon et al., 2016; Filippi et al., 2016; Gerson et al., 2015;
van Elk et al., 2008; Woodward and Gerson, 2014). Together, these
findings suggest that the MNS may play a role in the ability to execute
fine-motor actions as well as the capacity to represent and understand
others’ actions.

Intriguingly, when exploring the role of the MNS on the relations
between age and motor skills and action representation, our findings
suggest a possible dissociation between motor skills and action re-
presentation as related to MNS development. Although both motor
skills and action representation ability were directly related to the ex-
ecution-observation overlap, improvements in motor skills were better
captured by age than the execution-observation overlap. These findings
suggest that age (or other unmeasured factors correlated with age in
this sample) may be a larger driver of fine motor skill development in
middle childhood than potential neural mirroring processes. On the
other hand, the relation between the execution-observation overlap and
action representation was independent of age, likely reflecting in-
dividual differences due to other factors (e.g., social and cognitive
abilities). Moreover, when exploring whether execution-observation
overlap (our index of an underlying MNS) mediated the link between
age and action representation, the marginally significant indirect effect
suggests that the development of the MNS may be one process under-
lying age-related changes in action representation.

4.4. Limitations and future directions

The findings of the current study should be considered in light of
several limitations. The main limitation is the nature of the sample. The
sample size is relatively small, especially for the correlation analyses
within the children group. In addition, we employed a cross-sectional
sample comparing children to adults to carry out a first fMRI ex-
amination of developmental differences in the MNS. Given the nature of
the sample, the current findings should be considered as preliminary,
but promising, evidence regarding the development of the MNS and its
functional significance. Future studies should replicate these findings
using a larger sample with an age-stratified longitudinal design, which
would allow studying within-person change in a wide age range.
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We used a novel experimental design to incorporate action execu-
tion within the scanner bore. However, a limitation of our approach is
that there was a visual-tactile discrepancy for the Action Execution
condition as participants had to maintain their visual attention on the
screen while reaching for the objects. This added to the complexity of
the task, requiring participants to learn to adapt to this discrepancy.
This may have been especially challenging for younger participants.
Moreover, in our experimental setup the accuracy and reaction time
could not be recorded during the execution condition from the MRI-safe
box and table setup. These issues are mitigated by the fact that the
actions used in this study consisted of relatively simple actions that all
participants could perform accurately. On the other hand, the simplicity
of the actions may be a reason why we observed relatively few differ-
ences in activation between children and adults. It is possible that in-
cluding more complex actions would enhance age differences in per-
formance and activation.

Finally, although we tried to match our experimental conditions as
closely as possible and attempted to control for visual shifts in attention
across conditions, significant activation in the same areas across action
execution and action observation could arise from other non-action-
specific cognitive processes such as inhibition of irrelevant information,
choice discrimination, and predictive coding. Future studies could in-
clude assessments of these domain-general covariates to further isolate
brain activity and behavioral skills specific to the motor/action domain.

5. Conclusion

The current study investigates the development, location, and
function of the MNS using a novel fMRI paradigm that examines both
action execution and observation within the same child while control-
ling for visual attention. The findings suggest that both children and
adults display a spatial overlap when performing actions and when
observing the same action. This overlap implies “mirroring” processes,
in which the same brain regions used to execute one’s own action are
engaged when perceiving others’ actions. We found that the extent of
this overlap increased with age, suggesting developmental changes in
MNS across childhood to adulthood. Moreover, this overlap was related
to motor and action representation abilities in childhood. The current
data highlight the importance of examining the MNS from a develop-
mental perspective, which can offer valuable insight into its function
across development.
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