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a b s t r a c t 

Face-to-face imitation is a unique social interaction wherein a shared action is executed based on the feedback 

of the partner. Imitation by the partner is the feedback to the imitatee’s action, resulting in sharing actions. 

The neural mechanisms of the shared representation of action during face-to-face imitation, the core of inter- 

subjectivity, are not well-known. Here, based on the predictive coding account, we hypothesized that the pair- 

specific forward internal model is the shared representation of action which is represented by the inter-individual 

synchronization of some portion of the mirror neuron system. Hyperscanning functional magnetic resonance 

imaging was conducted during face-to-face interaction in 16 pairs of participants who completed an immediate 

imitation task of facial expressions. Paired participants were alternately assigned to either an imitator or an 

imitatee who was prompted to express a happy, sad, or non-emotional face. While neural activation elicited 

by imitating and being imitated were distinct with little overlap, on-line imitative interaction enhanced inter- 

brain synchronization in the right inferior parietal lobule that correlated with the similarity in facial movement 

kinematic profile. This finding indicates a critical role of the right inferior parietal lobule in sharing representation 

of action as a pair-specific forward internal model through imitative interaction. 
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. Introduction 

Imitation refers to reproducing a consequence of actions by copying

ctions with understanding the action’s goal ( Call and Carpenter, 2002 ).

ace-to-face imitation is a unique social interaction wherein a shared

ction is executed based on the feedback of the partner. This interac-

ion is critical in social cognition and its development ( Decety and Som-

erville, 2003 ; Hobson, 2003 ; Nadel-Brulfert and Baudonniere, 1982 ;

revarthen, 1979 ). It is the avenue for developing early communication

y recognizing ’self-other equivalences’ or common acts ( Gopnik and

eltzoff, 1994 ). Role-taking during imitation between an infant and

is/her mother is a milestone in linking their subjective experiences

 Decety and Sommerville, 2003 ) and promotes the development of an

mplicit sense of self as a social agent ( Rochat, 1999 ). Furthermore,
Abbreviations: ACC, anterior cingulate cortex; BOLD, blood-oxygen-level-depende

rontal cortex; EPI, echo planar imaging; FA, flip angle; FoV, field of view; H , happ

yrus; IPL, inferior parietal lobule; MNI, Montreal Neurological Institute; MTG, mid

remotor area; Pre-SMA, pre-supplementary motor area; R , the responder; rACC, ro

hared representation of action; TA, acquisition time; TE, echo time; TPJ, temporopa
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mitation, along with empathy and mindreading, is critical in inter-

ubjectivity by providing the same internal representation of action

hared between the self and the other (shared representation of action

SRA]) ( de Vignemont and Haggard, 2008 ). During mutual interaction,

erceptual and motoric representations are linked such that perceiving

nother person’s action activates the same representations as perform-

ng the action. This common coding, SRA, allows a person to embody

he behaviors of others and infer their internal states ( Barsalou et al.,

003 ). Thus, SRA is the core component of inter-subjectivity, providing

he “like-me ” framework ( Gallese, 2003 ). 

What is shared by SRA is supposed to be intention in action ( de Vi-

nemont and Haggard, 2008 ). According to Searle (1983) , there are two

ypes of intentions: prior intention and intention in action. Prior inten-

ion represents the goal of the action as a global unit (e.g. I intend to
nt; C , control for imitation; CSF, cerebrospinal fluid; dmPFC, dorsomedial pre- 

y; HRF, hemodynamic response function; I , the initiator; IFG, inferior frontal 

dle temporal gyrus; N , emotionally neutral with an open mouth; PMv, ventral 

stral anterior cingulate cortex; S , sad; SMA, supplementary motor area; SRA, 

rietal junction; TR, repetition time. 
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rink) ( de Vignemont and Haggard, 2008 ). Intention in action repre-

ents the action as a dynamic sequence of specific movements, initiating

he action, guiding it and monitoring its effects. Intention in action cor-

esponds to the motor plan linking the set of movements into meaningful

equences, prior to the dispatch of the final motor command to the mus-

les ( Jeannerod, 1995 ). Prior intention represents the goal which may

ave multiple means to realize it, thus less specific to the movement

o be performed. Intentions in action has a level of motor specificity

hat prior intention lacks ( de Vignemont and Haggard, 2008 ). While the

irror system provides the neural substrate for imitation ( Caspers et al.,

010 ; Iacoboni et al., 1999 ; Rizzolatti and Craighero, 2004 ), the neural

echanisms of the SRA during face-to-face imitation are not well-known

 de Vignemont and Haggard, 2008 ). 

The potential mechanisms of SRA during mutual imitation is a

esonance of internal model. Imitating is understood as a predic-

ion/control relation or forward/inverse internal model ( Sasaki et al.,

012 ; Wolpert et al., 1998 ; Wolpert and Kawato, 1998 ). The internal

odel is defined as a set of input-output relations between motor com-

ands and their sensory consequences ( Penhune and Steele, 2012 ). The

mitators decode the visually presented movements of the imitatees into

heir motor representation and generate a series of motor commands.

his decoding process is regarded as the inverse internal model defined

s the inference of the causes of sensory input, approximating the re-

erse transformation of sensory inputs to the causes during perceptual

nference (cf. recognition models) ( Kilner et al., 2007 ). The scheme of in-

erse models will only work when the processes generating the sensory

nputs from the causes are invertible, which is not the case in general

ecause the same sensory input can have many causes ( Kilner et al.,

007 ). To solve this ill-posed problem, a predictive coding framework

as proposed. In this schema, neuronal representations in higher lev-

ls of cortical hierarchies predict the representations in lower levels

 Friston, 2008 ; Mumford, 1992 ; Rao and Ballard, 1999 ). The compari-

on of top-down predictions (forward model) with representations at the

ower level forms a prediction error fed back up the hierarchy to update

igher representations. This recursive exchange of signals suppresses

rediction error at every level to provide a hierarchical explanation

or sensory inputs ( Friston and Frith, 2015 ). According to the predic-

ive coding account, both self action optimization and action inference

f others require forward model or top-down prediction ( Kilner et al.,

007 ): The same forward model used to predict the sensorial effects

f one’s own actions can also be used as a constraint for decoding the

ctions of others ( Friston, 2005 ; Kilner et al., 2007 ). That is, the in-

erse model of the imitator is the inversion of the forward (or genera-

ive) model of the imitatee with the imitator’s forward model as a con-

traint. The imitatees also predict and monitor the partner’s responses as

onsequences of their own actions to update their own forward model.

s the imitator’s motor output reflects the imitator’s forward model,

hese iterative updating processes result in the inter-individual neuronal

ynchronization during reciprocal interaction of the agents, represent-

ng the shared forward internal models between the interacting agents

 Friston and Frith, 2015 ). Based on this theoretical prediction, we ex-

ected the inter-individual synchronization of some portion of mirror

euron system of the two brains during mutual imitation, which repre-

ents the pair-specific forward internal models. 

The predictive coding account also suggests that the imitatees pre-

ict and monitor the partner’s responses as consequences of their own

ctions to detect contingency and similarity which elicits positive feeling

e.g., affiliation and trust) towards the imitator and prosocial behavior

 Hale and Hamilton, 2016 ; Kühn et al., 2010 ). Thus, we expected the

ctivation of the reward system of the imitatee. 

To depict the neural substrates of imitating, being imitated, and SRA

uring face-to-face interaction, we conducted hyperscanning fMRI with

n immediate imitation of facial expressions as a task. The roles of imi-

ating and being imitated were alternated to enhance the shared repre-

entation. To eliminate the motor components common to both imitat-

ng and being imitated, we included a control condition that involved
2 
imultaneous facial movements. We first hypothesized that neural sub-

trates of imitating and being imitated are distinct but linked by the SRA

hich is specified by pair-specific neural and behavioral synchroniza-

ion. Second, we also hypothesized that being imitated elicits positive

eelings with activation of the reward system. 

. Methods 

.1. Participants 

Thirty-two healthy right-handed Japanese volunteers (22 women

nd 10 men; mean age, 22.42 years; range, 19–35 years) participated in

his study. Eleven female pairs and 5 male pairs were randomly assigned

y order of enrollment. They were not mutually acquainted before the

xperiment. All participants had normal or corrected-to-normal vision

nd had no history of neurological, major medical, or psychiatric dis-

rders. Informed consent was obtained from all participants. This study

as undertaken in compliance with national legislation and the Code

f Ethical Principles for Medical Research Involving Human Subjects of

he World Medical Association (the Declaration of Helsinki) and was

pproved by the ethical committee of the National Institute for Physio-

ogical Sciences. 

.2. Task and procedure 

Each pair of participants engaged in real-time facial interaction via

 2-way video system while they lay supine in different MRI scanners

 Fig. 1 ). Two MR-compatible video cameras captured the participants’

aces, which were then displayed on a screen visible to their partner in

 different scanner. The intrinsic delay of this live video system was up

o 100 ms ( Koike et al., 2019a ). Video data of participants’ faces were

ecorded at a rate of 30 frames per second for offline analysis (see 2.3.1.

inematic analysis of facial movements ). The task involved an imitation

f 3 facial expressions: happy ( H ), sad ( S ), and emotionally neutral with

n open mouth ( N ). Each of the paired participants was assigned to be

ither the initiator ( I ) or the responder ( R ). They were also asked to

ake the same facial expressions simultaneously as a control for imita-

ion ( C ). The trial consisted of 3 phases: instruction, task, and subjective

ating. Participants were instructed as to which imitation condition they

ad to perform ( I, R , or C ) at the beginning of each trial. The instruc-

ions, generated using Presentation software (Neurobehavioral System

nc., Albany, CA, USA), appeared for 2 s under the video of the partner’s

ace that overlaid using a Picture-in-Picture system (NAC Image Tech-

ology and Panasonic System Solutions Japan Co. Ltd., Tokyo, Japan).

hen a participant was assigned as the initiator, the instruction indi-

ating the required facial expression was highlighted in magenta. The

artner, assigned as the responder, received the instruction “imitate your

artner’s facial expression ” on the screen, highlighted in white. In the con-

rol condition, the instructions for the facial expression were presented

n cyan to both participants. Following the instructions, the cue, a white

rame, appeared on the screen for 2 s. Participants were asked to per-

orm the task while the cue was visible and to return to their resting

acial expression when it disappeared. Subsequently, the participants

eported their current emotional state on a 7-point scale ( − 3 = nega-

ive emotion, 3 = positive emotion). The scale was presented for 3 s,

uring which participants were prompted to respond using 2 buttons on

n MR-compatible button device (HHSC1 × 4-D; Current Designs Inc.,

hiladelphia, PA, USA) held in their right hands. The paired partici-

ants always expressed the same facial expression and could see each

ther’s faces during the experiment. There were 1.5-s periods of rest

etween the instructions, the imitative interaction, and the subjective

ating. 

The current experiment used an event-related fMRI design consist-

ng of 5 scanning runs with 36 trials each and a 0.5-s inter-trial interval

3 facial expressions × 3 imitation conditions × 4 repetitions). To op-

imize design efficiency, the orders of the facial expressions and the
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Fig. 1. Experimental setup. Each pair of participants engaged in real-time facial interaction via a 2-way video system while they lay supine in different MRI scanners. 

Two MR-compatible video cameras captured the participants’ faces, which were then displayed on a screen visible to their partner in a different scanner. They were 

instructed as to which imitation condition they had to perform at the beginning of each trial. The instruction appeared under the video of the partner’s face, generated 

using Presentation software, and overlaid centrally with a video image of the participant’s face using a Picture-in-Picture system. 
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mitation conditions were arranged using a genetic algorithm

 Wager and Nichols, 2003 ), and a null event was included where partici-

ants only watched the video of their partner’s face to improve regressor

rthogonalization. Consequently, 5 different trial order sequences were

reated that were then randomly assigned to 5 scanning runs across

airs. The experimental recording lasted approximately 45 min. Before

he recording, participants practiced making facial expressions outside

he scanners for 10 min. We gave participants feedback about the qual-

ty of their facial expressions using Face Reader 5 (Noldus Information

echnology, Wageningen, The Netherlands). They also practiced the

ask inside the scanner for 5 min for familiarization with the task and

eneral procedure. 

.3. Behavioral data analyses 

.3.1. Kinematic analysis of facial movements 

To characterize the shared intention in action within each pair, sim-

larities in the trial-by-trial variabilities of amplitude and speed during

acial movement were evaluated. When the initiator’s facial movement

as imitated by the partner, their trial-by-trial variabilities were ex-

ected to be correlated. Thus, the correlation coefficients of trial-by-trial

ariabilities of movement amplitude and speed between paired partici-

ants were calculated and compared with those of pseudo pairs created

y pairing participants from different pairs (240 pairs) to validate that

nter-individual correlations were not a result of performing the same

ction but a result of real-time interaction. 

First, the maximum amplitude and speed of lip corner movement

ere measured as they are assumed to represent facial movement

 Schmidt et al., 2003 ). The data processing procedure is shown in

ig. 2 as an example of the movement speed correlation analysis. In-

ividual facial features were identified and tracked automatically by

 standard open-source face detection algorithm OpenFace software

 Baltru š aitis et al., 2018 ). The change in the location of lip corners over
3 
ime, relative to their default positions (i.e., the most frequent location

hrough recording), was calculated as a movement displacement time

eries. The movement displacement time series were averaged across

ip corners and low-pass filtered using a 7-Hz Butterworth filter. Speeds

ere then obtained using differential calculus of displacement. 

The maximum amplitude and speed were calculated from 333 ms (10

rames) before the cue (white frame) onset to 1,667 ms (50 frames) after

nset. The maximum amplitudes and speeds of each trial were aligned

y facial expressions ( H, S , and N ) and by imitation roles ( I and R ) in

ach run so that the trial order was the same across pairs while retaining

mitation roles within a pair ( Fig. 2 D; also see Inline Supplementary Fig.

), then concatenated across runs. More specifically, we conducted the

ollowing procedures: (1) Within the run of each pair, the maximum

mplitude and speed of each trial were re-ordered to the canonical order

T, stands for template) that determined the facial expression followed

y the roles of the participants. (2) The 5 re-ordered trial sequences were

oncatenated as T1-T2-T3-T4-T5 following the run order. Note that the

anonical order specified the role of the paired participants so that there

ere two patterns of the trial sequence depending on the role of the first

rial. (3) Thus, we defined (T1-T2-T3-T4-T5)i and (T1-T2-T3-T4-T5)r,

here i stands for initiator role, and r stands for responder role. (4) To

enerate the real and pseudo pairs, we made all combinations of the

T1-T2-T3-T4-T5)i and (T1-T2-T3-T4-T5)r. We made 16 real pairs, and

40 pseudo pairs. 

This re-ordering process enabled us to make pseudo pairs in which

he combination of imitation condition and facial expression between

articipants was equivalent to that of real pairs. The difference between

eal and pseudo pairs depended on whether they had a real-time in-

eraction with each other. Pearson’s correlation coefficients of move-

ent amplitude and speed were then computed within the real and

seudo pairs. The correlation coefficients were z-transformed to follow

he normal distribution using Fisher’s z-transformation and compared

etween the real and pseudo pairs using unpaired t -tests. Thirty-nine of
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Fig. 2. Example of video data processing flow for calculating the inter-individual correlation of movement speed. (A) Lip corner markers were labeled (#49 and 

#55) and tracked using OpenFace software. (B) The distance of a lip corner marker from its default position (the most frequent location) was calculated to acquire 

movement displacement time series that were then averaged across lip corners. The vertical dotted line indicates the cue onset for a trial. (C) Velocities were obtained 

by differential calculus of displacement. The maximum speed was detected from 333 ms (10 frames) before the cue onset (vertical dotted line) to 1,667 ms (50 frames) 

after the onset. (D) The maximum speeds were aligned by condition in each run, then concatenated across runs. Pearson’s correlation coefficients were calculated 

and z-transformed using Fisher’s z-transformation. H , happy; S , sad; N , non-emotional; I , initiator; R , responder. We performed the same analysis for the control 

condition independently; therefore, the control condition was not included in this diagram. 
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920 trials (2.03%) were excluded from this video analysis because we

ould not identify landmarks. 

.3.2. Subjective rating 

The subjective rating was averaged across trials within each con-

ition and participant. A two-way repeated-measures ANOVA with 2

ithin-subject factors —facial expression ( H, S , and N ) and imitation

ondition ( I, R , and C ) —was performed on the subjective rating us-

ng the statistical software SPSS, version 23 (IBM Corporation, Armonk,

Y, USA). Subjective rating values of the initiator were normalized by

ubtracting the value of the control condition from that of each fa-

ial expression condition and averaging across facial expressions for

he fMRI correlation analysis (see 2.5.1. Individual brain activation ). The

reenhouse–Geisser correction was used in cases where the result of

auchly’s test of sphericity was significant. Bonferroni correction was

sed to correct for multiple comparisons. The level for statistical signif-

cance was set at p < .05. 

.4. fMRI data acquisition and preprocessing 

The functional images of the paired participants were acquired si-

ultaneously using 2 identical MRI scanners (Magnetom Verio 3T;

iemens Medical System, Erlangen, Germany) that were located 10.5
4 
 apart in a room. A 24-channel phased array coil constructed by re-

lacing the top 12-channel component of a Siemens Verio standard 32-

hannel phased array coil with a 4-channel flex coil (Siemens) was used

o avoid covering the participants’ faces ( Koike et al., 2016 ). To ob-

ain functional images with less noise due to facial movement, sparse

ampling was used with a T2 ∗ -weighted echo planar imaging (EPI) se-

uence sensitive to blood-oxygen-level-dependent (BOLD) contrast [rep-

tition time (TR) = 3.5 s, acquisition time (TA) = 0.5 s, echo time

TE) = 35 ms, flip angle (FA) = 90°, acquired matrix = 64 × 64, field

f view (FoV) = 192 × 192 mm, slice thickness = 3 mm with slice

ap 0.51 mm, and 42 slices]. We sampled EPI data immediately be-

ore each phase of the trial: instruction, task, and subjective rating (see

nline Supplementary Fig. 2). Six slices were acquired simultaneously

y using a multi-band sequence ( Moeller et al., 2010 ) to maximize the

cquisition speed. The slices were collected obliquely parallel to the

nterior-posterior commissure plane. Each run lasted approximately 8

in, resulting in 128 volumes. Also, high-resolution T1-weighted im-

ges were acquired for anatomical localization using the standard 32-

hannel phased array coil with 3-dimensional magnetization-prepared

apid acquisition gradient echo sequencing (TR = 1,800 ms, TE = 1.98

s, FoV = 256 × 256 × 176 mm, voxel size = 1 × 1 × 1 mm, FA = 9°). 

The fMRI data were analyzed with statistical parametric mapping

sing SPM12 software (Wellcome Trust Centre for Neuroimaging, Uni-
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ersity College London, UK) implemented in MATLAB (Version 2016a,

athworks Inc., Natick, MA, USA). The first 3 volumes of each run

ere discarded from the analysis. All EPI volumes were realigned to

he first volume in the first run by rigid body transformations. A mean

mage for all EPI volumes was then created, according to which indi-

idual volumes were again spatially realigned. The realigned EPI vol-

mes were co-registered with the T1-weighted structural image. The

tructural image was normalized into standardized Montreal Neurolog-

cal Institute (MNI) coordinate space using “Diffeomorphic Anatomical

egistration using Exponentiated Lie algebra ” (DARTEL) normalization

 Ashburner, 2007 ) with a template generated from an independent set of

1-weighted structural images of 512 healthy volunteers (256 women

nd 256 men; mean age, 23.29 years) using the same MRI system as

hat in the present study ( Rajaei et al., 2018 ). The normalization pa-

ameters were applied to the EPI volumes to ensure an anatomically

nformed normalization. The normalized EPI volumes were smoothed

sing an isotropic Gaussian kernel filter of 8 mm with full width at half

aximum. 

.5. Statistical analyses 

.5.1. Individual brain activation 

The first-level statistical analysis was performed using a general lin-

ar model to estimate the parameters for each experimental condition.

ectors containing the white frame appearance onset (duration = 2

) were convolved with the canonical hemodynamic response function

HRF) to form the main regressors in the design matrix. The design ma-

rix included 9 regressors of interest ( HI, HR, HC, SI, SR, SC, NI, NR , and

C ), representing variable combinations for facial expressions [happy

 H ), sad ( S ), or neutral ( N )] and imitation conditions [initiator/imitatee

 I ), responder/imitator (R), or control ( C )]. The model also included

ushing buttons and visual stimuli for instructions and subjective rat-

ngs which were convolved with the HRF, the time series of 6 realign-

ent parameters, and the average signal intensities in white matter and

erebrospinal fluid (CSF) as regressors of no interest. The estimation

ethods were ordinary least squares. The data were high-pass filtered

ith a cut-off period of 128 s to remove low-frequency signal drifts.

he AR(1) autocorrelation model was globally applied over the brain.

ince there were no significant interactions with facial expressions in

he subjective rating, the 3 facial expressions were pooled to focus on

he main effects of being imitated and imitating. To explore the brain

reas associated with imitating and being imitated, 2 contrast images of

mitating ( R > C ) and being imitated ( I > C ) were constructed from each

articipant and used for the second-level analysis. 

The second-level random effects analysis was performed to allow in-

erences across participants using a flexible factorial design. The main

ffect of the initiator ( I > C ) and responder ( R > C ) were investigated,

ollowed by a conjunction analysis ( I > C ∩ R > C ) to examine the com-

on neural activation between imitating and being imitated. To identify

he region associated with positive emotions evoked by being imitated,

e examined parametric modulation of neural activity based on indi-

idual subjective ratings using the contrast image and subjective rating

f the initiator ( I > C ). 

.5.2. Inter-brain synchronization 

To investigate inter-brain synchronization related to imitation, a

eta-series correlation technique initially used to map activation similar-

ty between regions within a brain ( Rissman et al., 2004 ) was extended

o an inter-brain beta-series correlation analysis ( Koike et al., 2019b ).

he design matrix was remodeled such that the magnitude of the task-

elated BOLD response was estimated separately by modeling each trial

s a separate regressor. This procedure resulted in 180 regressors of in-

erest (3 facial expressions × 3 imitation conditions × 4 repetitions × 5

uns). For regressors of no interest, we used the same regressors as in the

ndividual brain activation analysis ( 2.5.1. Individual brain activation ).

he estimation at the first level analysis produced 180 beta maps. Each
5 
ap represents neural activation during each trial. To compare the real

airs and pseudo pairs, the beta estimate images of each trial were re-

rdered with the identical procedure to that for the behavioral analysis.

he beta maps were aligned in each run by facial expressions ( H, S , and

 ) and imitation roles ( I and R ). To retain imitation roles within a pair,

he order of imitation roles was different within a pair ( I to R or R to I )

see Inline Supplementary Fig. 1). The reordering process enabled us to

ostulate pseudo pairs performed the task in the same way as real pairs

id. Inter-brain correlations of beta-series were calculated voxel-wise

n the same coordinate positions using Pearson’s correlation coefficient

nd z-transformed using Fisher’s z-transformation. Following the similar

rocedure, we also made the re-ordered sequence of the beta contrast

mages of the control condition to calculate the pair-specific correlation

s the control for the imitation related correlation. 

To examine the group effect, the second-level analysis for beta-series

orrelation maps was performed using a flexible factorial design that

odeled run and group effects. A conjunction contrast [(real pair >

seudo pair) ∩ (real pair > 0)] was computed using the correlation maps

f real pairs and all possible pseudo pairs. 

To explore whether the correlation coefficient was also higher when

articipants were engaged in real-time interaction in the control con-

ition, a conjunction analysis [(real pair > pseudo pair) ∩ (real pair >

)] and an unpaired t-test was employed to compare the z-transformed

orrelation coefficient between real pair and pseudo pair. The unpaired

-test was performed at the peak coordinate (x = 68, y = − 34, z = 38)

hat was significant in the imitation condition. 

.5.3. Neural and behavioral synchronization 

To assess the relationship between inter-brain activation similarity

nd facial movement similarity, Pearson’s correlation coefficients were

omputed between the z-transformed correlation coefficient of facial

ovement amplitude or speed and at the significant peak coordinate

x = 68, y = − 34, z = 38) in the beta-series correlation analysis. A per-

utation test was then performed where 5000 samples were generated

y computing correlation coefficients of pseudo pairs. We iterated cal-

ulation of correlation coefficients of 16 pairs who were randomly se-

ected from 240 pseudo pairs by the MATLAB function “randperm ”. We

hen computed the probability of the correlation coefficient in real pairs

gainst that in randomly selected pseudo pairs. 

.5.4. Statistical thresholding of imaging results and anatomical labeling 

For all analyses, the resulting statistical values were height-

hresholded with p < .001 (uncorrected), and a significant effect was

eported when the volume of the cluster survived a family-wise error

orrection at the cluster level ( p < .05) in line with recommendations

or controlling false positives in the cluster-based correction approach

 Eklund et al., 2016 ). The anatomical locations were determined using

he SPM Anatomy Toolbox ( Eickhoff et al., 2007 , 2006 , 2005 ), and the

ocations were checked using a paper atlas ( Mai et al., 2015 ). The sig-

ificant clusters in white matter and CSF areas were masked out. The

atasets of fMRI in the current study are available from the correspond-

ng author upon request. 

. Results 

To characterize behavioral similarities, the correlation coefficient of

he trial-by-trial variabilities of the maximum amplitude and speed of

acial movement between paired participants were calculated ( Fig. 2 ).

he z-transformed correlation coefficient was higher in real pairs than

n pseudo pairs in both movement amplitude [ t (15) = 4.32, p < .001]

nd speed [ t (15) = 5.46, p < .001], indicating that paired participants

ended to match their movements ( Fig. 3 ). 

Correspondingly, neural correlates of inter-individual similarity in

he trial-by-trial variability of the task-related activity were sought us-

ng beta-series correlation analysis. There were correlations between the

nter-individual jittering of the imitation-related neural activation of the
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Table 1 

Neural correlates with inter-individual similarity in the trial-by-trial variability of the task-related activity. 

peak MNI coordinates 

Cluster size (mm 

3 ) p-Value (FWE-corr) T x y z Hem Anatomical region (Probability by Anatomy Toolbox) 

984 0.896 4.16 68 − 34 38 R SupraMarginal Gyrus 

0.941 4.09 56 − 46 38 R Inferior Parietal Lobule PFm (67%), PF (18%) 

0.971 4.03 52 − 44 36 R SupraMarginal Gyrus PFm (38%), Area hIP2 (IPS) (13%), Area hIP1 (IPS) (12%) 

0.993 3.93 64 − 36 34 R SupraMarginal Gyrus PF (67%), PFm (15%) 

1.000 3.58 60 − 38 38 R SupraMarginal Gyrus PF (64%), PFm (34%) 

1.000 3.52 68 − 30 40 R SupraMarginal Gyrus 

The locations of local maxima were defined by the SPM Anatomy Toolbox v2.2c ( Eickhoff et al., 2007 , 2006 , 2005 ) and the paper atlas ( Mai et al., 2015 ). Hem, 

hemisphere; R, right; x, y, z = location (in mm) with the three axes. 

Fig. 3. Inter-individual correlation coefficients of facial movements. (A) The 

correlation coefficients of facial movement amplitude were higher in the real 

pairs than in the pseudo pairs. (B) The correlation coefficients of facial move- 

ment speed were also higher in the real pairs than in the pseudo pairs. Error 

bars represent the standard error of the mean. ∗ ∗ ∗ : p < .001. 
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airs in the right IPL ( Fig. 4 A and Table 1 ); these values were higher than

hose of the pseudo pairs. The z-transformed correlation coefficient of

he real pairs at the significant peak coordinate (x = 68, y = − 34, z = 38)

as positive and higher than that of the pseudo pairs in the imitation

ondition but such a clear difference was not observed in the control

ondition [ t (254) = 0.44, p = .660] ( Fig. 4 B and Fig. 4 C). Moreover, the

-transformed correlation coefficient at the peak coordinate was corre-

ated with that of movement speed ( r = .48, p = .037) but not with

mplitude ( r = .37, p = .107) ( Fig. 4 D). Therefore, the higher the simi-

arity between the speed of facial movements, the higher the similarity

etween the activation patterns of the right IPL. 

Compared to the control condition (to eliminate movement execu-

ion), the responder condition activated the midcingulate cortex, the

re-supplementary motor area (pre-SMA), supplementary motor area

SMA) ( Mayka et al., 2006 ), the bilateral putamen and precuneus, the

eft ventral premotor area (PMv) extending to the primary motor cor-

ex, and the right middle occipital and inferior temporal gyri ( Fig. 5

nd Table 2 ). On the contrary, compared to the control condition, the

nitiator condition activated the dorsomedial prefrontal cortex (dmPFC)

xtending to the anterior cingulate cortex (ACC), the pre-SMA, the bilat-

ral superior temporal sulcus, the cerebellum, the temporoparietal junc-

ion (TPJ), and the right IFG extending to the PMv ( Fig. 5 and Table 2 ).

Regarding the subjective rating, participants reported more positive

motions when being imitated than when imitating or simultaneously

aking facial expressions with their partner ( Fig. 6 ). ANOVA yielded

ignificant main effects for the imitation condition [ F (2, 62) = 10.19,

 < .001] and facial expression [ F (1.36, 42.01) = 49.42, p < .001] but

o significant 2-way interaction [ F (4, 124) = 1.20, p = .315]. Simple ef-
6 
ect tests revealed that the rating value of the initiator was significantly

igher than that of the responder ( p = .029) and the control condition

 p = .001). There was no significant difference between the responder

nd control conditions. Thus, the experience of being imitated induced

ositive emotions irrespective of the facial expression. Individuals who

eported more positive emotions after being imitated showed higher ac-

ivity in the rostral anterior cingulate cortex (rACC), evidenced by a

ositive correlation between the subjective ratings and rACC activity

peak coordinates: x = 8, y = 26, z = 18) of the initiator compared to

he control ( Fig. 6 ), suggesting that the rACC is associated with the pos-

tive emotions evoked by being imitated. 

. Discussion 

.1. Behaviorally relevant inter-brain synchronization of the right IPL 

In this experiment, we aimed to depict the shared representation of

ction, that is, what is shared during imitation at behavioral and neural

evels. We found that the kinematic parameters are shared at the behav-

oral level and the task-specific BOLD responses of the right IPL at the

eural level. Inter-brain synchronization in the right IPL was correlated

ith facial movement kinematic profile similarity ( Fig. 4 D). Thus, neu-

al representation of the kinematic parameters was shared in the right

PL. The issue is what level of the hierarchy of the motor control system

he shared neural representation of the right IPL corresponds to: prior

ntention, intention in action, or motor command ( de Vignemont and

aggard, 2008 ). 

Prior intention represents the goal of the action as a global unit.

here may be several means to realize the same prior intention so that

t is not sufficient to specify the movement ( de Vignemont and Hag-

ard, 2008 ). Therefore, the inter-brain synchronization of the right IPL is

nlikely to represent prior intention. As there was no inter-brain neural

ynchronization in the primary motor cortex, which dispatches the final

otor command to the muscles, it is unlikely the right IPL represents

he motor command per se . Intention in action, on the other hand, repre-

ents the action as a dynamic sequence of specific movement. It initiates

he action, guides it, and monitors its effects. It corresponds to the motor

lan, prior to the dispatch of the final motor command to the muscles

 de Vignemont and Haggard, 2008 ). Therefore, intention in action has

 motor specificity that prior intention lacks. For this reason, intention

n action can be identified with the forward model, which computes the

ensory outcome of the motor commands needed to achieve the desired

tate ( de Vignemont and Haggard, 2008 ; Wolpert et al., 1995 ). 

The trial-by-trial variability in the maximum amplitude and speed of

acial movement showed a higher correlation within real than pseudo

airs. The responder copies both categorical facial expressions (happi-

ess and sadness) and their kinematic profiles which describe the action

s a dynamic sequence, i.e., intention in action. The intention in action

as only shared within pairs who interacted in real time, whereas the

ategory of facial expressions associated with the goal of the action, i.e.,

rior intention, was shared by both the real and pseudo pairs. Thus, the
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Fig. 4. Pair-specific inter-brain correlation. (A) The results of inter-brain beta-series correlation analysis during imitative interaction. Significant clusters were 

overlaid on the MNI template image. Statistical thresholds were set at p < .001 (uncorrected) at the voxel level and p < .05 (FWE-corrected) at the cluster level. (B) 

The results of inter-brain beta-series correlation analysis in the control condition. There was no significant voxel. (C) The z-transformed correlation coefficient at the 

significant peak coordinate (x = 68, y = − 34, z = 38) was not different between the real and pseudo pairs in the control condition. Error bars represent the standard 

error of the mean. (D) A significant correlation between the z-transformed correlation coefficient at the significant peak coordinate (x = 68, y = − 34, z = 38) and 

that of facial movement speed ( r = .48, p = .037). The trend line represents a linear regression line. MNI, Montreal Neurological Institute; FWE, family-wise error. 
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air-specific inter-individual correlation of kinematic profiles represents

he sharing of intention in action. 

This notion is consistent with the view of imitation as a predic-

ion/control relation or forward/inverse internal model of motor control

 Wolpert et al., 1998 ; Wolpert and Kawato, 1998 ); the imitatee made

he facial expression which is controlled by the prediction of one’s own

ction (forward model), while imitating is the control of self-action in

he context of another’s action (inverse model). The forward and in-

erse models are tightly coupled during both their acquisition and use

 Wolpert and Kawato, 1998 ), because the same forward model used to

redict the sensorial effects of our own actions can also be used as a con-

traint for predicting the actions of others ( Friston, 2005 ; Kilner et al.,

007 ). Considering the inter-individual causal relationship between imi-

ating and being imitated, the neural substrates of the pair-specific inter-

ndividual synchronization represent the shared forward model, the set

f the commands specifying facial expression movements. The forward

odel of facial movement is shared between the pair of individuals who

lay different roles. Therefore, the observed pair-specific synchroniza-

ion can be explained by the shared forward model generated by inter-

ndividual causal relationship. This interpretation is further supported

y the fact that the neural synchronization of the right IPL disappeared

uring the control condition, which lacked the prediction/control com-

onents. 

Involvement of the right parietal region was shown by the previous

yperscanning fMRI studies of joint attention ( Bilek et al., 2015 ) and

oint force production ( Abe et al., 2019 ), and hyperscanning electroen-

ephalography studies of face-to-face imitation ( Dumas et al., 2010 ), in-

erpersonal rhythmic movement synchrony ( Tognoli et al., 2007 ), and

oint musical performance ( Novembre et al., 2016 ), suggesting less spe-

ific function such as self-other differentiation. The present study is dis-

inct from the previous studies in that (1) the kinematic profile of ac-

ion is shared between two participants in a face-to-face situation, (2)

he task-specific activity in the right IPL was inter-individually synchro-

ized, and (3) the neural synchronization was correlated with the simi-

arity in facial movement kinematic profile. These specific findings lead

s to conclude that the right IPL codes intention in action. 

The IPL is related to motor planning ( Quiroga et al., 2006 ) and mo-

or imagery ( Jeannerod, 2006 ; Rizzolatti and Matelli, 2003 ; Sirigu et al.,

996 ; Wheaton and Hallett, 2007 ) and is considered as the area respon-

ible for intentions, emerging through neural computation within the

otor network for action preparation and planning ( Desmurget et al.,

009 ; Desmurget and Sirigu, 2009 ). The parietal lesion in humans is
 n  

7 
nown to cause ideomotor apraxia, the inability to pantomime, imitate,

nd use tools properly ( Wheaton and Hallett, 2007 ). The important role

f the posterior parietal cortex in sensorimotor transformation and inte-

ration is well established ( Andersen, 1995 ; Andersen and Buneo, 2002 ).

 non-human primate study has shown that cells in the lateral intra-

arietal area have activity specifically related to movements the animal

ntends to make, thus representing the intention in action ( Snyder et al.,

997 ). 

The literature on the coding of intentions indicates the involvement

f the frontal regions. By manipulating the context during functional

RI, Iacoboni et al. (2005) added the different intentional component

f the same grasping action (either intention of drinking or cleaning).

hey found that the premotor mirror system is understanding the prior

ntentions of others. de Lange et al. (2008) asked participants to judge

hether the intention of the action was ordinary, whereas on other tri-

ls, participants had to judge whether the action was carried out in an

rdinary manner. They found that observing actions with extraordinary

ntentions was associated with increased activation (compared to ordi-

ary actions) in the IFG irrespective of whether participants paid at-

ention to the intention or manner. Thus, de Lange et al. (2008) also

oncluded that the intention of others (i.e., prior intention) is coded in

he frontal mirror system. 

With the distinction of the two types of intention, the results of

acoboni et al. (2005) and de Lange et al. (2008) indicate the role of

he frontal MNS for prior intention, and those of the present study sug-

est the role of the parietal MNS for intention in action. This difference

omes from the task design: present study requires participant to imi-

ate the facial expression of the partner, thus specific motor parameters

eeds to be shared. These findings lead us to conclude that the inter-

ndividual neural synchronization of the right IPL represents the shared

ntention in action, that is, the SRA. 

.2. Different neural activation reflecting different psychological processes 

We used the condition of simultaneously making the same facial ex-

ressions as a control for imitation. Neural activations in this condition

epresent the shared process between imitating and being imitated, such

s making facial expressions and observing a partner’s facial expressions.

herefore, the remaining activations (after subtracting the activation in

he control) were specific to imitating and being imitated. As expected,

eural activation elicited by imitating and being imitated was distinct
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Table 2 

Neural correlates with main effect of initiator (top) and responder (bottom). 

Initiator > Control 

peak MNI coordinates 

Cluster size (mm 

3 ) p-Value (FWE-corr) T x y z Hem Anatomical region (Probability by Anatomy Toolbox) 

16616 0.000 7.74 46 − 24 − 2 R Superior Temporal Gyrus 

0.007 5.63 56 − 42 10 R Middle Temporal Gyrus 

0.012 5.49 60 − 44 42 R SupraMarginal Gyrus PFm (63%), PF (22%) 

0.035 5.20 60 − 38 38 R SupraMarginal Gyrus PF (64%), PFm (34%) 

0.128 4.81 52 − 48 26 R SupraMarginal Gyrus PFm (28%), PGa (20%) 

0.974 3.75 66 − 44 22 R Superior Temporal Gyrus PF (38%), PFm (37%), PGa (16%) 

1.000 3.24 56 − 56 12 R Middle Temporal Gyrus PGa (45%), PGp (24%) 

1920 0.001 6.08 − 52 − 26 2 L Superior Temporal Gyrus 

0.004 5.80 − 48 − 30 0 L Middle Temporal Gyrus 

2376 0.004 5.76 10 12 72 R Posterior-Medial Frontal 

12040 0.009 5.56 − 54 − 48 40 L Inferior Parietal Lobule PFm (51%), PF (26%), PGa (15%) 

0.012 5.48 − 60 − 50 30 L SupraMarginal Gyrus PFm (50%), PF (18%), PGa (13%) 

0.023 5.31 − 58 − 48 22 L Superior Temporal Gyrus PFm (19%) 

0.026 5.28 − 56 − 50 28 L SupraMarginal Gyrus PFm (28%), PGa (26%), PF(21%) 

0.050 5.10 − 58 − 54 28 L SupraMarginal Gyrus PFm (46%), PGa (40%), PF(14%) 

0.055 5.07 − 42 − 58 20 L Middle Temporal Gyrus 

0.073 4.99 − 38 − 54 22 L Angular Gyrus 

0.096 4.90 − 52 − 60 20 L Middle Temporal Gyrus PGp (30%), PGa (25%), PFm (15%) 

5096 0.018 5.39 − 6 48 28 L Superior Medial Gyrus 

0.612 4.21 10 50 24 R Superior Medial Gyrus 

1496 0.107 4.87 30 − 88 − 20 R Area hOc3v [V3v] Area hOc3v [V3v] (46%), Area hOc4v [V4(v)] (27%) 

0.714 4.12 22 − 80 − 28 R Cerebelum Lobule VIIa crusI (94%) 

2984 0.155 4.75 50 20 − 4 R IFG (p. Orbitalis) Area 45 (31%) 

0.194 4.68 52 22 0 R IFG (p. Triangularis) Area 45 (48%), Area 44 (18%) 

0.364 4.45 50 22 20 R IFG (p. Triangularis) Area 45 (17%) 

1648 0.294 4.53 − 26 − 76 − 20 L Cerebelum Lobule VIIa crusI (25%), Area hOc4v [V4(v)] (16%) 

0.515 4.30 − 24 − 80 − 24 L Cerebelum Lobule VIIa crusI (92%) 

0.773 4.06 − 20 − 78 − 34 L Cerebelum Lobule VIIa crusI (82%), Lobule VIIa crusII (15%) 

1488 0.539 4.28 4 34 24 R ACC 

0.998 3.53 2 26 32 R MCC 

Responder > Control 

peak MNI coordinates 

Cluster size (mm 

3 ) p-Value (FWE-corr) T x y z Hem Anatomical region (Probability by Anatomy Toolbox) 

11056 0.000 6.56 − 6 − 78 48 L Precuneus Area 7P (SPL) (72%), Area 7A (SPL) (12%) 

0.006 5.68 − 2 − 66 60 L Precuneus Area 7A (SPL) (40%) 

0.033 5.21 0 − 74 52 L Precuneus Area 7A (SPL) (30%), Area 7P (SPL) (26%) 

0.054 5.07 14 − 68 46 R Precuneus 

5264 0.001 6.25 − 26 − 4 14 L Putamen 

0.551 4.27 − 16 2 16 L Caudate Nucleus 

8456 0.001 6.06 − 6 − 4 68 L Posterior-Medial Frontal 

0.625 4.20 − 10 16 38 L MCC 

0.992 3.64 6 − 6 64 R Posterior-Medial Frontal 

4416 0.002 5.95 24 − 4 10 R Putamen 

4768 0.009 5.56 − 54 − 4 40 L Postcentral Gyrus 

0.028 5.26 − 56 − 2 34 L Precentral Gyrus 

0.571 4.25 − 58 − 12 36 L Postcentral Gyrus Area 3b (41%), Area 4p (11%) 

0.976 3.74 − 58 − 12 24 L Postcentral Gyrus Area 3b (29%) 

2976 0.014 5.45 − 4 − 18 34 L MCC 

0.051 5.09 6 − 20 34 R MCC 

3704 0.175 4.71 40 − 78 0 R Middle Occipital Gyrus Area hOc4la (54%), Area hOc4lp (18%) 

0.399 4.41 30 − 96 10 R Middle Occipital Gyrus Area hOc3d [V3d] (55%), Area hOc4lp (20%) 

0.593 4.23 48 − 60 − 10 R Inferior Temporal Gyrus Area FG2 (11%) 

0.984 3.70 42 − 72 − 6 R Inferior Temporal Gyrus Area hOc4la (63%), Area FG1 (13%) 

0.998 3.53 40 − 92 4 R Middle Occipital Gyrus Area hOc4lp (62%), Area hOc3v [V3v] (14%), Area hOc4d [V3A] (12%) 

1.000 3.43 22 − 102 16 R Area hOc2 [V2] 

The locations of local maxima were defined by the SPM Anatomy Toolbox v2.2c ( Eickhoff et al., 2007 , 2006 , 2005 ) and the paper atlas ( Mai et al., 2015 ). 

Hem, hemisphere; L, left; R, right; x, y, z = location (in mm) with the three axes; ACC: anterior cingulate cortex; IFG; inferior frontal gyrus; MCC: midcingulate 

cortex. 

w  

p

4

 

a  

t  

(  

p  

a  

e  

c  

e  

r  

t  

(  
ith little overlap. This finding might reflect the different psychological

rocesses of imitating and being imitated ( Hale and Hamilton, 2016 ). 

.2.1. Imitating 

In the present study, there was significant activation in the left PMv

nd pre-SMA/SMA during imitating compared with the control condi-

ion; both are reportedly involved in action observation and imitation

 Caspers et al., 2010 ). In addition to cortical activation in the occipito-
8 
arieto-frontal region, the striatum, a part of the basal ganglia, was also

ctivated. The imitating condition required participants to make facial

xpressions from a non-verbal cue: the partner’s facial expression. In

ontrast, the control condition required participants to make a facial

xpression cued by a verbal command. Thus, the imitating condition

equired participants to convert visual input into a motor output. No-

ably, ideomotor apraxia, characterized by a failure to imitate actions

 Tessari et al., 2007 ), was observed in patients with basal ganglia dys-
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Fig. 5. Neural activations by being imitated and by imitating. A significant clus- 

ter was overlaid on the MNI template image. Statistical thresholds were set at p 

< .001 (uncorrected) at the voxel level and p < .05 (FWE-corrected) at the cluster 

level. L, left; R, right; MNI, Montreal Neurological Institute; FWE, family-wise 

error. 
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Fig. 6. Association between the subjective rating of emotional valence and rACC ac

emotions, and negative values indicate negative emotions. The experience of being im

by positive values. Error bars represent the standard error of the mean. (B) A statis

correlated with normalized subjective ratings ( I –C ) in the initiator using the contra

weighted image of all 32 participants. Statistical thresholds were set at p < .001 (unco

The scatter plot demonstrates the correlation between contrast estimates at [8, 26, 1

significant. I , initiator; R , responder; C , control; rACC: rostral anterior cingulate corte

9 
unction ( Leiguarda, 2001 ; Wheaton and Hallett, 2007 ; Zadikoff and

ang, 2005 ). The basal ganglia participate in the early stages of pro-

essing biological movements, possibly by selecting suitable motor pro-

rams to match the stimulus ( Kessler et al., 2006 ). It is also involved

n selecting kinematic parameters and responses by inhibiting inappro-

riate responses to behaviorally relevant stimuli ( Lawrence et al., 1999 ;

ushworth et al., 1998 ). This represents the functions of the basal gan-

lia in the visuomotor conversion mechanism necessary for imitation

 Tessari et al., 2007 ). 

.2.2. Being imitated 

In contrast with the control condition, being imitated showed acti-

ation of the parieto-premotor mirror system, comprising the right IFG

nd IPL, and the mentalizing network, comprising the dmPFC and bilat-

ral TPJ. The involvement of these two systems is consistent with the

odel of being imitated proposed by Hale and Hamilton (2016) featur-

ng perception-action matching and self-other processing. The mirror

ystem participates in perception-action matching ( Fogassi et al., 2005 ;

izzolatti et al., 1997 ; Rizzolatti and Craighero, 2004 ; Rizzolatti and

inigaglia, 2016 ). The mentalizing network is related to the self-

ther distinction critical for contingency detection ( Decety and Som-

erville, 2003 ; Farrer and Frith, 2002 ; Ruby and Decety, 2001 ;

ddin et al., 2006 ). Previous studies have demonstrated that the mir-

or system and the mentalizing network have distinct but complemen-

ary functions in understanding the prior intentions of others ( de Lange

t al., 2008 ; van Overwalle and Baetens, 2009 ). During the mutual im-

tation, the IFG and the IPL, enhanced functional connectivity with the

entalizing network ( Sperduti et al., 2014 ). The excessive connectiv-

ty between the mirror system and the mentalizing network was ob-

erved in young adolescent with ASD compared with the matched con-

rol ( Fishman et al., 2014 ). The default mode network, a system for

sychological self-relevant processing and mentalizing, and the mir-

or system may interact through densely connected “hubs ” such as the

nterior insula and the posterior cingulate cortex/precuneus ( Molnar-

zakacs and Uddin, 2013 ). Considering the proximity of the IPL to the

PJ, the right TPJ might also be a critical node that links the 2 distinct

ystems of the parieto-premotor mirror system and the mentalizing net-

ork for processing the action of being imitated. A further study eval-
tivity. (A) The subjective rating results. Positive rating values indicate positive 

itated increased subjective ratings irrespective of facial expression, as indicated 

tical parametric map illustrating the cluster (yellow) which was significantly 

st of the initiator ( I > C ). Significant clusters were overlaid on the mean T1- 

rrected) at the voxel level and p < .05 (FWE-corrected) at the cluster level. (C) 

8] (rACC) and subjective ratings in the initiator. ∗ ∗ : p < .01, ∗ : p < .05, n.s : not 

x; FWE, family-wise error. 



K. Miyata, T. Koike, E. Nakagawa et al. NeuroImage 233 (2021) 117916 

u  

n

 

t  

b  

a  

K  

r  

(  

r  

p  

w  

A  

a  

T  

(  

p  

i  

a  

t  

a  

t  

a  

M  

i  

d  

4

 

i  

o  

a  

t  

b  

e  

i  

E  

fi  

l

4

 

d  

b  

i  

i  

i  

f  

m

D

A

 

R  

k

F

 

t  

t  

#  

a  

n

C

 

W  

i  

m  

N  

H  

S  

m  

i  

i

D

 

t  

n  

c

S

 

t

R

A  

 

A  

A  

A  

B  

 

B  

 

B  

 

 

C  

 

C  

 

C  

 

C  

 

C  

 

d  

 

d  

D  

 

D  

 

ating the connectivity between the mirror system and the mentalizing

etwork is warranted. 

The model of being imitated proposed by Hale and Hamil-

on (2016) also includes the reward system. Positive affect and prosocial

ehaviors are induced by the detection of being imitated ( Chartrand

nd Bargh, 1999 ; van Baaren et al., 2003 ; Van Baaren et al., 2004 ;

ühn et al., 2010 ; Hale and Hamilton, 2016 ). Positive consequences are

eported in both unconscious and conscious detection of being imitated

 Catmur and Heyes, 2013 ). A reward system is involved in these positive

esponses ( Kokal et al., 2011 ; Kühn et al., 2010 ). In the present study,

ositive emotions elicited by being imitated were positively correlated

ith rACC activation. The rACC is a proven affective division of the

CC related to positive emotional states ( Etkin et al., 2011 , 2006 ) such

s emotional laughter ( Caruana et al., 2015 ; Szameitat et al., 2010 ).

he rACC also plays an important role in future reward estimation

 Rushworth et al., 2011 ; Tanaka et al., 2016 ). Krueger et al. (2009) pro-

osed that the rACC may act as an event simulator that is involved

n reward estimation by integrating information from the dorsal mPFC

nd the orbitofrontal cortex. Previously, Matsunaga et al. (2016) found

hat the rACC is related to both a temporary positive emotion and

 trait-like long-term sense of being happy; the latter was shown

hrough a positive correlation between gray matter density of the rACC

nd trait-like subjective happiness. Our findings, along with those of

atsunaga et al. (2016) , underscore the importance of the mutuality of

mitation in social settings, whereby being imitated could be a reward in-

uced by the self-contingent responses from others (social contingency).

.3. Limitations 

In real social interaction, the turn-taking between imitatee and im-

tator occurs dynamically and spontaneously and may lead to sharing

f emotions. In our experimental paradigm, however, the spontaneity

nd dynamicity of the mutual imitation were sacrificed because we in-

roduced explicit turn-taking to depict the processes of imitating and

eing imitated separately. Furthermore, we tested only two emotional

xpressions because happy and sad faces are more likely to be shared

n everyday human interaction. Further studies utilizing hyperscanning

EG / NIRS (near infrared spectroscopy) are warranted to test if our

ndings can be generalized to other emotional expressions in more eco-

ogical conditions. 

.4. Conclusion 

While neural activation elicited by imitating and being imitated was

istinct with little overlap, on-line imitative interaction enhanced inter-

rain synchronization in the right IPL that correlated with the similar-

ty in facial movement kinematic profile. We conclude that the inter-

ndividual neural synchronization of the right IPL during face-to-face

nteractions represents shared representation of action as pair-specific

orward internal model, corresponding to a dynamic sequence of move-

ent, that is, intention in action. 
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