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Abstract

Spontaneous imitation is assumed to underlie the acquisition of important skills by infants, including language and social
interaction. In this study, functional magnetic resonance imaging (fMRI) was used to examine the neural basis of ‘spontan-
eously’ driven imitation, which has not yet been fully investigated. Healthy participants were presented with movie clips of
meaningless bimanual actions and instructed to observe and imitate them during an fMRI scan. The participants were sub-
sequently shown the movie clips again and asked to evaluate the strength of their ‘urge to imitate’ (Urge) for each action.
We searched for cortical areas where the degree of activation positively correlated with Urge scores; significant positive cor-
relations were observed in the right supplementary motor area (SMA) and bilateral midcingulate cortex (MCC) under the
imitation condition. These areas were not explained by explicit reasons for imitation or the kinematic characteristics of the
actions. Previous studies performed in monkeys and humans have implicated the SMA and MCC/caudal cingulate zone in
voluntary actions. This study also confirmed the functional connectivity between Urge and imitation performance using a
psychophysiological interaction analysis. Thus, our findings reveal the critical neural components that underlie spontan-
eous imitation and provide possible reasons why infants imitate spontaneously.
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Introduction

One key question regarding the mechanisms underlying human
imitation is why infants spontaneously imitate the unfamiliar

actions of others without being asked to do so. Spontaneous
imitation is assumed to support the acquisition of important
skills in infants, including language (Kuhl and Meltzoff, 1996),
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tool use (Abravanel et al., 1976) and social interaction
(Chartrand and Bargh, 1999; Lakin and Chartrand, 2003;
Meltzoff and Decety, 2003). The innate nature of the ability to
engage in spontaneous imitation is suggested by the existence
of this ability in human neonates (Meltzoff and Moore, 1977,
1983) and neonatal chimpanzees (Myowa-Yamakoshi et al.,
2004; Ferrari et al., 2006). In humans, spontaneous imitation of
simple body movements is initially observed during the first 2
years after birth, when infants develop their primal instincts
and are most dependent on their parents (Piaget, 1962, 1983;
Meltzoff, 1990). However, infants and children with autism
spectrum disorders (ASDs) display less imitation compared
with typically developing children, suggesting that a deficit in
this ability may be associated with insufficient development of
social skills and language in children with these disorders
(Williams et al., 2004; Hamilton, 2008; De Giacomo et al., 2009; Lai
et al., 2013).

Two distinct processes should be considered with respect to
the cognitive processes underlying spontaneous imitation: the
process that enables the performance of imitation per se, which
is recruited regardless of whether the imitation is spontaneous,
and the process that drives imitation, which is more relevant to
the issue of why infants ‘spontaneously’ imitate. These two
processes were identified as distinct using recently proposed
multi-component models of imitation (Brass and Heyes, 2005;
Rumiati et al., 2005; Brugger et al., 2007; Lestou et al., 2008;
Southgate and Hamilton, 2008; Catmur et al., 2009;).

Previous neuroimaging studies have generally investigated
the neural basis of imitation performance. Earlier studies
(Iacoboni et al., 1999, 2001; Nishitani and Hari, 2002) are likely to
have been motivated largely by the concept of mirror neurons
(MNs), which discharge during the observation and execution of
an action (Rizzolatti et al., 2001; Rizzolatti and Craighero, 2004).
This common coding has typically been associated with activa-
tion in the inferior and superior parietal lobules, as well as the
dorsal and ventral premotor cortices (Iacoboni et al., 1999;
Buccino et al., 2004; Vogt et al., 2007). However, some of these ob-
servations (e.g. Broca’s area) may not be related to the neural
processes crucial to imitation itself (Rushworth et al. 2001a;
Makuuchi, 2005).

In this study, functional magnetic resonance imaging (fMRI)
was used to examine neural correlates of the imitation drive,
which have not yet been fully investigated. More specifically,
this study investigated the driving process that is activated
when humans spontaneously try to imitate an unfamiliar ac-
tion without explicit reasons. To achieve this, meaningless ac-
tions were prepared, and the ‘urge to imitate’ (Urge) was
defined as a means of measuring the imitation drive. Two po-
tential confounding factors were given particular attention dur-
ing the isolation of neural correlates underlying Urge. First, in
adult participants, the urge to imitate can result from explicit
reasons, which may include the fact that the presented action
appears familiar, challenging or interesting. Thus, attempts
were made to eliminate the effects of these types of upstream
cognitive processes on imitation drive by creating a question-
naire to evaluate the potential involvement of these explicit
reasons and the strength of the urge to imitate. Second, the
strength of the urge to imitate may be correlated with various
kinematic characteristics of the perceived action, including per-
ceptual factors such as speed or complexity. Therefore, various
types of kinematic factors were included in the stimuli set, and
neural correlates of the imitation drive were assessed using post
hoc multiple regression analyses. To determine the brain re-
gions associated with imitation drive, the cortical areas in

which the degree of activation was positively correlated with
Urge score were determined. Finally, in addition to identifying
areas that positively correlated with Urge, the neural networks
underlying Urge and imitation performance were also assessed
using a psychophysiological interaction (PPI) analysis to confirm
functional connectivity between these two factors.

Materials and methods
Participants

Forty-two healthy, right-handed participants with no psychi-
atric or neurological history were evaluated. The data from five
participants were excluded from the final analyses due to ex-
cessive head motion (>2.5 mm; n¼ 2) or non-compliance with
task instructions (two participants made mistakes on the rating,
and one participant imitated all actions during the observation
condition even though he understood the instructions). Thus,
data from the remaining 37 participants (mean age 20.8 6 1.5
years; range 18–25 years; 23 males and 14 females) are reported.
Handedness was evaluated using the Edinburgh Handedness
Inventory (Oldfield, 1971). Informed consent was obtained from
all participants prior to their participation. This study was
approved by the Ethics Committee of Tohoku University
Graduate School of Medicine.

Stimuli

A total of 106 cyclic bimanual actions were identified as candi-
date actions for the stimuli. The cycle speed was the same for
every action and maintained using a metronome (q¼ 96). Each
action was repeated twice and the stimulus movie clip was 5 s
in duration. We prepared 106 original movie clips as well as
double-speed versions of the original clips using video editing
software (Premiere Pro CS4, Adobe Systems, Inc., San Jose, CA,
USA). Each movie was clipped to a 5-s duration; therefore, a
total of 212 movie clips was prepared. Based on preliminary ex-
periments, we selected 24 movie clips of different meaningless
bimanual actions as visual stimuli for our fMRI analysis
(Figure 1).

Questionnaire construction and image selection

To create a questionnaire for evaluating the degree of urge and
explicit reasons to imitate, we first collected candidate descrip-
tors. Twenty-three healthy participants (mean age 27.1 6 4.9
years; range 22–31 years; 10 males and 13 females) were asked
to imagine situations in which they feel the urge to imitate.
Then, factor analysis was performed to construct a question-
naire by determining dominant factors of the 24 descriptors
(Supplementary Table S1). Ninety-six healthy participants
(mean age 19.3 6 0.8 years; range 18–22 years; 48 males and 48
females) were shown 13 movie clips of meaningless bimanual
actions. Participants rated each movie clip based on the 24 de-
scriptors using a 7-point scale (0—totally disagree; 6—totally
agree). After factor analysis, four factors were determined ac-
cording to Kaiser’s criteria (Kaiser, 1960): urge to imitate (Urge),
familiarity of the action (Familiarity), apparent difficulty to per-
form (Difficulty) and rhythmic action (Rhythm). To increase the
stability of measurement, two items were selected that showed
the largest loadings for Urge: Urge 1, I would like to respond to
this person; Urge 2, My hands move almost automatically (or re-
flexively); Familiarity, I have seen this action many times;
Difficulty, The action looks difficult to perform; and Rhythm,
The action is rhythmic (Supplementary Table S2). Using the
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constructed questionnaire, we conducted an image selection
experiment. Separate stimulus sets were prepared for male and
female participants, which involved the showing of hand ac-
tions by an actor of the same sex as the subject and included
the same set of actions for both genders. A pilot study revealed
that some participants felt a gender difference and did not feel
the urge to imitate when shown stimuli presented by a person
of the opposite sex. Fifty-five participants (mean age 20.6 6 1.2
years; range 18–23 years; 33 males and 22 females) were shown
all candidate movie clips and rated each clip using the question-
naire. As many different kinematic characteristics (speed, key
motion, motion type and symmetry) as possible were included
in the stimuli to avoid the dependence of Urge on certain kine-
matic characteristics.

fMRI design

Each subject was asked to lie in supine position on the bed of an
MR scanner during the experiment. Participants’ hands were
fixed at waist level, with their two wrists locked using a soft fig-
ure-eight band so that they could imitate the presented action
without effort and maintain appropriate joint angles of their
shoulders and elbows. The participants wore insulator gloves to
prevent any flow of electricity through their body while their
hands were touching during the scan. Visual stimuli were pro-
jected on the semi-lucent screen placed over the participant’s
head, and the participant viewed them via a mirror attached to
the head coil of the MR scanner. The fMRI design used in this
study included two phases within a block: the observation
phase and the imitation phase. Participants were instructed to
observe an action (observation phase) and then imitate that ac-
tion (imitation phase) during the fMRI scan. The movie clip pre-
sented in each phase was the same. Each phase began with a
rest (10.5 s), followed by the instructions (2 s), followed by pres-
entation of the action (10 s). There was a 12.5-s rest break and
instruction period between the observation phase and imitation
phase. One block lasted a total of 45 s.

Movie clips were presented in pseudorandom order, and the
experimental session lasted a total of 18 min and 24 s (Figure 2).
Following the fMRI scan, each subject watched the movie clips
once again and rated the Urge, Familiarity, Difficulty and
Rhythm on a 7-point scale using a laptop in a soundproof room.

fMRI data acquisition

A time-course series of 442 volumes was acquired using T2*-
weighted gradient-echo echo-planar imaging (EPI) sequences
and a 3-Tesla MR scanner (Achieva Quasar Dual, Philips Medical
Systems, Best, The Netherlands). Each volume consisted of 41
transaxial slices covering the entire cerebrum (echo
time¼ 30 ms; flip angle¼ 85�; slice thickness¼ 2.5 mm;
gap¼ 0.5 mm; field of view¼ 192 mm; 64� 64 matrix; voxel di-
mension¼ 3.0� 3.0 mm) and a repetition time of 2500 ms.

Behavioral data analysis

We investigated the correlation between Urge scores and other
confounding factors (i.e. Familiarity, Difficulty and Rhythm
scores). First, we calculated correlation coefficients between
Urge scores and those of other confounding factors at the indi-
vidual level. After Fisher’s Z transformation, one-sample t-tests
was performed and the correlation between Urge scores with
other confounding factors was determined.

fMRI data analysis

fMRI data were preprocessed and analyzed using Statistical
Parametric Mapping (SPM8) software (Wellcome Department of
Imaging Neuroscience, London, UK) implemented in MATLAB
R2013b (MathWorks, Natick, MA, USA). As a preprocessing pro-
cedure, correction for head motion, slice timing, spatial normal-
ization using the EPI-MNI template and smoothing using a
Gaussian kernel with a full-width at half maximum of 6 mm
were conducted. A conventional two-level approach for the
multi-subject fMRI dataset was adopted. As a first-level within-
subject (fixed effects) analysis for parameter estimation, a
voxel-by-voxel multiple regression analysis of the expected sig-
nal changes was applied to the preprocessed images of each
subject. This analysis employed event-related convolution
models using the hemodynamic response function provided by
SPM8 (Statistical Parametric Mapping, University College
London). Two canonical regressors were constructed for each
condition (i.e. observation and imitation). The onset and dur-
ation of these models were matched to the onset and duration
of the movie clip, and therefore, the duration of the predicted
blood oxygen level-dependent (BOLD) signal for each condition

Fig. 1. Examples of stimuli. Clockwise from top left: Snapshots excerpted from movie clips Numbers 1, 2, 11 and 23 (Supplementary Table S3).
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was 10 s. Mistakes made during the observation condition, such
as hand movements made by a participant, or during the imita-
tion condition, such as incorrect imitation of the action by a
participant, were assigned to a failure block, which was mod-
eled separately and not analyzed further.

Since the neural activations exhibiting amplitudes that were
parametrically modulated by action-specific parameters (i.e.
Urge and other confounding factors) were of particular interest,
parametric modulation analyses were implemented in SPM8,
which implements not only canonical regressors to the model
mean response for each phase, but also parametric regressors
to model modulation during the responses that correlated with
parameter. Four parametric modulation models corresponding
to the four parameters used to investigate modulatory effects
were constructed, and therefore, the five regressors were set up
in a design matrix (Observation-canonical, Observation-
parametric, Imitation-canonical, Imitation-parametric and
Failure-canonical) for each parameter. To remove the artifacts
generated by head motions during imaging, estimated motion
parameters of six columns were entered in the first level.

The statistical inference of parameter estimates in the para-
metrically modulated model was performed with a second-level
between-participants (random effects) model using a one-
sample t-test. Brain regions in which the degree of activation
was positively correlated (i.e. positive parameter estimate or
positive slope of the regression line) with participant-specific
and action-specific scores for Urge and other confounding fac-
tors (i.e. Familiarity, Difficulty and Rhythm) were identified sep-
arately for observation and imitation conditions. The statistical
threshold was set to P< 0.001 and corrected to P< 0.05 for mul-
tiple comparisons using cluster size (Friston et al., 1996).

The primary purpose of this study was to clarify which neu-
ral cortical areas exhibited activation that positively correlated
with Urge score rather than other confounding factors.
Therefore, exclusive masks involved in other confounding fac-
tors (i.e. Familiarity, Difficulty and Rhythm) were used to exam-
ine Urge-specific areas (non-overlapping areas). The statistical
threshold of exclusive masks was set at P< 0.001, and was in-
tended to reveal regions where one contrast did not overlap
with those from one or more different contrasts.

In addition to identifying areas that positively correlated
with Urge, the neural networks underlying Urge and imitation
performance were also assessed using PPI (Friston et al., 1997).
This study identified aspects of the right supplementary motor
area (SMA) and bilateral midcingulate cortex (MCC) that were
specific to Urge under the imitation condition. The SMA was ex-
pected to have a strong connection with mirror areas (e.g. pre-
motor cortices and parietal cortices), and thus, a PPI regressor

was created (SMA� Imitation-Observation) to determine which
regions were more highly correlated with the SMA under the
imitation condition than under the observation condition. A
peak voxel of the right SMA cluster (8, �14, 66) identified by cor-
relation analysis with Urge as a seed voxel was used to accom-
plish this. The statistical threshold was set at P< 0.001 and
corrected to P< 0.05 for multiple comparisons using cluster size.

Post hoc analyses

To confirm that neural correlates of Urge were not due to some
specific kinematic characteristics of the action, multiple regres-
sion analyses were conducted. Because there were four kine-
matic factors (Speed, Key motion, Motion type and Symmetry),
and the individual action contained a combination of these
kinematic factors, multiple regression analyses were conducted
separately. Each of the four kinematic factors possessed various
sub-categorical levels: Speed had two levels, Key motion had
nine levels, Motion type had three levels and Symmetry had
four levels. In the four multiple regression models for the four
kinematic characteristics of the individual action, Urge was
orthogonalized against the other levels, allowing identification
of the remaining effect in the models, which was designated
the Urge-specific effect. Moreover, in a similar manner, add-
itional multiple regression analyses were conducted to provide
further confirmation on the Urge-specific areas and reject the
effects of explicit reasons (Difficulty, Rhythm, Familiarity and
Urge). Urge was also orthogonalized against other parameters.
The statistical threshold was set at P< 0.005 and the voxel size
at k> 10 due to concerns about type II errors (i.e. missing true ef-
fects; Lieberman and Cunningham, 2009).

Results
Behavioral data

In the fMRI experiment, Urge showed significant correlations
with Familiarity and Rhythm (Urge and Familiarity, correlation
coefficient¼�0.20 toþ 0.94, median¼ 0.40, t[36]¼ 6.89, P< 0.001,
two-tailed; Urge and Rhythm, correlation coefficient¼�0.25
toþ 0.83, median¼ 0.32, t[36]¼ 7.40, P< 0.001, two-tailed). No sig-
nificant correlation was revealed, but there was a correlation
trend between Urge and Difficulty (correlation coefficient¼�0.69
toþ 0.60, median¼�0.15, t[36]¼�1.93, P¼ 0.061, two-tailed).

fMRI data

Neural correlates of Urge. Significant positive correlations be-
tween Urge scores and neural activation were observed in the

Fig. 2. fMRI design. The fMRI design used in this study included two phases within a block: the observation phase and the imitation phase. The participants were in-

structed to observe an action (observation phase) and then imitate that action (imitation phase) during the fMRI scan. The movie clip that was presented in each phase

was the same. Each phase began with a short rest (10.5 s) followed by the instructions (2 s) and then the presentation of the action (10 s). There was a 12.5-s rest break

and instruction period between the observation and the imitation phases. One block lasted a total of 45 s. The movie clips were presented in a pseudorandom order,

and the experimental session lasted a total of 18 min and 24 s.
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right SMA and bilateral MCC under the imitation condition
(Table 1 and Figures 3 and 4), but no significant correlations
were observed under the observation condition. Although some
overlapping areas were observed between Urge and Familiarity,
there were no overlapping areas between Urge and Rhythm or
between Urge and Difficulty. Parts of the right SMA and bilateral
MCC were specific for Urge, but were not involved in Familiarity
(right SMA: t¼ 4.80, P< 0.001; right MCC: t¼ 4.54, P< 0.001; left
MCC: t¼ 4.43, P< 0.001; Table 1 and Figure 5).

Functional connectivity between Urge and imitation performance.
PPI analysis revealed that the SMA exhibited greater functional
connectivity with the bilateral occipital lobes, including the
extrastriate body area (EBA), cerebellum, premotor area (PM),
thalamus, putamen, inferior parietal lobule (IPL) and right su-
perior temporal sulcus (STS) under the imitation condition rela-
tive to the observation condition (Table 2 and Figure 6).

Neural correlates of Familiarity, Difficulty and Rhythm. Significant
positive correlations of neural activation with Urge, Familiarity,
Difficulty and Rhythm scores are summarized in Table 3 and
Figure 4. For the Familiarity score, there were significant positive
correlations among the left angular gyrus (AG), left cuneus, medial
prefrontal cortex (mPFC), bilateral superior frontal gyrus (SFG) and
right post-central gyrus under the observation condition. Under
the imitation condition, there were significant positive correl-
ations among the mPFC, bilateral SFG, STS, MCC, left AG, left post-
central gyrus, left precuneus, right cuneus and right cerebellum.
For the Difficulty score, there were significant positive correl-
ations among the bilateral IPL, inferior temporal gyrus, SMA, pre-
central gyrus, right ACC, right AG and right inferior frontal gyrus
(IFG) under the observation condition. Under the imitation condi-
tion, there were significant positive correlations among the bilat-
eral SMA, middle frontal gyrus and STS. For the Rhythm score,
there were significant positive correlations between the right
cerebellum and right lingual gyrus under the observation condi-
tion. Under the imitation condition, there were significant positive
correlations between the bilateral cerebellum and left STS.

Post hoc analysis

To further examine Urge-specific brain regions, multiple regres-
sion analyses were conducted using the kinematic

characteristics of the actions (Speed, Key motion, Motion type
and Symmetry). In all cases, the Urge-specific areas were repli-
cated under the imitation condition (Supplementary Figure S1).

Discussion

The present findings demonstrate positive correlations between
activation of the right SMA and bilateral MCC with the strength
of a subjects’ self-evaluated urge to imitate meaningless hand
actions. Activation in these areas could not be explained by ex-
plicit reasons for imitation or kinematic characteristics of the
actions. Furthermore, PPI analyses revealed functional connect-
ivity between the SMA and brain regions associated with imita-
tion performance. Therefore, the present results suggest that
activated regions are crucially involved in the imitation drive of
unfamiliar meaningless actions and exhibit functional connect-
ivity with the actual imitation performance.

Neural correlates of spontaneously driven imitation

Several neuropsychological studies have shown that the SMA
plays an important role in voluntary action (Okano and Tanji,
1987; Passingham et al., 1987; Mushiake et al., 1991). Lesions in
the SMA cause mutism and reduce spontaneous motor activity
(McNabb et al., 1988; Lang et al., 1991; Stephan et al., 1999).
Furthermore, it has been suggested that the SMA contributes to
the programming of motor subroutines and forms a queue of
time-ordered motor commands prior to the execution of volun-
tary movements via the primary motor areas (Roland et al.,
1980; Lang et al., 1990, 1991).

The role of the MCC during spontaneously driven imitation
appears to be similar to that of the SMA, because both areas
have a tendency to be co-activated during manual tasks (Koski
and Paus, 2000). However, clear distinct anatomical differences
appear to exist between the SMA and MCC, and it has also been
suggested that certain important functional differences exist
between these two areas (Picard and Strick, 2001). In this study,
the MCC appeared to correspond with the caudal cingulate zone
(CCZ), which is considered a homolog of the dorsal cingulate
motor area and/or the ventral cingulate motor area in monkeys
(Paus et al., 1993; Devinsky et al., 1995; Picard and Strick, 1996).
Previous studies have demonstrated that the CCZ plays a role in
response selection, executive function, self-initiated move-
ment, urge for action and the adaptive control of voluntary ac-
tions (Shima et al., 1991; Picard and Strick, 1996, 2001; Fink et al.,

Fig. 3. Positive correlations between activation and Urge scores under the imita-

tion conditions. Significant positive correlations between Urge scores and acti-

vation were observed in the right SMA and bilateral MCC under the imitation

condition. No significant correlation was observed under the observation condi-

tion. The statistical threshold was P<0.001, which was corrected to P<0.05 for

multiple comparisons using cluster size.

Table 1. Brain activations correlated with Urge

Structure MNI
coordinate

T
value

Cluster
size

P value

x y z

Positive correlations with Urge
SMA R 8 �14 66 4.80 427 <0.001
Middle cingulate cortex L �2 �14 50 4.66 * *
Middle cingulate cortex R 2 �10 56 4.54 * *
Urge-specific (excluding Familiarity)
SMA R 8 �14 66 4.80 232 0.008
Middle cingulate cortex R 2 �10 56 4.54 * *
Middle cingulate cortex L �4 �14 56 4.43 * *

Coordinates (x, y, z), the t-value at peak activation, the Urge cluster size and the

P value under the imitation condition are shown (voxel size: 2�2�2 mm3; *the

peak is in the same cluster as the other peaks). These coordinates were the re-

sults of positive correlations with Urge scores and Urge-specific scores (exclud-

ing Familiarity) regions. The level of significance was set at P<0.001 and was

corrected to P< 0.05 for multiple comparisons using cluster size. L: left; R: right.
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1997; Deiber et al., 1999; Debaere et al., 2004; Brázdil et al., 2006;
Jackson et al., 2011; Shackman et al., 2011; Perini et al., 2013).
Perini et al. (2013) investigated whether certain brain areas that

are consistently activated by pain in fMRI studies, such as med-
ial premotor areas (including the cingulate motor area), reflect
motor processing as it relates to voluntary action. They found

Fig. 5. Urge-specific correlations. (A) Brain regions showing significant positive correlations with Urge and Familiarity superimposed onto the parasagittal and horizon-

tal sections (x¼6). Orange: Urge; Blue: Familiarity; Pink: Common to Both. (B) Activation profiles in the right MCC (6, �8, 54). The parameter estimates for Urge and the

other scores under the observation and imitation conditions.

Fig. 4. Positive correlations between neural activation and the scores for each factor under the observation and imitation conditions. There were significant positive

correlations of brain activation with Urge scores during the imitation condition, with Familiarity scores during the observation and imitation conditions, with

Difficulty scores during the observation and imitation conditions and with Rhythm scores during the observation and imitation conditions. These figures are rendered

on the right and left lateral surfaces and superimposed onto the parasagittal section (x¼ 6) of a standard brain using SPM8. The parasagittal sections are shown as parts

of invisible images from the surface (see Table 2 for more details). The statistical threshold was P<0.001 and was corrected to P<0.05 for multiple comparisons using

cluster size.
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that the CCZ did not respond to pain unless an action was
performed, and that reaction times were faster during painful
stimulation and correlated with CCZ activation. Thus, the
authors proposed that the CCZ plays a vital role in the con-
trol and execution of context-sensitive behavioral responses
during the experience of pain, or what can be considered
the adaptive control of voluntary action. These observations
may be associated with individual differences regarding
the urge to imitate, which is supported by the individual
differences observed in the urge to imitate ratings in this study,
even though the participants watched the same stimulus.
Therefore, parametric modulation was conducted to investigate
the urge to imitate on a personal level in the first-level
analysis. The findings indicated that this urge may play a role
in the facilitation of actions as well as the adaptive control of
actions.

Taken together, the present findings are consistent with
those of previous studies that found that the SMA and CCZ are
related to self-initiated movements, urge for action and adap-
tive control of voluntary actions.

Functional connectivity between Urge and imitation
performance

As expected, PPI analysis performed in this study revealed that
the SMA exhibited a strong correlation with frontoparietal cor-
tical areas, such as the PM and IPL, under the imitation condi-
tion. This suggests that Urge is associated with imitation
performance. Previous studies (Iacoboni et al., 1999; Buccino
et al., 2004; Vogt et al., 2007) have reported that the frontoparietal
cortical areas play a crucial role in imitation performance, as
evidenced by investigations of the common coding paradigm,
and indicate that the MNs have a strong relationship with imi-
tation. Furthermore, Koski et al. (2003) suggested that the SMA is
tightly coupled with MNs areas when subjects copy the actions
of others. In this study, areas such as the EBA, cerebellum, right
STS, thalamus and putamen appeared to be involved in this
process. The EBA, cerebellum and STS are considered aspects

of MNs (Leslie et al., 2004; Iacoboni, 2005), while the thal-
amus and putamen contribute to motor control (Lehéricy et al.,
2006). Therefore, the present results support the idea that the
SMA represents Urge and is linked to actual imitation
performance.

Lack of a significant correlation with Urge during the
observation phase

In this study, we clarified the neural mechanism of imitation
drive necessary for spontaneous imitation. However, a signifi-
cant correlation with Urge was identified during the imitation
phase but not during the observation phase. This lack of a sig-
nificant correlation with Urge during the observation phase was
unexpected because we assumed Urge would also occur during
the observation phase. Therefore, we consider our finding to be
indirect evidence of the neural substrate of spontaneous imita-
tion. Meanwhile, we do not believe our findings reject the role
of SMA or MCC.

Several reasons are possible as to why we could not find a
significant correlation with Urge during the observation phase.
First, this result could be explained by the exertion of inhibition
on the imitation drive during the observation condition. In fact,
the importance of inhibiting the urge to imitate in daily life has
been emphasized repeatedly, because without inhibition,
humans would imitate almost all the actions of others when
observed (Brass and Heyes, 2005; Bien et al., 2009; Spengler,
2009). Based on the notion that imitation drive must be in-
hibited during observation, the reported inhibition system
(Luna and Sweeney, 2004; Spengler et al., 2009; Wang et al., 2011;
Cross et al., 2013; Hogeveen et al., 2015) was investigated
using two types of analyses, including subtraction, in which
the canonical models were contrasted (Observation
condition�Imitation condition). Neural activation was observed
in several areas, including the mPFC, anterior cingulate cortex,
IFG and temporoparietal junction. The second analysis assessed
the regions that negatively correlated with Urge during the

Table 2. Results of the PPI analysis

Structure MNI coordinate T value Cluster size

X y z

Occipital lobe R 16 �92 �10 7.49 9497
Occipital lobe L �46 �72 �4 6.33 *
Cerebellum R 18 �88 �20 7.26 *
Cerebellum L �34 �80 �24 6.17 *
Inferior temporal gyrus R 46 �72 �8 6.55 *
Inferior temporal gyrus L �46 �72 �8 6.33 *
Precentral gyrus R 32 �8 56 6.97 5710
Inferior parietal lobule R 48 �38 56 6.67 *
Superior temporal sulcus R 56 �36 14 5.98 *
Precentral gyrus L �24 �12 52 6.02 5200
Inferior parietal lobule L �40 �54 56 6.27 *
Thalamus R 18 �12 4 6.37 1438
Putaman R 20 10 4 4.62 *
Thalamus L �16 �10 6 5.05 1108
Putaman L �24 �10 10 5.66 *

Coordinates (x, y, z), t-value at peak activation and size of the activated cluster

(number of voxels; voxel size: 2�2�2 mm3; *indicates that the peak is in the

same cluster as other peaks). The level of significance was set at P<0.001 and

was corrected to P<0.05 for multiple comparisons using cluster size. L: left; R:

right.

Fig. 6. Results of the PPI analysis. The SMA was expected to have a strong con-

nection with mirror areas (e.g. the premotor cortices and parietal cortices), and

thus a PPI regressor was created (SMA� Imitation-Observation) to examine the

regions that were more highly correlated with the SMA under the imitation con-

dition compared with the observation condition. A peak voxel of the right SMA

cluster (8, �14, 66) that was identified by a correlation analysis with Urge as a

seed voxel was used to accomplish this. The statistical threshold was set to

P<0.001 and corrected to P<0.05 for multiple comparisons using cluster size.
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observation condition. In this case, the right SPL was activated.
These results are consistent with findings from previous studies
investigating the inhibition system (Durston et al., 2002; Milham
et al., 2002; Booth et al., 2003; Luna and Sweeney, 2004; Spengler
et al., 2009; Wang et al., 2011; Cross et al., 2013; Hogeveen et al.,
2015; see Supplementary Materials for more details).

We assumed that the latter reason for the lack of signifi-
cance with Urge during the observation phase was associated
with the stimuli used in this study. Imitation follows a hierarch-
ical process and can, in principle, occur at various levels, such

as the action level (imitation of basic elements of behavior) or
the program level (imitation of the organizational structure at
any higher level of goal-directed behavior; Byrne and Russon,
1998; Lestou et al., 2008; Menz et al., 2009). Previous studies have
suggested that goal-directed, meaningful and emotional actions
have a greater impact on human brain activities (Rushworth
et al., 2001b; Koski et al., 2002; Järveläinen et al., 2004; Castiello,
2005; Grosbras and Paus, 2006). However, this study focused
more on the bottom-up cognitive processes and spontaneous
status and, therefore, used meaningless actions and instructed

Table 3. Correlations of brain activation with each factor

Structure MNI coordinate T value Cluster size

x y z

Familiarity
Observation

Angular gyrus L �56 �66 28 5.80 346
Superior frontal gyrus L �6 36 58 5.52 200
Medial prefrontal cortex R 4 62 18 4.74 566
Cuneus L �2 �78 34 4.73 1195
Postcentral gyrus R 40 �26 52 4.61 214

Imitation
Medial prefrontal cortex R 12 58 32 7.29 898
Superior frontal gyrus L �6 44 52 7.19 188
Middle cingulate cortex L �4 �28 44 7.19 1539
Angular gyrus L �52 �72 32 6.74 186
Postcentral gyrus L �32 �38 68 6.05 751
Precuneus L �2 �62 30 5.98 306
Cuneus R 6 �72 26 4.80 *
Cerebellum (VI) R 26 �50 �28 5.18 537
Superior temporal gyrus L �50 �22 8 4.84 434
Superior temporal gyrus R 52 �20 10 5.22 171

Difficulty
Observation

Inferior parietal lobule L �34 �50 44 8.97 4824
Inferior temporal gyrus L �50 �66 �8 5.81 *
Inferior parietal lobule R 28 �52 42 6.15 4796
Inferior temporal gyrus R 54 �58 �4 5.23 *
SMA R 8 10 52 7.07 1331
SMA L �2 20 44 5.71 *
Anterior cingulate cortex R 12 24 30 5.57 *
Precentral gyrus L �30 �4 48 6.63 1268
Precentral gyrus R 28 �6 50 6.59 670
Angular gyrus R 28 �58 40 6.36 4796
Inferior frontal gyrus (triangular part) R 58 24 26 4.91 296

Imitation
SMA L �2 8 56 5.89 476
SMA R 8 10 54 4.63 *
Middle frontal gyrus R 38 2 62 5.63 547
Middle frontal gyrus L �28 �4 50 4.87 167
Superior parietal gyrus L �24 �72 46 5.15 768
Superior parietal gyrus R 18 �74 58 4.53 461

Rhythm
Observation

Cerebellum (Crus I) R 38 �68 �28 4.57 180
Lingual gyrus R 4 �86 �4 4.16 288

Imitation
Cerebellum (lobule IV/ V) L �4 �66 �12 5.58 538
Superior temporal gyrus L �52 �34 14 5.22 177

Brain activation was correlated with Familiarity, Difficulty and Rhythm under the observation and imitation conditions. Coordinates (x, y, z), t-value at peak activation

and the size of activated clusters (number of voxels; voxel size: 2�2�2 mm3; *indicates that the peak is in the same cluster as other peaks). The level of significance

was set at P<0.001 and was corrected to P<0.05 for multiple comparisons using cluster size. L: left; R: right.
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the participants to observe the actions passively. Thus, it was
not surprising that a significant correlation was observed with
the urge to imitate only during the imitation condition.

Neural correlates of Familiarity, Difficulty and Rhythm

This study primarily focused on imitation drive, but also eval-
uated brain regions related to other confounding factors such as
Familiarity, Difficulty and Rhythm (see Supplementary
Materials for further discussion).

In terms of Familiarity, extensive activities were observed in
areas such as the left AG, left postcentral gyrus, mPFC, bilateral
SFG and posterior cingulate cortex during both observation and
imitation conditions. The activations under these two condi-
tions were quite similar, and it appeared they shared action-
related memory characteristics. Previous studies have revealed
that these two areas are associated with episodic memories of
familiar actions, people, objects and places (e.g. Calvo-Merino
et al., 2005; Sugiura et al., 2005, 2009), consistent with the present
results.

In terms of Difficulty, salient activation was observed in
areas such as the bilateral IPL, EBA and bilateral ventral and
dorsal PM during the observation condition. These results are
consistent with studies on imitation learning (e.g. Buccino et al.,
2004; Vogt et al., 2007), and suggest that human brains attempt
to prepare motor patterns and motor sequences for action even
if the action is difficult to perform.

In terms of Rhythm, the present findings support those of
previous studies indicating that the cerebellum plays a crucial
role in the coordination and control of motor activity (Thach
et al., 1992; Strick et al., 2009, see also Kawato et al., 2011) and
sensory auditory processing (Petacchi et al., 2005; Stoodley and
Schmahmann, 2009; Baumann and Mattingley, 2010).

Association between Urge and Familiarity

Although this study attempted to dissociate the effects of urge
to imitate from those of familiarity with an action or other ex-
plicit reasons for imitating an action by carefully preparing the
stimuli used; however, it was not possible to separate these two
factors completely. However, this suggests a close association
between familiarity and urge to imitate, even for meaningless
actions. Furthermore, it has been argued that experience may
explain the better imitation performance of meaningful ges-
tures than of meaningless gestures (Rumiati and Tessari, 2002;
Vogt et al., 2007).

It has been proposed that imitation skill relies on sensori-
motor associations acquired through the experience of observ-
ing the contingent actions of others in response to one’s own
actions; this is known as the associative sequence learning the-
ory (Heyes, 2001; Heyes and Ray, 2004; Catmur et al., 2009).
Similarly, ideomotor theory (Prinz, 1997; Stock and Stock, 2004;
Shin et al., 2010) also explains why humans can imitate the ac-
tions of others (Brass and Heyes, 2005). These theories suggest
that the internal representations of actions and the actions
themselves are tightly linked, and that sensory feedback result-
ing from self-action is a crucial mediator of action control. The
present findings support these theoretical frameworks and lead
to the assumption that human brains are able to store
sensorimotor-associated information. Based on these theoret-
ical frameworks, it is possible that the present findings repre-
sent the individual imitation drive using this type of stored
information.

Why infants imitate spontaneously

Although we cannot fully explain why infants imitate, we be-
lieve the results of this study provide an important step toward
understanding the neural mechanism underlying spontaneous
imitation. It is likely that SMA or CCZ dysfunction explains the
lack of spontaneous imitation in children with ASDs and thus
the failure of typical social skills and language development.
Recent neuroimaging study reported abnormal activity in the
CCZ or proximate region in autistic adults (Lombardo et al.,
2010).

Limitations

This study has one primary limitation. The fMRI design did not
include temporal jitters between conditions, and a correlation
between the two task elements is possible. However, there was
a 12.5-s rest and instruction period between the observation
(10 s) and imitation (10 s) phases and, therefore, the predicted
BOLD signals were expected to be significantly affected by each
respective condition.

Conclusions

In summary, the present findings identify brain regions where
an individual’s urge to imitate was represented in the right SMA
and bilateral MCC. These findings are consistent with those of
previous studies, suggesting that these brain regions are related
to self-initiated movement, urge for action and adaptive control
of voluntary actions. In addition, the present findings confirm
functional connectivity between the SMA and imitation per-
formance areas using PPI, and indicate the right SMA triggers
imitation performance. Furthermore, there was a close relation-
ship between urge to imitate and familiarity of an action, which
implies that the sensorimotor association or acquired motor
skills obtained by an individual’s experience may be stored in
the brain to imitate actions when the need arises.

Acknowledgements

We thank Dr. Keisetsu Shima for helpful suggestions regard-
ing the manuscript. We also thank Dr. Akitake Kanno, Dr.
Atushi Sekiguchi, Dr. Rui Nouchi, Dr. Hiroshi Hashizume,
Dr. Ryouichi Yokoyama and Mr. Oliver Kenny for their tech-
nical support.

Funding

This study was supported by KAKENHI (26118702 and
15H01771) from JSPS.

Supplementary data

Supplementary data are available at SCAN online.

Conflict of interest. None declared.

References
Abravanel, E., Levan-Goldschmidt, E., Stevenson, M.B. (1976).

Action imitation: the early phase of infancy. Child Development,
47, 1032–44.

Baumann, O., Mattingley, J.B. (2010). Scaling of neural responses
to visual and auditory motion in the human cerebellum. The
Journal of Neuroscience, 30, 4489–95.

74 | Social Cognitive and Affective Neuroscience, 2016, Vol. 11, No. 1

http://scan.oxfordjournals.org/lookup/suppl/doi:10.1093/scan/nsv089/-/DC1
http://scan.oxfordjournals.org/lookup/suppl/doi:10.1093/scan/nsv089/-/DC1
http://scan.oxfordjournals.org/lookup/suppl/doi:10.1093/scan/nsv089/-/DC1


Bien, N., Roebroeck, A., Goebel, R., Sack, A.T. (2009). The brain’s
intention to imitate: the neurobiology of intentional versus
automatic imitation. Cerebral Cortex, 19, 2338–51.

Booth, J.R., Burman, D.D., Meyer, J.R., et al. (2003). Neural develop-
ment of selective attention and response inhibition.
Neuroimage, 20, 737–51.

Brass, M., Heyes, C., (2005). Imitation: is cognitive neuroscience
solving the correspondence problem? Trends in Cognitive
Sciences, 9, 489–95.

Brázdil, M., Kuba, R., Rektor, I. (2006). Rostral cingulate motor
area and paroxysmal alien hand syndrome. The Journal of
Neurology, Neurosurgery, and Psychiatry, 77, 992–3.

Brugger, A., Lariviere, L.A., Mumme, D.L., Bushnell, E.W. (2007).
Doing the right thing: infants’ selection of actions to imitate
from observed event sequences. Child Development, 78, 806–24.

Buccino, G., Vogt, S., Ritzl, A., et al. (2004). Neural circuits under-
lying imitation learning of hand actions: an event-related fMRI
study. Neuron, 42, 323–34.

Byrne, R.W., Russon, A.E. (1998). Learning by imitation: a hier-
archical approach. Behavioral and Brain Sciences, 21, 667–84.

Calvo-Merino, B., Glaser, D.E., Grèzes, J., Passingham, R.E.,
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Koski, L., Wohlschläger, A., Bekkering, H., et al. (2002).
Modulation of motor and premotor activity during imitation of
target-directed actions. Cerebral Cortex, 12, 847–55.

Kuhl, P.K., Meltzoff, A.N. (1996). Infant vocalizations in response
to speech: vocal imitation and developmental change. The
Journal of the Acoustical Society of America, 100, 2425–38.

Lai, M.C., Lombardo, M.V., Baron-Cohen, S. (2014). Autism.
Lancet, 383, 896–910.

Lakin, J.L., Chartrand, T.L. (2003). Using nonconscious behavioral
mimicry to create affiliation and rapport. Psychological Science,
14, 334–9.

Lang, W., Cheyne, D., Kristeva, R., Beisteiner, R., Lindinger, G.,
Deecke, L. (1991). Three-dimensional localization of SMA activ-
ity preceding voluntary movement. A study of electric and
magnetic fields in a patient with infarction of the right supple-
mentary motor area. Experimental Brain Research, 87, 688–95.

Lang, W., Obrig, H., Lindinger, G., Cheyne, D., Deecke, L. (1990).
Supplementary motor area activation while tapping bimanu-
ally different rhythms in musicians. Experimental Brain
Research, 79, 504–14.

S. Hanawa et al. | 75



Lehéricy, S., Bardinet, E., Tremblay, L., et al. (2006). Motor control
in basal ganglia circuits using fMRI and brain atlas approaches.
Cerebral Cortex, 16, 149–61.

Leslie, K.R., Johnson-Frey, S.H., Grafton, S.T. (2004). Functional
imaging of face and hand imitation: towards a motor theory of
empathy. Neuroimage, 21, 601–7.

Lestou, V., Pollick, F.E., Kourtzi, Z. (2008). Neural substrates for
action understanding at different description levels in the
human brain. Journal of Cognitive Neuroscience, 20, 324–41.

Lieberman, M.D., Cunningham, W.A. (2009). Type I and Type II
error concerns in fMRI research: re-balancing the scale. Social
Cognitive and Affective Neuroscience, 4, 423–8.

Lombardo, M.V., Chakrabarti, B., Bullmore, E.T., et al. (2010).
Atypical neural self-representation in autism. Brain, 133, 611–24.

Luna, B., Sweeney, J.A. (2004). The emergence of collaborative
brain function: FMRI studies of the development of response
inhibition. Annals of the New York Academy of Sciences, 1021,
296–309.

Makuuchi, M. (2005). Is Broca’s area crucial for imitation?
Cerebral Cortex, 15, 563–70.

McNabb, A.W., Carroll, W.M., Mastaglia, F.L. (1988). ‘Alien hand’
and loss of bimanual coordination after dominant anterior
cerebral artery territory infarction. Journal of Neurology,
Neurosurgery, and Psychiatry, 51, 218–22.

Meltzoff, A.N. (1990). Towards a developmental cognitive sci-
ence. The implications of cross-modal matching and imitation
for the development of representation and memory in infancy.
Annals of the New York Academy of Sciences, 608, 1–31.

Meltzoff, A.N., Decety, J. (2003). What imitation tells us about so-
cial cognition: a rapprochement between developmental
psychology and cognitive neuroscience. Philosophical
Transactions of the Royal Society of London. Series B, Biological
sciences, 358, 491–500.

Meltzoff, A.N., Moore, M.K. (1977). Imitation of facial and manual
gestures by human neonates. Science, 198, 74–8.

Meltzoff, A.N., Moore, M.K. (1983). Newborn infants imitate adult
facial gestures. Child Development, 54, 702–9.

Menz, M.M., McNamara, A., Klemen, J., Binkofski, F. (2009).
Dissociating networks of imitation. Human Brain Mapping, 30,
3339–50.

Milham, M.P., Erickson, K.I., Banich, M.T., et al. (2002).
Attentional control in the aging brain: insights from an fMRI
study of the stroop task. Brain and Cognition, 49, 277–96.

Myowa-Yamakoshi, M., Tomonaga, M., Tanaka, M., Matsuzawa,
T. (2004). Imitation in neonatal chimpanzees (Pan troglodytes).
Developmental Science, 7, 437–42.

Mushiake, H., Inase, M., Tanji, J. (1991). Neuronal activity in the
primate premotor, supplementary, and precentral motor cor-
tex during visually guided and internally determined sequen-
tial movements. Journal of Neurophysiology, 66, 705–18.

Nishitani, N., Hari, R. (2002). Viewing lip forms: cortical dy-
namics. Neuron, 36, 1211–20.

Okano, K., Tanji, J. (1987). Neuronal activities in the primate
motor fields of the agranular frontal cortex preceding visually
triggered and self-paced movement. Experimental Brain
Research, 66, 155–66.

Oldfield, R.C. (1971). The assessment and analysis of handed-
ness: the Edinburgh Inventory. Neuropsychologia, 9, 97–113.

Passingham, R.E. (1987). Two cortical systems for directing
movement. Ciba Foundation Symposium, 132, 151–64.

Paus, T., Petrides, M., Evans, A.C., Meyer, E. (1993). Role of the
human anterior cingulate cortex in the control of oculomotor,
manual, and speech responses: a positron emission tomog-
raphy study. Journal of Neurophysiology, 70, 453–69.

Perini, I., Bergstrand, S., Morrison, I. (2013). Where pain meets ac-
tion in the human brain. The Journal of Neuroscience, 33,
15930–9.

Petacchi, A., Laird, A.R., Fox, P.T., Bower, J.M. (2005). Cerebellum
and auditory function: an ALE meta-analysis of functional
neuroimaging studies. Human Brain Mapping, 25, 118–28.

Piaget, J. (1962). Play, Dreams and Imitation in Childhood. New York:
Norton.

Piaget, J. (1983). Piaget’s theory. In: Mussen, P., editor. Handbook
of Child Psychology, 4th edn, Vol. 1. New York: Wiley.

Picard, N., Strick, P.L. (1996). Motor areas of the medial wall: a re-
view of their location and functional activation. Cerebral
Cortex, 6, 342–53.

Picard, N., Strick, P.L. (2001). Imaging the premotor areas. Current
Opinion in Neurobiology, 11, 663–72.

Prinz, W. (1997). Perception and action planning. European Journal
of Cognitive Psychology, 9, 129–54.

Rizzolatti, G., Craighero, L. (2004). The mirror-neuron system.
Annual Review of Neuroscience, 27, 169–92.

Rizzolatti, G., Fogassi, L., Gallese, V. (2001). Neurophysiological
mechanisms underlying the understanding and imitation of
action. Nature Reviews Neuroscience, 2, 661–70.

Roland, P.E., Larsen, B., Lassen, N.A., Skinhoj, E. (1980).
Supplementary motor area and other cortical areas in organ-
ization of voluntary movements in man. Journal of
Neurophysiology, 43, 118–36.

Rumiati, R.I., Tessari, A. (2002). Imitation of novel and well-
known actions: the role of short-term memory. Experimental
Brain Research, 142, 425–33.

Rumiati, R.I., Weiss, P.H., Tessari, A., et al. (2005). Common and
differential neural mechanisms supporting imitation of mean-
ingful and meaningless actions. Journal of Cognitive
Neuroscience, 17, 1420–31.

Rushworth, M.F., Krams, M., Passingham, R. (2001a). The atten-
tional role of the left parietal cortex: the distinct lateralization
and localization of motor attention in the human brain. Journal
of Cognitive Neuroscience, 13, 698–710.

Rushworth, M.F., Ellison, A., Walsh, V. (2001b). Complementary
localization and lateralization of orienting and motor atten-
tion. Nature Neuroscience, 4, 656–61.

Shackman, A.J., Salomons, T.V., Slagter, H.A., Fox, A.S., Winter,
J.J., Davidson, R.J. (2011). The integration of negative affect,
pain and cognitive control in the cingulate cortex. Nature
Reviews. Neuroscience, 12, 154–67.

Shima, K., Aya, K., Mushiake, H., Inase, M., Aizawa, H., Tanji, J.
(1991). Two movement-related foci in the primate cingulate
cortex observed in signal-triggered and self-paced forelimb
movements. Journal of Neurophysiology, 65, 188–202.

Shin, Y.K., Proctor, R.W., Capaldi, E.J. (2010). A review of contem-
porary ideomotor theory. Psychological Bulletin, 136, 943–74.

Southgate, V., Hamilton, A.F. (2008): Unbroken mirrors: challeng-
ing a theory of Autism. Trends in Cognitive Sciences, 12, 225–9.

Spengler, S., von Cramon, D.Y., Brass, M. (2009). Control of
shared representations relies on key processes involved
in mental state attribution. Human Brain Mapping, 30,
3704–18.

Stephan, K.M., Binkofski, F., Halsband, U., et al. (1999). The role of
ventral medial wall motor areas in bimanual co-ordination. A
combined lesion and activation study. Brain, 122, 351–68.

Stock, A., Stock, C. (2004). A short history of ideo-motor action.
Psychological Research, 68, 176–88.

Stoodley, C.J., Schmahmann, J.D. (2009). Functional topography
in the human cerebellum: a meta-analysis of neuroimaging
studies. Neuroimage, 44, 489–501.

76 | Social Cognitive and Affective Neuroscience, 2016, Vol. 11, No. 1



Strick, P.L., Dum, R.P., Fiez, J.A. (2009): Cerebellum and
nonmotor function. The Annual Review of Neuroscience, 32, 413–34.

Sugiura, M., Sassa, Y., Watanabe, J., et al. (2009). Anatomical seg-
regation of representations of personally familiar and famous
people in the temporal and parietal cortices. Journal of Cognitive
Neuroscience, 21, 1855–68.

Sugiura, M., Shah, N.J., Zilles, K., Fink, G.R. (2005). Cortical repre-
sentations of personally familiar objects and places: functional
organization of the human posterior cingulate cortex. Journal
of Cognitive Neuroscience, 17, 183–98.

Thach, W.T., Goodkin, H.P., Keating, J.G. (1992). The cerebellum
and the adaptive coordination of movement. The Annual
Review of Neuroscience, 15, 403–42.

van der Gaag, C., Minderaa, R.B., Keysers, C. (2007). Facial expres-
sions: what the mirror neuron system can and cannot tell us.
Social Neuroscience, 2, 179–222.

Vogt, S., Buccino, G., Wohlschlager, A.M., et al. (2007). Prefrontal
involvement in imitation learning of hand actions: effects of
practice and expertise. Neuroimage, 37, 1371–83.

Wang, Y., Ramsey, R., Hamilton, A.F. (2011). The control of mim-
icry by eye contact is mediated by medial prefrontal cortex.
The Journal of Neuroscience, 31, 12001–10.

Williams, J.H., Whiten, A., Singh, T. (2004). A systematic review
of action imitation in autistic spectrum disorder. Journal of
Autism and Developmental Disorders, 34, 285–99.

S. Hanawa et al. | 77


	nsv089-TF1
	nsv089-TF2
	nsv089-TF3

