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Abstract: It has been suggested that in humans the mirror neuron system provides a neural substrate
for imitation behaviour, but the relative contributions of different brain regions to the imitation of
manual actions is still a matter of debate. To investigate the role of the mirror neuron system in imita-
tion we used fMRI to examine patterns of neural activity under four different conditions: passive ob-
servation of a pantomimed action (e.g., hammering a nail); (2) imitation of an observed action; (3)
execution of an action in response to a word cue; and (4) self-selected execution of an action. A net-
work of cortical areas, including the left supramarginal gyrus, left superior parietal lobule, left dorsal
premotor area and bilateral superior temporal sulcus (STS), was significantly active across all four con-
ditions. Crucially, within this network the STS bilaterally was the only region in which activity was
significantly greater for action imitation than for the passive observation and execution conditions. We
suggest that the role of the STS in imitation is not merely to passively register observed biological
motion, but rather to actively represent visuomotor correspondences between one’s own actions and
the actions of others. Hum Brain Mapp 31:1316–1326, 2010. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

Motor imitation involves observing the action of another
individual and matching one’s own movements to those
actions being observed [Decety et al., 2002]. Imitation has
been suggested to rely on the mirror neuron system [Brass
and Heyes, 2005; Buccino et al., 2004; Heyes, 2001; Iaco-
boni, 2005; Iacoboni and Dapretto, 2006; Rizzolatti, 2005;
Rizzolatti et al., 2001; Rizzolatti and Craighero, 2004]. Mir-

ror neurons are visuomotor neurons that fire both when
an action is performed and when a similar or identical
action is passively observed [Rizzolatti and Craighero,
2004]. A mirror system or network in the human brain
should therefore be defined by its common activation dur-
ing passive observation of action and during execution of
actions without visual stimulation [Chong et al., 2008]. If
such a mirror network is the basis for imitation, then imi-
tation should rely on the same areas that are commonly
recruited for action observation and execution. Previous
brain imaging studies that have investigated imitation,
however, have not examined the overlap or conjunction
between action observation, execution, and imitation.
Therefore, the relative roles of different brain regions
within an action observation/execution network during

imitation remain unknown. The aim of the present study

was to independently identify the brain regions that

respond to both observation and execution of movements

(both word-cued and self-selected) and to investigate the

differential role of these regions during imitation.
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Mirror neurons were first observed using microelectrode
recordings of single neurons in area F5 of the monkey pre-
motor cortex [di Pellegrino et al., 1992; Gallese et al., 1996;
Rizzolatti et al., 1996a] and later also in the PF/PFG com-
plex within the inferior parietal cortex [Fogassi and Lup-
pino, 2005; Fogassi et al., 2005; Gallese et al., 2002].
Neurons in the superior temporal sulcus (STS) also
respond to the passive observation of actions [Jellema
et al., 2000; Perrett et al., 1989], but they have not gener-
ally been considered to form part of the mirror-neuron
network because they do not appear to be endowed
with motor properties [Rizzolatti and Craighero, 2004].
Early brain imaging studies that compared brain activity
during perceived and executed actions [Decety et al.,
1997; Iacoboni et al., 2001; Rizzolatti et al., 1996b] sug-
gested that an analogous frontoparietal mirror neuron
system exists in humans. Since then, many studies using
TMS, EEG, MEG, PET and fMRI have confirmed these
early results. It is widely believed that Brodmann area
44, in the posterior inferior frontal gyrus (IFG), is the
human mirror-equivalent of monkey area F5 and that
the rostral inferior parietal lobule (IPL) is the human
mirror-equivalent of area PF/PFG (for reviews, see Fab-
bri-Destro and Rizzolatti [2008], Iacoboni and Dapretto
[2006], Rizzolatti [2005], Rizzolatti et al. [2001], and Riz-
zolatti and Craighero [2004]). However, it has been sug-
gested that the evidence for a circuit in humans with
‘‘mirror’’ properties analogous to those observed in
monkeys is relatively weak [Decety and Grèzes, 1999;
Dinstein et al., 2008; Grèzes and Decety, 2001; Turella
et al., 2009]. One issue is that, in humans, there appear to be
many more areas that exhibit ‘‘mirror’’ properties based on
their common activation during observation and execution
of action—including the ventral and dorsal premotor cortex,
the supplementary and presupplementary motor areas, the
superior parietal lobule, and the intraparietal region—than
would be expected based on the original monkey studies
[Gazzola and Keysers, 2009; Turella et al., 2009]. If mirror
areas in humans are truly widespread throughout the cor-
tex, the explanatory power of a ‘‘mirror system’’ with
unique functional properties is diminished. A further issue
is that most brain imaging studies have examined neural ac-
tivity for just a single condition at a time—passive observa-
tion, execution, or imitation—rather than testing for regions
of overlap between all conditions, which a strict definition of
the mirror system requires [Fabbri-Destro and Rizzolatti,
2008]. A recent study by Gazzola and Keysers [2009]
directly tested for common areas of activation for
observed and executed actions in humans. They found
reliable overlap in two regions in which mirror neurons
have been found in monkeys: (1) the ventral premotor
area (BA 6/44) and (2) the inferior parietal cortex (area
PF). In addition, however, they observed reliable overlap
in the dorsal premotor cortex, supplementary motor area,
middle cingulate, middle temporal gyrus, somatosensory
cortex, and superior parietal lobule.

Assuming a similar mirror neuron network exists in
humans and monkeys, the question remains whether this
network supports imitation. The fact that monkeys appear
to be relatively poor imitators [Visalberghi and Fragaszy,
2001; Whiten and Ham, 1992] suggests that imitation is not
the primary function of the nonhuman mirror neuron sys-
tem. Iacoboni and Dapretto [2006] have suggested a ‘‘core
circuit’’ for imitation that includes three regions. Two of
these regions form part of the mirror neuron network: the
posterior inferior frontal gyrus (IFG) plus adjacent ventral
premotor cortex (PMC), and the rostral part of the inferior
parietal lobule (IPL). The third region, the posterior part of
the superior temporal sulcus (STS), is outside of the mirror
neuron system. Iacoboni and coworkers [Iacoboni, 2005;
Iacoboni et al., 2001; Iacoboni and Dapretto, 2006] have sug-
gested that the main function of the STS is to provide visual
input to the mirror neuron system and to allow matching
between sensory predictions of imitative motor plans and a
visual description of observed actions.

Apart from these three regions, other studies examining

imitation have reported involvement of the superior parie-

tal lobule [Chaminade et al., 2002; Iacoboni et al., 1999;

Jackson et al., 2006; Koski et al., 2003; Vogt et al., 2007;

Williams et al., 2007] and dorsal premotor area [Aziz-

Zadeh et al., 2006; Buccino et al., 2004; Grèzes et al., 2003;

Koski et al., 2002, 2003; Vogt et al., 2007; Williams et al.,

2007]. The study of Gazzola and Keysers [2009] also identi-

fied these regions as overlapping for observation and exe-

cution of movement; however, the function of these areas

for imitation and their relationship with the mirror net-

work are still not clear.
In the current study, we aimed to examine the roles of

mirror network areas in imitation. As noted earlier, most
of the studies that have investigated the mirror system in
humans have not included the necessary conditions to
test for mirror properties as defined by the original sin-
gle-cell work in monkeys [Dinstein et al., 2008; Gazzola
and Keysers, 2009; Turella et al., 2009]. Instead of simply
comparing levels of activity between the different condi-
tions, as in typical fMRI studies, we specifically used a
conjunction analysis to identify areas commonly active
during all conditions of passive observation, execution,
and imitation of action. Another problem with previous
investigations is that they have typically involved visual
stimulation in both the observation and execution condi-
tions, thus potentially yielding vision-related activity in
both. A true mirror area should be active during execu-
tion conditions without visual stimulation [Dinstein et al.,
2007]. In our fMRI study, participants were required to
observe, imitate, and execute actions—in the latter condi-
tion in the absence of any visual stimuli. Two separate
execution conditions were examined: participants either
selected an appropriate action on the basis of a word-cue,
or they self-selected an action pseudorandomly from a
learned set. During word-cued execution, visual and lan-
guage areas of the brain should be active, whereas during
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self-selected execution working memory and response
selection areas should be involved [Cunnington et al.,
2002]. Crucially, the conjunction between these two exe-
cution conditions should involve just those areas associ-
ated with the common processes of planning, initiation,
and control of movement.

Several previous studies have examined observation or
imitation of actions directed toward objects [Aziz-Zadeh
et al., 2006; Buccino et al., 2004; Chaminade et al., 2002;
Decety et al., 2002; Gazzola and Keysers, 2009;
Grèzes et al., 2003], actions involving the pantomimed use
of objects [Chong et al., 2008; Decety et al., 1997;
Montgomery et al., 2007], or either communicative or
meaningless finger gestures [Chaminade et al., 2005; Cun-
nington et al., 2006; Decety et al., 1997; Dinstein et al.,
2007; Iacoboni et al., 1999; Montgomery et al., 2007]. Stud-
ies in monkeys suggest that mirror neurons respond only
to actions directed toward objects, although they still
respond when objects are not visible but inferred to be
present [Kohler et al., 2002; Umiltà et al., 2001]. In
humans, both goal-directed actions with the object present
and goal-directed pantomimed actions [Buccino et al.,
2001; Montgomery et al., 2007] appear to involve the mir-
ror system, as do communicative actions [Montgomery
et al., 2007]. Similarly, our previous study identified move-
ment-selective mirror neurons during observation and exe-
cution of actions involving the pantomimed use of objects
[Chong et al., 2008]. In the current study, we employed
the same pantomimed actions as in our previous work
[Chong et al., 2008] to avoid brain activity associated with
object processing that has been found in studies of object-
directed actions [Buccino et al., 2001].

In this study, we aimed to examine the roles of mirror
network areas in imitation. We first identified the observa-
tion/execution network by determining regions that were
commonly active across all conditions of execution, obser-
vation, and imitation. We then tested for any differences
in activation between conditions within these commonly
active regions, to investigate their relative roles in passive
observation, execution, and imitation of action.

MATERIALS AND METHODS

Participants

Twenty neurologically healthy volunteers participated in
the experiment (mean age ¼ 22.6; standard deviation 2.72
years; ten males). All participants were right-handed as
assessed by the Edinburgh Handedness Inventory
[Oldfield, 1971] and had normal or corrected-to-normal
visual acuity. Volunteers were informed about the poten-
tial health risks and gave informed consent prior to enter-
ing the study. The study was approved by the Medical
Research Ethics Committee of The University of
Queensland.

Experimental Design

Stimuli

Stimuli (Fig. 1A) were movie clips of six pantomimed,
goal-directed hand actions (clicking a pen; hammering a
nail; scratching a surface; shooing a fly; shooting a gun;
stroking a cat), taken from the study of Chong et al.
[2008]. The object toward which each action was directed
(e.g., pen, hammer) was not present in any of the clips, but
the goal of each action was self-evident to participants, and
this was verified behaviorally prior to the imaging session.
Each action was carefully chosen to be as distinct from the
others as possible. The movie clips were 1 s in duration and
showed images of the action being performed by the right
hand of an actor viewed from an allocentric (i.e., partici-
pant’s own) perspective against a black background. Only
the torso and right hand of the actor were visible. In the ob-
servation condition, participants were required to watch the
video clips passively. In the imitation condition, participants
watched the identical clips and were required to imitate the
actions they observed. For example, when participants saw
the video of a hand hammering a nail, they were required
to perform an identical hammering action themselves. Par-
ticipants were asked to begin movements as soon as they
saw the video clips, but were not specifically required to
synchronize the timing of their own actions with the video
clips. An infrared camera installed in the scanning room
allowed the experimenter to monitor participants’ hand
actions and record errors. During the word-cued execution
condition, participants were shown one of six nouns associ-
ated with each of the six actions: PEN, NAIL, SURFACE,
FLY, GUN, or CAT. The use of verbs as word cues was spe-
cifically avoided because action words have previously been
shown to activate mirror areas in the left prefrontal cortex
[Rüschemeyer et al., 2007]. During the self-selected execution
condition, participants viewed a green cross at fixation and
were required to select their own action to perform from the
set of six learned actions. Prior to scanning, participants
were trained to perform each action accurately with their
right hand, matching the actions as closely as possible with
those depicted in the video clips.

Scanning session

The four action conditions were run in separate blocks.
The six different hand actions were presented and
repeated in a random order during the observation and
imitation trials (Fig. 1B), and the six different words were
presented and repeated in a random order during the
word-cued execution trials. Each condition lasted for 20 s
and was followed by a 20-s baseline period in which the
fixation cross rotated through 90� every 2 s. Each block
lasted for 4 min. Brain activity during the observation con-
dition, the two execution conditions, and the imitation
condition was compared with the resting baseline. Each of
the four conditions was pseudorandomized so that each
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condition appeared in each position (first, second, third, or
fourth) and no condition was repeated immediately after
itself. Participants were evenly allocated to one of the four
condition orders. The condition order was repeated so that
each participant completed each condition twice for a total
of eight blocks. A cardboard cuff was placed over the par-
ticipant’s arm throughout the scanning session so that
they could not see their own hand while they were per-
forming the actions. This was done to ensure that all vis-
ual stimulation involved the video displays only and not
the added visual stimulus of seeing one’s own hand move
during the execution and imitation conditions.

fMRI methods

A 4-Tesla Bruker-Siemens MRI scanner was used to ac-
quire the images. Functional MRI scans used an echo-planar
imaging (EPI) sequence with repetition time (TR) ¼ 2,000

ms, echo time (TE) ¼ 30 ms, flip angle ¼ 90�, 64 � 64 vol-
ume element (voxel) matrix, 32 axial slices, 3.59 � 3.59 mm
in-plane resolution, 3.5 mm slice thickness with slice spacing
¼ 3.85 mm. The first four TR periods from each functional
run were removed to allow for steady-state tissue magnetiza-
tion. A total of 122 EPI volumes were collected for each run,
and eight runs were performed by each participant. Standard
protocols were then followed to acquire high-resolution, T1-
weighted structural images from each participant.

Data analysis

Data were processed and analyzed using SPM5 (Well-
come Department of Imaging Neuroscience, Institute of
Neurology, London; http://www.fil.ion.ucl.ac.uk/spm),
implemented in Matlab (Mathworks, USA). All experi-
ments were preprocessed in the same way. Following cor-
rection for differences in timing of slice acquisition within

Figure 1.

Stimulus displays and experimental protocol. (A) Overview of the stimuli used in the four condi-

tions. (B) Sequence of events within a typical block of the observation and imitation conditions.

Pictures are from the videos presented in the observation and imitation trials. Note that the

hand actions were always depicted as dynamic displays for 1 s.
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a volume, EPI volumes were realigned to the middle
image for movement correction using a least-squares
approach and six-parameter rigid body spatial transforma-
tions [Friston et al., 1995]. A mean EPI volume was
obtained during realignment, and the structural MRI was
coregistered with that mean volume. The structural scan
was normalized to the Montreal Neurological Institute T1
template [Friston et al., 1995] using nonlinear basis func-
tions. The same deformation parameters were applied to
the EPI volumes. The EPI volumes were spatially
smoothed using a 7 mm FWHM filter. The smoothed, nor-
malized single-subject EPI data were analyzed using ob-
servation, imitation, word-execution, and self-selection
blocks as effects of interest. Standard (no overall grand
mean scaling) random-effects analyses were then per-
formed, in which each participant’s response was consid-
ered as a variable drawn from the population [Holmes
and Friston, 1998]. For each participant, statistical paramet-
ric maps were generated from linear contrasts for each
condition minus baseline. These contrasts of parameter
estimates were then included in a one-way repeated-meas-
ures ANOVA in a second-level analysis. We performed a
conjunction analysis (using conjunction-null hypothesis)
across all four conditions, as described by Nichols et al.
[2005], using a threshold of P < 0.001 uncorrected, with a
minimum cluster size >5 voxels. The conjunction-null hy-
pothesis, unlike the global-null hypothesis (see Friston
et al. [2005] and Nichols et al. [2005]), ensures that signifi-
cant voxels are above threshold in every one of the four
conditions.

To compare levels of activation between the four condi-
tions, we then extracted the parameter estimates from the

peak voxels in each of the clusters that were significant in
the conjunction analysis and performed pairwise compari-
sons between conditions using repeated-measures t-tests
(P � 0.01). Anatomical localization was carried out by vis-
ual comparison of the MRI-projected sections with corre-
sponding slices from the Duvernoy [1999] brain atlas.

RESULTS

Behavioral Data

Participants were observed by infrared video monitoring
during the scans, and error rates were recorded to ensure
that the task was performed correctly. None of the partici-
pants displayed overt movement during any of the acquisi-
tions in the passive observation condition. Errors in the
execution and imitation conditions were very rare, account-
ing for <2% of all trials. A one-way repeated-measures
ANOVA found no difference between the number of
correctly executed trials in the Word-cued Execution (M ¼
118.15, 98.46% correct trials), Self-Selected Execution
(M ¼ 118.75, 98.96% correct trials), and Imitation conditions
(M ¼ 118.1, 98.42% correct trials), F(2,38) ¼ 0.797, P ¼ 0.458.

Neuroimaging Data

Common activation across conditions:
Conjunction analysis

We first identified regions that were active across all
four conditions of observation, execution (�2), and imita-
tion. The conjunction analysis across the four conditions

TABLE I. Six clusters above threshold (P < 0.001, voxel threshold > 5) in the conjunction

analysis of all four conditions

Cluster
MNI

Z

Self-selected
minus

Word-cued
minus

Imitation
minus

Imitation
minus

Imitation
minus

Locus size x y z value observation observation self-selected word-cued observation

Left STS 13 �51 �63 6 3.55 ns ns Z ¼ 5.16;
P < 0.001

Z ¼ 4.46;
P < 0.001

Z ¼ 4.13;
P < 0.001

Right STS 48 51 �51 6 3.93 ns ns Z ¼ 3.66;
P < 0.001

Z ¼ 3.77;
P < 0.001

Z ¼ 4.32;
P < 0.001

Left SPL 50 �33 �45 54 4.22 Z ¼ 4.54;
P < 0.001

Z ¼ 4.67;
P < 0.001

ns ns Z ¼ 5.47;
P < 0.001

Left SMG 6 �48 �36 30 3.45 Z ¼ 3.57;
P < 0.001

Z ¼ 3.48;
P < 0.001

ns ns Z ¼ 4.62;
P < 0.001

Left dPM 14 �51 �3 48 3.74 Z ¼ 3.34;
P < 0.001

Z ¼ 2.77;
P ¼ 0.003

ns ns Z ¼ 4.13;
P < 0.001

Right dPM 13 48 3 48 3.94 Z ¼ 2.70;
P ¼ 0.003

Z ¼ 2.34;
P ¼ 0.01

ns ns Z ¼ 4.12;
P < 0.001

STS, superior temporal sulcus; SPL, superior parietal lobule; SMG, supramarginal gyrus; dPM, dorsal premotor cortex; ns, no supra-
threshold voxel.
For each of the six clusters we extracted the parameter estimates from the peak voxels in each of the clusters that were significant in
the conjunction analysis and performed pairwise comparisons between conditions using repeated-measures t-tests.
All the significant (�0.01) results are presented.
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revealed six regions (left superior temporal sulcus, right
superior temporal sulcus, left dorsal premotor cortex, right
dorsal premotor cortex, left superior parietal lobule, and
left supramarginal gyrus) that were significantly active
(Table I, Fig. 2).

Comparisons between conditions: Pairwise contrasts

We performed pairwise comparisons between each of
the four conditions in each of the six regions identified in
the conjunction analysis. Significant results (P � 0.01) are
shown in Table I. Activity was significantly greater in the
imitation condition compared with all other conditions in
the left and right superior temporal sulcus (see Fig. 3).
Within these bilateral STS regions, there was no significant
difference in activity elicited by the two execution condi-
tions (word-cued and self-selected) and the observation
condition (Table I, Fig. 3). This effect of imitation within
the STS was not evident in any of the other three regions
of interest. By contrast, activity in the left dorsal premotor
cortex, right dorsal premotor cortex, left superior parietal
lobule, and left supramarginal gyrus was significantly
greater in each of the three conditions involving execu-
tion—word-cued execution, self-selected execution, and
imitation—than in the observation-alone condition (Table
I, Fig. 3).

DISCUSSION

The aim of the current study was to examine the roles
of mirror network areas in manual imitation. To achieve
this aim, we first performed a conjunction analysis to iden-
tify regions that were significantly active in all four condi-
tions of observation, execution, and imitation. This
analysis revealed a bilateral network that included the

bilateral dorsal premotor area, left supramarginal gyrus,
left superior parietal lobule, and bilateral STS (see Fig. 2).
These cortical sites extend beyond the classical mirror neu-
ron regions of the IFG and IPL. Our findings are consistent
with a meta-analysis of fMRI and PET studies [Grèzes and
Decety, 2001] that examined neural activity associated
with action execution, action simulation, and action obser-
vation. That study found a significant overlap between
activation patterns for execution and observation of actions
in the dorsal premotor cortex, the supramarginal gyrus,
and the superior parietal lobe. The STS was also found to
be involved during action observation in several studies.

We found two distinct patterns of neural response
across conditions (see Fig. 3). The responses in the parietal
and premotor areas were more motor-related (see Fig. 3).
This pattern involved the IPL, SPL, and dorsal premotor
cortex and showed equivalent activity for all conditions
involving movement execution (imitation, plus self-
selected and word-cued execution), but less activity for
passive observation. The other pattern of activity involved
the STS bilaterally and appeared more imitation-related
(see Fig. 3). These superior temporal regions showed more
activation during the imitation condition than all of the
other conditions.

The inferior frontal gyrus was not significantly active
across all the conditions in our study. In the observation-
only condition (see Fig. 2), we did not find activation in
the IFG (similar to Jackson et al. [2006] and Jonas et al.
[2007]). Iacoboni et al. (1999) did find increased activation
in Broca’s area during imitation compared with execution
and observation, but Williams et al. (2006) showed no evi-
dence of activation in this region during imitation com-
pared with execution in an identical task, even when they
lowered the threshold to P ¼ 0.05 uncorrected. Because a
small set of actions was used in our study, it could be
argued that the ventral premotor cortex and IFG were not

Figure 2.

Results from the fMRI analyses. Display of the significant clusters (P < 0.001 uncorr., voxel

threshold > 5) in the conjunction analysis and each of the four conditions minus baseline (P <
0.001 uncorr.) displayed on a rendered brain.
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Figure 3.

Comparisons between conditions in each of the regions identified in the conjunction analysis.

Coronal, axial, and sagittal sections displayed at an uncorrected threshold of P < 0.001 þ con-

trast estimate and S.E. of the most significant voxel in that cluster. Significant differences (*P �
0.01, **P � 0.001, see Table I) between the conditions are shown. STS, superior temporal sulcus;

SPL, superior parietal lobule; SMG, supramarginal gyrus; dPM, dorsal premotor cortex.
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particularly active during passive observation because the
actions were over-learned and that these regions are more
involved in learning of novel hand movements [Buccino
et al., 2004] than of familiar hand movements [Goldenberg
and Karnath, 2006; Tanaka and Inui, 2002]. This seems
unlikely, however, because an fMRI study by Calvo-
Merino et al. [2005] on action observation in dancers
showed that the ventral premotor cortex was more active
during observation of learned actions compared with non-
learned actions. Our results are in line with previous stud-
ies that suggest that areas 44 and 45 are not crucial for
imitation [Makuuchi, 2005; Molenberghs et al., 2009].

The dorsal premotor area, on the other hand, seems to
be a region that is more consistently activated during imita-
tion [Molenberghs et al., 2009] and was found to be active
in the conjunction of all conditions in our study. This region
is more active during imitation of goal-directed actions
compared with non-goal-directed actions [Koski et al.,
2002]; during specular imitation compared with motor con-
trol tasks [Koski et al., 2003]; during imitation versus per-
formance of nonmatching actions [Williams et al., 2007];
and during imitation versus passive action observation
[Molnar-Szakacs et al., 2005] and shows common activation
for imitation and observation of an object being grasped
[Grèzes et al., 2003; Vogt et al., 2007]. This suggests that in
the frontal lobe the dorsal premotor area rather than the in-
ferior frontal gyrus is crucial for imitation.

In our study, the posterior STS showed significant bilat-
eral activation in all the conditions. The largest activity
was found during the imitation condition. In an fMRI
study specifically designed to examine activity in the STS,
Iacoboni et al. [2001] found significantly greater STS activa-
tion during imitation compared with an execution control
and observation condition. Our study is different in several
ways. First, Iacoboni et al. [2001] did not have a self-selected
execution condition, and so it is not clear if the STS was
also active during motor responses without a visual cue.
Second, they tested for increases in STS activation between
conditions, but not for the critical conjunction across condi-
tions, and so it is not clear whether the STS was significantly
active in all conditions. In our study, the left and right STS
were significantly active in all four conditions compared
with baseline. Third, Iacoboni et al. [2001] selected the STS
as a region of interest based on activation from an earlier
study, making it difficult to rule out involvement of cortical
areas beyond their temporal ROI. To circumvent this limita-
tion, we first identified the observation/execution network
in a conjunction analysis across the whole brain. We found
that the STS alone showed a selective imitation-related
response. Finally, instead of the simple finger movements
used by Iacoboni et al. [2001], we used pantomimed, goal-
directed hand movements that more closely match the goal-
directed hand movements used to activate mirror neurons
in monkeys [Gallese et al., 1996].

Interestingly, and in contrast to the other regions identi-
fied, the STS responded equally to executed actions and to
actions passively observed in our study. Given previous

suggestions that the STS is crucial for the perception of bi-
ological motion [Allison et al., 2000; Castelli et al., 2000;
Grèzes and Decety, 2001; Grossman et al., 2000; Jellema
et al., 2000; Perrett et al., 1989; Perrett and Emery, 1994], it
is puzzling that we found equivalent activity within the
STS for passive observation of action as for the execution
of movement in the absence of any visual stimuli. It is
unlikely that the human STS has motor properties, because
single cell recordings in an homologous region in monkeys
suggests that STS neurons do not respond during executed
actions [Rizzolatti and Craighero, 2004]. Others [Iacoboni,
2005; Iacoboni et al., 2001; Iacoboni and Dapretto, 2006]
have suggested that the STS receives an efference copy of
motor plans from the frontoparietal mirror system, which
is then used for matching with higher-order visual
descriptions of the observed action within the STS. The
STS activity we observed during movement execution is
consistent with a role for the STS in receiving an efference
copy of the planned action [Iacoboni and Dapretto, 2006].
It is also possible that activity within the STS during
movement execution arises because participants also imag-
ine the movement to be performed. The STS is active dur-
ing mental imagery of biological motion involving point-
light display animations [Grossman and Blake, 2001], but
previous studies that have specifically examined motor im-
agery have not revealed activation of the STS [Grèzes and
Decety, 2001]. It is therefore unclear whether the STS activ-
ity we observed in the movement execution condition
should be attributed to visual or motor imagery of panto-
mimed hand actions, or to some other factor. This question
will need to be addressed in future studies.

Our results do clearly point to a role of the STS in imita-
tion, since bilateral regions of the posterior STS showed
significantly greater activation during imitation than all
other conditions. One could argue that the increased activ-
ity in the STS during the imitation condition compared
with the observation condition is due to an increase of
attention to biological motion. We think that this explana-
tion is unlikely, because in our study, we observed equal
activation in the execution conditions without biological
motion compared with the observation condition. This
suggests that the STS must do more than merely encoding
biological motion.

Evidence from studies of stroke patients suggests an im-
portant role for the STS in imitation. Merians et al. [1997]
reported a patient with apraxia due to a temporal lobe
lesion who had greater problems imitating gestures than
performing the same gestures to verbal command. More
recently, in a study of 32 stroke patients, Tessari et al.
[2007] reported that of the individuals with selective defi-
cits imitating meaningless hand actions, all had overlap-
ping lesions involving the STS and ventral angular gyrus.
Tessari et al. [2007] suggested that the STS forms part of a
direct visuomotor pathway, as opposed to an indirect
semantic pathway, whereby visual representations of
observed actions can access the motor system for imita-
tion. This view is broadly consistent with Iacoboni’s [2005]
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theory that the STS provides a higher-order visual descrip-
tion of observed actions to the mirror neuron system that
is necessary for imitation. By contrast, Goldenberg and
Karnath [2006] found no evidence for any influence of STS
lesions on imitation in their lesion-mapping study of 44
left-hemisphere stroke patients. Their findings implicate
the left IFG and left IPL as regions critical for imitation of
meaningless finger and hand actions, respectively.

The STS is also suggested to play a key role in identify-
ing the intentions of others via analysis of ‘‘social’’ biologi-
cal motion [Allison et al., 2000; Saxe et al., 2004]. The use
of pantomimed actions in our study, which may be con-
sidered to have a more communicative, social function in
everyday life, could have recruited the STS to a greater
extent than actions performed toward real objects (as stud-
ied by Gazzola and Keysers [2009]). Nonetheless, previous
studies of action observation in which the object was
actually present have also shown involvement of the STS
during imitation, consistent with our results [Chaminade
et al., 2002; Decety et al., 2002]. In a study examining re-
ciprocal imitation, Decety et al. [2002] showed that the left
STS was more involved when participants imitated the
actions of an experimenter compared with when they
observed the experimenter imitating their own self-
selected actions. Decety et al. [2002] therefore suggested
that the STS is crucial for making self–other distinctions
during imitation, when observed and executed actions
match.

Crucially, the STS appears to register the congruence
between observed actions and intended goals, both for
hand actions [Pelphrey et al., 2004a] and for shifts of gaze
[Pelphrey et al., 2003]. In a social context, Pelphrey et al.
[2004b] found that activity within the STS is enhanced for
so-called ‘‘mutual gaze,’’ in which the observer’s eye-gaze
matches that of the observed person. Behaviorally, Miall
et al. [2006] have shown that performing actions enhances
the visual perception of congruent actions, suggesting that
motor processes associated with action planning and exe-
cution somehow feed back to influence the visual process-
ing and perception of others’ actions when those actions
match. Our results, showing enhanced activity of the STS
during imitation, may therefore reflect a role of the STS in
registering the congruence between one’s own actions and
the actions of others, and perhaps enhancing the percep-
tual interpretation of others’ actions when they match the
observer’s own motor plans [e.g., Miall et al., 2006]. In this
way, the STS may provide an interface between one’s own
actions and the actions he or she observes, providing a
neural substrate for various aspects of social cognition
more generally.
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