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Human ability to imitate movements is instantiated in parietal, premotor and opercular structures, often referred
to as the humanhomologue of themacaquemirror neuron system. Asmost studies employed imitation of specular
models (participants imitated the seen movement as their mirror reflection), it is unclear whether the structures
implicated code for the anatomical compatibility between the performer and themodel or the spatial compatibility
between the location at which both movements occur. We used fMRI to disentangle the neural mechanisms un-
derlying anatomical and spatial components of imitation. Participantsmoved one fingerwhichwas either spatially
or anatomically compatible with the finger moved in a video-display. In keeping with the existent behavioral lit-
erature, we found that during the spatial task, participants' responses were faster when the seen movement was
also anatomically compatible, whereas in the anatomical task, responses were faster when the seen movement
was also spatially compatible. Critically, the activity of the parietal opercula bilaterally was associatedwith the an-
atomical compatibility effect. Furthermore, increased activity of the left middle frontal gyrus and right superior
temporal sulcus (extending to the temporo-parietal junction) was found in those trials in which the spatial map-
ping between the seenand executedmovementswas detrimental for the anatomical task.Ourfindings extend cur-
rent understanding of the role played by spatial and anatomical components in imitation and provide new insights
about the parietal opercula.
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Introduction

Imitation is a complex human behavior of remarkable relevance par-
ticularly for its developmental, social and communicative aspects. Re-
cently, there has been a growing interest in the specific cognitive
mechanisms that are likely to support imitation, such as motor control,
action planning and goal selection. In this perspective, imitation of single
finger movements has become a widely-used simple model through
which to investigate these mechanisms. In a series of behavioral studies,
Brass et al. (2000) instructed participants to tap either the index or the
middle finger in response to a spatial cue (i.e. a cross placed on the
hand stimulus) while observing a moving hand as task-irrelevant cue.
They found that when seen and performed movements were the same
(i.e., compatible trials: seen index finger and participants' index finger),
reaction times (RT) were shorter than when they were different (i.e., in-
compatible trials: seen index finger and participants' middle finger).
Shortly after, Brass et al. (2001a) replicated this compatibility effect also
when participants were pre-instructed to perform a tapping movement
in one block of trials and a lifting movement in another block, indepen-
dently ofwhether themovement they sawas primewas tappingor lifting
movement: RT were faster when seen and performed movements were
the same compared with when they were different.
This “automatic imitation” effect can be interpreted in terms of a “di-
rect matching” between the observation of a movement and its execu-
tion (see Prinz, 1997). The key concept of direct matching theories is
that observing the effect of an action facilitates its execution because
perception and action planning share the same representational do-
main. Brass et al. (2000) also added that the automatic imitation effects
they observed with single finger movements are an instance of the
stimulus–response compatibility (SRC), whereby a compatible map-
ping of stimulus and response leads to faster responses than an incom-
patible mapping (Brebner et al., 1972). The SRC and direct matching
accounts clearly have many common features, but differ for one funda-
mental aspect: whereas in SRC the compatibility is based on the spatial
mapping of the stimulus and the effector (spatial compatibility, see
Prinz, 1997), in the direct matching the compatibility should, at least
in principle, also involve a correspondence between observer's and
model's motor commands (anatomical compatibility).

Importantly, while in some studies (Brass et al., 2000, 2001a experi-
ments 1 and 2), the hand displayedwas themirror-image of participants'
hand (i.e., specular hand), thus making anatomically compatible finger
movements also sharing the same spatialmapping, in others (experiment
3 of Bertenthal et al., 2006; Brass et al., 2001a) the authors tried to disen-
tangle, at the behavioral level, the anatomical compatibility effect, based
on the identity between observer's and model's moved parts, from the
spatial compatibility effect, based on the correspondence between the
spatial location of the stimulus and of the effector. In the experiment 3,
Brass et al. (2001a) employed a modified version of their own task in
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which the observed hand was upside-down with respect to the partici-
pants' hand. This manipulationmademovements that were anatomically
compatible but spatially incompatible (i.e., a seen palm-up tapping hand
and a response palm-down tapping hand with a different orientation but
expressing the samemovement), and vice versa (i.e., a seen palm-up tap-
ping hand and a response lifting palm-down handwith the same orienta-
tion but expressing different movements). Brass et al. (2001a) replicated
the automatic imitation effect (Brass et al., 2000, 2001a experiments 1
and 2) even when participants were presented with upside-down
hands, thus confirming that this effect was, at least partly, due to the an-
atomical compatibility between the observed and performedmovement.
However, the automatic imitation effect associated with upside-down
hands stimuli was significantly smaller than the effect associated with
stimuli having the same orientation than the participants' responding
hand. This result suggests that also the spatial compatibility between
the stimulus and the responding hand played a role. In a similar vein,
Bertenthal et al. (2006) asked participants tomove either the finger an-
atomically compatible with the one moved by a model, independently
of the spatial mapping (anatomical imitation), or the finger with the
same spatialmapping, independently of the anatomical identity (spatial
imitation). Stimuli were left and right moving hands, specular and non-
specular to the hand of the participants. In either condition, participants
were faster in the specular condition than in the non-specular condi-
tion: during anatomical imitation, participants were faster when their
finger was also spatially compatible with the model's, whereas during
spatial imitation when their finger was also anatomically compatible
with the model's one.

Neuroimaging studies (e.g., Iacoboni et al., 1999) showed that im-
itation of single movements recruited the left inferior frontal gyrus,
the right anterior portion of the superior parietal cortex involving
the intraparietal sulcus, and the right parietal operculum. These re-
gions were active also during mere observation of the same move-
ments, thus supporting the direct matching hypothesis (Iacoboni et
al., 1999). In addition, this brain network has been proposed to be
the human homologous of the macaque mirror neurons system, en-
gaged both when the monkey performs an action and when it ob-
serves an individual making a similar action (Rizzolatti et al., 2001).

However, as previous imaging studies did not manipulate both the
spatial and anatomical mapping, it remains to be explored how these
two components are implemented in the brain and, in particular, how
they relate to inferior frontal, parietal and opercular structures whose
activity in automatic imitation paradigms has been interpreted in
terms of direct matching. In particular, Koski et al. (2003) asked partici-
pants to imitate, with their right hand, finger movements from dis-
played left (specular) and right (non-specular) hands. They found
stronger activations of the inferior frontal and parietal activations
when imitating specular, relative to non-specular hands, thus describing
regions sensitive to spatial compatibility effect. This study, however, was
not designed to identify the brain regions coding for the anatomical
compatibility between observed and executed movement, as the ana-
tomical correspondence between stimuli and responding hand was
kept constant in both (specular vs. non-specular) conditions.

We used fMRI and tested healthy volunteers using a paradigm de-
rived from Bertenthal et al. (2006). Participants perceived videos dis-
playing moving hands which were either Specular or Non-Specular to
their own responding hand (factor: STIMULI), and were engaged in
both Anatomical and Spatial imitation tasks (factor: TASK). The crucial
analysis is found in the TASK×STIMULI interaction, which reveals the
putative neural signatures of anatomical and spatial compatibilities
emerging from the task-specific specularity effects. In particular, the
neural structures specifically involved in the anatomical compatibility
are expected to be recruited not only during the Anatomical task (in
which such compatibility is explicitly assessed) but also – following
Bertenthal et al. (2006) – in the Spatial task and only for Specular (but
not for Non-Specular) stimuli. On the other hand, neural structures spe-
cifically involved in spatial compatibility are expected to be recruited
not only during the Spatial task (in which such compatibility is explicit-
ly assessed) but also in the Anatomical task, specifically for Specular
stimuli. Differently from previous neuroimaging research, our experi-
mental paradigm can disentangle the anatomical components of imita-
tion from the spatial effects (such as those associatedwith SRC) that are
not specific to imitation, but that nevertheless might have played a cru-
cial role in many studies in the field.

Methods

Participants

Twenty-two healthy subjects (aged between 21 and 33 years, mean
age 24.4±2.9, 12 females) were recruited. None of the participants
had any history of neurological or psychiatric illness. They were all
right-handed, as assessed with the Edinburgh Handedness Inventory
(Oldfield, 1971;mean laterality quotient: 79).Written informed consent
was obtained from all subjects. The study was approved by the Ethic
Committee of IRCCS E.MEDEA — Ass. La Nostra Famiglia and conducted
in accordance with the Declaration of Helsinki.

Stimuli

On each trial, a short video (1 s) was presented to the participant,
showing on a black background either a left (50% of the trials) or a
right handmoving either the index (50% of the trials) or the ring finger.
Each videowas preceded by the first frame of the videowith the hand in
the starting position and it was followed by the last frame of the video
with the hand in the ending position of the movement. A black screen
was shown in the intertrial intervals.

Experimental setup

In the scanner, participants laid supine with their head fixated by
firm foam pads and their hands placed each on one button-box for
manual responses. Stimuli were presented using Presentation 9.0
(Neurobehavioral Systems) and projected to a NordicNeuroLab
VisualSystem goggles that subtended 30°×23° (horizontal×vertical)
of visual angle.

For each experimental trial, the static picture of the first frame of the
videowas presented for 500 ms, followed by the 1000 ms video and the
static picture of the last frameof the video for 300 ms. Each trialwas fol-
lowed by an inter-trial interval ranging from 3400 to 5800 ms with in-
cremental steps of 600 ms inwhich the picture of the black background
was displayed.

As videos displayed exclusively index and ring finger movements,
participants were requested to tap exclusively their own index or ring
fingers. In particular, in the Anatomical Imitation Task, subjects tapped
with their left (50% of the trials) or right hand the finger that was ana-
tomically compatible with the one moving on the screen: e.g., if the
video displayed an index finger movement, than participants had to
tap their own index finger, irrespective of whether the displayed and
one's handhad the same/different handedness and, therefore, of wheth-
er the displayed and one's finger occupied the same/different position in
space. In the Spatial Imitation Task, subjects were asked to tapwith their
left (50% of the trials) or right hand thefinger that was spatially compat-
iblewith the onemoving on the screen: e.g., if the seenfingermovement
occurred closer to the right side of the screen (as in the case of a right
hand moving its index finger), participants were asked to tap, between
their index and ring finger, the one closest to the same side, irrespective
of its anatomical identity. In either task, participants were told to focus
their attention on the fingers being moved, irrespective of whether the
hand seen was specular to their own moving hand.

Subjectswere instructed to start themovement immediately as they
became aware of whichmovement to perform. This results in an online
imitation of the movement seen in the video.



1624 P. Mengotti et al. / NeuroImage 59 (2012) 1622–1630
When the displayed hand was the mirror-image of participants'
moved hand (e.g., participants were requested to move their right
hand whilst seeing a left-hand video), then Anatomical and Spatial
tasks yielded to the same response.We labeled this condition as Specular.
The condition in which Anatomical and Spatial tasks yielded to opposite
responses was labeled Non-Specular. This yielded a 2×2×2 design with
the factors TASK [Anatomical (AN) vs Spatial (SP)] and STIMULI [Specu-
lar (S) vs Non-Specular (NS)] and moved HAND [Right (R) vs. Left (L)]
and eight conditions, corresponding to the following four conditions car-
ried out responding eitherwith their left (50% of the trials) or right hand:
1) AN_S, participants anatomically imitated a Specularmodel; 2) AN_NS,
participants anatomically imitated a Non-Specular model; 3) SP_S, par-
ticipants spatially imitated a Specular model; 4) SP_NS, participants spa-
tially imitated a Non-Specular model (see Fig. 1 for a schematic
representation of the four conditions).

Trials were presented, during the whole experimental session, in
four different blocks, the order of which was counterbalanced across
subjects: two blocks were presented for each task, one to be performed
with the left hand and the other with the right hand. Each block com-
prised 85 randomized trials, including 80 experimental trials [2 hand
stimuli (left, right)×2 finger movements displayed (index, ring)×20
repetitions] and 5 “null events” in which the black background on the
screen replaced the stimuli. Each block was introduced by instructions
(8000 ms) informing the subjects about the hand to be used and task
to perform. A total of 320 trials and 20 “null events” were presented
for each experimental session, with a total experimental duration of
38 min.

Before the fMRI experiment, each subject performed a training
session that included a shortened version of the four different blocks
in each of which 16 randomized trials were delivered.
Fig. 1. Experimental design and stimuli. For each of the four conditions a snapshot from
the video-stimuli is displayed together with a schematic representation of participants'
hand in which the appropriate finger movement is outlined.
fMRI data acquisition

A Philips Achieva 3-T scanner was used to acquire both T1-weighted
anatomical images and gradient-echo planar T2*-weighted MRI images
with blood oxygenation level dependent (BOLD) contrast. Functional im-
ages were scanned using an echo-planar imaging (EPI) pulse sequence
with a TR of 2500 ms, an echo time (TE) of 35 ms, a flip angle of 90°, a
slice thickness of 3 mm, and no gap interval between the slices. Each vol-
ume comprised 30 axial slices with an in-plane resolution of 128×128
voxels and voxel size of 1.8×1.8×3 mm3, field of view (FOV) of
230 mm. For each subject, 910 volumes were acquired in a single exper-
imental sessions. For the anatomical images the following parameters
were used: TR=8.2 ms, TE=3.7 ms, number of slices=190, slice thick-
ness=1mm, no interslice gap, in-plane resolution of 1×1 mm2 and flip
angle=8°.

fMRI data processing

Statistical analysis was performed using the SPM8 software package
(http://www.fil.ion.ucl.ac.uk/spm/) on MATLAB 7.8 (The Mathworks
Inc., Natick, MA/USA). For each subject, the first six volumes were dis-
carded. To correct for subject motion, the functional images were rea-
ligned to a first functional image (Ashburner and Friston, 2003),
normalized to a template based on 152 brains from the Montreal Neu-
rological Institute (MNI), and then spatially smoothed by convolution
with an 6 mm full-width at half-maximum (FWHM) Gaussian kernel.

The data were analyzed using the general linear model framework
(Kiebel and Holmes, 2003) implemented in SPM8. On the first level, for
each individual subject, we fitted a linear regression model to the data,
by modeling the event sequence of each of the experimental conditions
of the 2×2×2 design and its first-order temporal derivative (null events
were not explicitly modeled). Trials in which participants responded in-
correctlywere excluded from the analysis.We also included six differen-
tial realignment parameters assessed for each session as regressors of no
interest. The first-level individual images describing the parameter esti-
mates associated with each of the eight experimental conditions were
then fed to a second-level flexible factorial design with a within-
subjects factor with eight levels, using a random effects analysis (Penny
and Holmes, 2003). Areas of activation were identified as significant if
they passed a threshold of 65 consecutive voxels (corresponding to
pb0.05, family-wise corrected for multiple comparisons at the cluster-
level, Friston et al., 1994) with an underlying voxel-level height thresh-
old of t=3.15 (corresponding to pb0.001, uncorrected).

Localization of activated regions with reference to cytoarchitectonic
areaswas analyzedbasedonprobabilistic cytoarchitectonicmaps derived
from the analysis of cortical areas in a sample of 10 human post-mortem
brains, which were subsequently normalized to theMNI reference space.
The significant results of the randomeffects analysiswere comparedwith
the cytoarchitectonic maps using the SPM Anatomy toolbox (Eickhoff et
al., 2005).

Results

Behavioral results

A 2×2×2 repeated measures analysis of variance (ANOVA) was
conducted on participant mean RT with TASK and STIMULI and HAND
as variables. Error trials and trials in which RT was above two standard
deviations from the mean RT for that condition were excluded from
analysis. Excluded trials were about 1% of the overall trials. Statistical
analyses were performed with SPSS 11.5 software. Mean RT and stan-
dard deviations for each condition are shown in Table 1.

There was a significant main effect of TASK (F(1, 21)=67.35,
pb .0001), indicating that participants responded faster during Spatial,
rather than Anatomical imitation (555±21 ms vs 631±20ms, SEM).
There was also a main effect of STIMULI (F(1, 21)=53.47, pb .0001),

http://www.fil.ion.ucl.ac.uk/spm/


Table 1
Behavioral data for each condition. Mean RTs (standard deviation) are shown in
milliseconds.

HAND Right hand Left hand

TASK Anatomical Spatial Anatomical Spatial

STIMULI Specular 605 (98) 536 (88) 623 (106) 549 (95)
Non-Specular 634 (90) 566 (96) 662 (111) 570 (104)

Table 2
Brain regions showing significant relative increases of BOLD response associated with
each comparison of interest.

Side MNI coordinates Cluster
size

T
scores

x y z

Task main effect: AnatomicalNSpatial
Occipital cortex,
superior/inferior
parietal cortex,
precentral/postcentral gyri,
inferior frontal cortex

L 48 −74 6 12,629⁎⁎⁎ 7.01
R −20 −60 44 6.24

Superior temporal gyrus R 54 −32 6 144⁎⁎⁎ 4.88
Supplementary motor area L −28 −2 54 245⁎⁎⁎ 4.79

L/R −4 6 46 132⁎⁎⁎ 3.77
4 16 44 3.63

Insula/inferior frontal gyrus L −32 22 16 103⁎⁎ 4.70
Middle frontal gyrus L −44 38 26 77⁎ 4.17
Thalamus R 18 −20 6 116⁎⁎ 4.14

Stimuli main effect: Non-SpecularNSpecular
Superior/inferior
parietal cortex

R 18 −62 50 388⁎⁎⁎ 4.75

Anterior insula R 30 22 4 309⁎⁎⁎ 4.45
L −28 32 4 81⁎ 3.80

Precentral gyrus L −26 −4 46 163⁎⁎⁎ 4.43
Supramarginal gyrus R 56 −36 32 79⁎ 4.17

Hand main effect: RightNLeft
Premotor cortex L −30 −24 70 3309⁎⁎⁎ 13.44
Primary motor cortex −50 −20 50 7.68
Supplementary motor area L −8 −2 54 181⁎⁎⁎ 4.58

Hand main effect: LeftNRight
Premotor cortex R 36 −26 68 2928⁎⁎⁎ 12.61
Primary motor cortex 40 −18 50 8.82
Parietal operculum R 48 −18 16 2155⁎⁎⁎ 8.97
Cerebellum L −6 −54 −8 98⁎⁎ 6.03
Supplementary motor area R 12 −22 52 141⁎⁎ 4.70

Task×Stimuli interaction: (SP_SNSP_NS)N(AN_SNAN_NS)
Parietal operculum R 34 −24 10 1018⁎⁎⁎ 4.99

L −50 −12 24 734⁎⁎⁎ 4.80
Inferior frontal operculum L −38 20 34 221⁎⁎⁎ 4.58
Amygdala L −26 8 −12 198⁎⁎⁎ 4.55

R 16 −8 −12 90⁎ 4.64
Middle temporal gyrus L −46 −26 0 87⁎ 4.42

−50 −56 18 70⁎ 4.02
Putamen R 22 12 2 127⁎⁎⁎ 4.36
Postcentral gyrus R 24 −38 54 110⁎⁎⁎ 4.21
Supplementary motor area R 8 −16 56 108⁎⁎⁎ 4.11
Inferior frontal gyrus L −36 42 6 100⁎⁎ 3.99
Inferior parietal cortex R 58 −54 14 92⁎⁎ 3.82

Hand×Stimuli interaction: (Specular Right and Non-Specular Left)
Lingual gyrus R 12 −76 2 2350⁎⁎⁎ 19.31
Superior occipital gyrus L −18 −98 14 744⁎⁎⁎ 9.17
Middle temporal gyrus R 50 −68 8 91⁎⁎ 4.25

Hand×Stimuli interaction: (Specular Left and Non-Specular Right)
Superior occipital gyrus R 18 −96 18 554⁎⁎⁎ 11.53
Lingual gyrus L −6 −82 0 84⁎ 7.43
Cuneus L −12 −72 26 68⁎ 4.69

Conjunction analysis: Task×Stimuli ∩ (SP_SNSP_NS)
Parietal operculum L −50 −12 24 302⁎⁎⁎ 4.80

R 50 −6 26 370⁎⁎⁎ 4.76
Superior temporal gyrus R 44 −22 4 87⁎ 4.11

Conjunction analysis: Task×Stimuli ∩ (AN_NSNAN_S)
Middle frontal gyrus L −38 24 36 145⁎⁎⁎ 4.30
Superior temporal gyrus R 50 −32 10 131⁎⁎⁎ 3.91

All clusters survived a threshold of pb0.05 corrected for multiple comparisons at the
cluster level for the whole brain. L, left hemisphere; R, right hemisphere.

⁎⁎⁎ pb0.001.
⁎⁎ pb0.01.
⁎ pb0.05.
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responses were faster in the Specular (578±20ms) than in the Non-
Specular trials (608±20ms) and a main effect of HAND (F(1, 21)=
10.78, pb .005), subjects being faster when using the dominant right
hand (585±19ms) than the left hand (601±21ms). None of the
two-way interactions was found to be significant, whereas the three-
way interaction Task×Stimuli×Hand was significant (F (1, 21)=4.81,
pb .05): using the dominant right hand yielded to a smaller discrepancy
between Specular and Non-Specular stimuli (difference=29ms) than
using the non-dominant left hand (39 ms). This, however, was the
case only for the Anatomical task, but not for the Spatial task, in which
the use of the dominant hand (compared with the use of the non-
dominant hand, 21 ms) yielded to a larger specularity effect (30 ms).

We further analyzed our dataset with four paired-sample t-tests
with a Bonferroni corrected threshold set at 0.0125. Significant differ-
ences were found between Specular and Non-Specular stimuli for
each level of task. Significant differences were found for the Anatomical
task was found between Specular and Non-Specular stimuli, for the
right hand (t(21)=−4.43, pb .001) and the left hand (t(21)=−4.35,
pb .001). Concerning the Spatial task, significant difference was found
between Specular and Non-Specular stimuli, for the right hand (t(21)=
−3.75, pb .001), whereas the effect for the left hand was slightly
above the corrected significance threshold (t(21)=−2.5, p=.02). The
analysis of accuracy showed a percentage of correct responses on aver-
age over all conditions of 99%, ANOVA on accuracy data revealed only a
significant main effect of STIMULI (F(1, 21)=20.25, pb .0001), with Non-
Specular stimuli beingmore prone to errorswith respect to the Specular
ones (98.6% vs 99.6%).

Functional imaging results

Only clusters of activated voxels which survived a threshold of
pb0.05, corrected for multiple comparisons (see Methods section),
are reported in Table 2.

Main effect of TASK
The contrast testing increased neural activity associated with the

Anatomical, relative to the Spatial task [(AN_S+AN_NS)-(SP_S+
SP_NS)], revealed an extensive network of bilateral areas including:
occipital cortex, superior and inferior parietal cortex, precentral
and postcentral gyri, supplementary motor area, together with right
superior temporal gyrus, right thalamus, left insula, left inferior fron-
tal gyrus and middle frontal gyrus (see Fig. 2A). No suprathreshold
activation was associated with the opposite contrast [(SP_S+SP_NS)-
(AN_S+AN_NS)].

Main effect of STIMULI
Non-Specular, relative to Specular, stimuli [(AN_NS+SP_NS)-

(AN_S+SP_S)] led to differential activation of the right parietal cor-
tex extending in its superior and inferior part and involving the
right supramarginal gyrus, bilateral insula and left precentral gyrus
(see Fig. 2B). No suprathreshold cluster was associated with Specular,
relative to Non-Specular, stimuli [(AN_S+SP_S)-(AN_NS+SP_NS)].

Main effect of HAND
The main effect of Hand revealed the left primary motor, premotor

and supplementary motor cortex involvement when participants
moved the Right hand (relative to the Left hand), independently of



Fig. 2. Neural activations. Suprathreshold activations are projected onto an MNI-
normalized single-subject brain. (A) Regions associated with the Task main effect.
(B) Regions associated with the Stimuli main effect. (C) Regions associated with the
Task×Stimuli interaction.

Fig. 3. Neural activations and parameter estimates extracted from the clusters' local max-
ima of the functional contrast testing the conjunction of the Task×Stimuli interaction and
the simple effect (SP_SNSP_NS). Results are displayed onto a surface rendering and coro-
nal (y=−6) section of an MNI-normalized single-subject brain. The surface rendering
was obtained by removing the temporal lobes, thus allowing free vision of the surface of
the parietal opercula.
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the task employed. Similarly, right primary motor, premotor and sup-
plementary motor cortex were associated with Left hand (as opposed
to Right) hand movement.

TASK×STIMULI interaction
We tested for the differential activity associated with the Specular

(relative to Non-Specular) stimuli in Spatial (relative to Anatomical) im-
itation task [(SP_S-SP_NS)-(AN_S-AN_NS)].We founda significant bilat-
eral increase of activation of the parietal opercula, right inferior parietal
cortex, postcentral gyrus, supplementary motor area and putamen, left
inferior frontal operculum and inferior frontal gyrus, left middle tempo-
ral gyrus and bilateral amygdala (see Fig. 2C). The functional properties
of these regions might reflect, as we predicted, an increase of neural ac-
tivity when processing Specular, compared to Non-Specular, stimuli
only during the Spatial imitation task (SP_S-SP_NS). Alternatively,
these regions might exhibit increased neural activity when processing
Non-Specular, relative to Specular, stimuli only during the Anatomical
imitation task (AN_NS-AN_S). As only the activation of the former set
of regions can be interpreted as due to anatomical compatibility of the
moved and seen hand, we used the conjunction analysis to test which
regions previously found associated with the interaction term were
also associated with a specularity effect in the Spatial task [(SP_S-
SP_NS)-(AN_S-AN_NS)] ∩ (SP_S-SP_NS). This analysis implicated both
the parietal opercula and right superior temporal gyrus. Fig. 3 displays
the parameter estimates extracted from the clusters' local maxima,
thus revealing how the opercula were most active during the Anatomi-
cal imitation task (irrespective of the stimuli), and when Specular stim-
uli were shown in the Spatial imitation task.

We also investigatedwhich regions exhibited a significant interaction
term reflecting an increased BOLD signal during Anatomical imitation on
Non-Specular stimuli [(SP_S-SP_NS)-(AN_S-AN_NS)] ∩ (AN_NS-AN_S):
this analysis led to activation of right superior temporal and left middle
frontal gyri. It should be mentioned that, a less conservative threshold
(e.g., 30 consecutive voxels) revealed as well the involvement of the
rightmiddle frontal gyrus (see Fig. 4).We finally assessed for differential
activity associated with the Specular (relative to Non-Specular) stimuli
in Anatomical (relative to Spatial) imitation task [(AN_S-AN_NS)-
(SP_S-SP_NS)]. We found no suprathreshold activation.

HAND×STIMULI interaction
The analysis of the interaction Hand×Stimuli showed an activation

of the right lingual, right middle temporal and left superior occipital
gyri when the stimuli were either Specular to a right moving hand, or
Non-Specular to a left moving hand, that is when the stimuli depicted
a left hand. Consistently, the left lingual gyrus, left cuneus and right su-
perior occipital gyrus were associated to either stimuli Specular to a left
moving hand, or Non-Specular to a right moving hand, i.e. a right hand

image of Fig.�2
image of Fig.�3


Fig. 4. Neural activations and parameter estimates extracted from the clusters' local max-
ima of the functional contrast testing the conjunction of the Task×Stimuli interaction and
the simple effect (AN_NSNAN_S). Results are displayed onto a surface rendering and axial
(z=36, z=10) sections of an MNI-normalized single-subject brain.
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stimuli. No suprathreshold activation was found for the Hand×Task in-
teraction or in the three-way Hand×Task×Stimuli interaction.

Discussion

In the present studywe used a paradigm that elicits automatic imita-
tion to disentangle the neural correlates of the anatomical component of
imitation from those associatedwith the spatial stimulus–response com-
patibility. Specifically, subjects were asked to move the finger that was
either anatomically or spatially compatible with a visually-displayed fin-
germovement. By asking participants tomove a hand specular to the one
displayed, we created a condition in which both tasks yielded to the
same response, whereas by asking participants to move a hand Non-
Specular to the one displayed we created a condition in which each
task yielded to a different response.

Consistentlywith Bertenthal et al. (2006), we found that participants
benefited from seeing Specular (relative to Non-Specular) hands: thus,
in the Anatomical task, participants were faster when seeing a move-
ment which was also spatially compatible, whereas in the Spatial task
they were faster from seeing a movement which was also anatomically
compatible.

The analysis of BOLD signal localized the anatomical compatibility ef-
fect at the level of the parietal opercula bilaterally. These regions exhib-
ited increased activation whenever the information about anatomical
compatibility between seen and moved hand was accessed: during the
Anatomical task in both Specular and Non-Specular conditions (where
this information was explicitly accessed through task demands) and
during the Spatial task, but only with the Specular stimuli (where im-
plicit access to such information was revealed by the behavioral data).
Our results extend previous findings about the imitation of simple
movements (Bien et al., 2009; Brass et al., 2001b; Iacoboni et al., 1999;
Koski et al., 2003). More specifically, the activation of the parietal oper-
culumhas been reported in previous studies (Iacoboni et al., 1999; Koski
et al., 2003), not only forfingermovements, but also for imitation of limb
movements (Chaminade et al., 2005).

On the other hand, no region was significantly associated with the
spatial compatibility effect.

Furthermore, we found that the right superior temporal sulcus,
extending to temporo-parietal junction, and left middle frontal
gyrus were recruited exclusively when participants engaged in the
Anatomical task with Non-Specular stimuli. Finally, the Task main
effect (AnatomicalNSpatial) recruited an extensive bilateral fronto-
parietal network, in line with behavioral data which describe the
Anatomical task as the most time-consuming one, whereas the
Stimuli main effect (Non-SpecularNSpecular) was associated with
the activity of the right parietal cortex, bilateral insula and left pre-
central gyrus.
When the anatomical information is relevant

The anatomical component of imitationwas associated with bilater-
al activation of the parietal opercula, involving cytoarchitectonical area
OP 4 (Eickhoff et al., 2006a,b) and extending to primary somatosensory
and primary motor cortices (Brodmann areas, BA 3 and 4). The analysis
of the beta values revealed that these regions were active in the SP_S
condition as in the Anatomical task, whereas nomodulation in the acti-
vationwas found in SP_NS, that is the only condition inwhich the infor-
mation about the anatomical identity between seen and moved fingers
is neither task-relevant (as Anatomical task), nor affects participants'
behavior (as in condition SP_S).

Electrophysiological research on the macaque brain (Burton et al.,
1995; Krubitzer et al., 1995) and neuroimaging imaging studies on
humans (Disbrow et al., 2000; Eickhoff et al., 2007), agree in describing
the parietal operculum divided into distinct areas, among which the
Secondary Somatosensory cortex and the Parietal Ventral Area (PV)
processing tactile stimuli delivered to distinct body parts in a somatoto-
pic fashion. In some recent studies, however, the parietal operculum
has been implicated in processes which go beyond themere sensitiv-
ity to tactile events, such as proprioceptive (Fitzgerald et al., 2004;
Hari et al., 1998; Hinkley et al., 2007) and motor coding (Agnew and
Wise, 2008; Bien et al., 2009; Iacoboni et al., 1999; Koski et al.,
2003), visual processing of sensorimotor activities in others (Avikainen
et al., 2002; Keysers et al., 2004) or multisensory integration (Bremmer
et al., 2001; Fitzgerald et al., 2006a,b; Hinkley et al., 2007).

A close link between the activity of the parietal opecula and body
perception and representation has also been suggested by imaging stud-
ies. For instance, Tsakiris et al. (2007) engaged participants in the rubber
hand illusion, a paradigm in which participants feel one's hand being
touchedwhilst seeing a replica of their hand being touched in a different
spatial location. Although such experimental set-up usually gives partic-
ipants the illusion of their hand being closer to the replica than it really
is, the primary somatosensory cortex and the parietal operculum were
most active in the cases in which participants are not affected by the in-
congruent visual input, and succeeded in keeping track of the real posi-
tion of their hand. More recently, Corradi-Dell'Acqua et al. (2009) asked
participants to perform a handedness task in which they assessed
whether a visually-presented arm was right or left. Participants could
accomplish the task by either comparing the arm to its position on a
simultaneously-presented body shape (allocentric coding), or by ignor-
ing the shape and comparing the arm to its homologous in their own
body (intrinsic egocentric coding). The authors found the left parietal
operculum active only during the egocentric coding, thus providing
the evidence of opercular involvement in coding the representation of
one's body even in absence of tactile stimulation (Corradi-Dell'Acqua
et al., 2009).

image of Fig.�4
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Our data convergewith, but also extend, findings fromprevious stud-
ies documenting the opercular's sensitivity in coding the relations be-
tween body parts. Indeed, the majority of these studies focused on the
integration of many sources of information arising from the same body
(e.g., Bremmer et al., 2001; Corradi-Dell'Acqua et al., 2009; Fitzgerald et
al., 2006a,b; Hinkley et al., 2007) rather than, as in the case of imitation,
fromhomologous parts of distinct bodies. Chaminade et al. (2005) impli-
cated the parietal operculum (together with parietal, prefrontal and in-
sular structures) in imitation tasks and, in particular, in coding the
body part that executes an action, and not the action itself. However, as
for many studies testing imitation (see Introduction section), the design
adopted by Chaminade et al. (2005) did not allow the authors to con-
clude whether their results reflected an anatomical compatibility be-
tween the seen and moved limb (which would be violated by
responding with one's foot to a movement executed with a hand) or a
spatial compatibility (which would be violated by responding to a
hand movement with a hand with the opposite spatial mapping). To
the best of our knowledge, our study is the first to provide such control.
Indeed, when accounting for spatial compatibility effects, it is only the
parietal operculum who matches, for imitative purposes, the anatomical
properties of one's body with the homologous properties of someone
else's body.

Of crucial interest is also the subportion of the parietal operculum –

i.e. cytoarchitectonic area OP 4 – which maximally exhibits our effect.
Such region, presumably a human homologue of area PV in the ma-
caque brain (Eickhoff et al., 2007), has been found associated with inte-
grative sensory-motor processes in larger extent than other more
somatosensory-oriented opercular subregions (Disbrow et al., 2003;
Kaas and Collins, 2003; Qi et al., 2002). Recently, a study of probabilistic
tractography on diffusion tensor imaging data (Eickhoff et al., 2010) de-
scribed OP 4 more strongly connected with the premotor and primary
motor cortex than other opercular subportions (e.g., OP 1) which, in-
stead, exhibited greater connectivity with anterior parietal cortex and
thalamus. Our data, together with these tractography findings (Eickhoff
et al., 2010), strongly suggest that OP 4 is a crucial interface point, in
which the information about one's body orientation is compared with
the orientation in space of the model's body.

Our study combines the neuroimaging findings obtained with para-
digms investigating imitation (e.g., Chaminade et al., 2005; Iacoboni et
al., 1999; Koski et al., 2003) and spatial relation about body parts (e.g.,
Corradi-Dell'Acqua et al., 2009; Fitzgerald et al., 2006a,b; Tsakiris et
al., 2007) and better defines the role of the parietal operculum in the
fronto-parietal imitation network. When spatial compatibility con-
founds are accounted for, the parietal operculum showed to be involved
in coding the anatomical correspondence between parts of the model's
body and similar parts in the body of the performer.

When the spatial information is irrelevant

The right inferior and superior parietal cortex, including the intra-
parietal sulcus, right supramarginal gyrus, bilateral anterior insula and
left precentral gyrus were found to be active when participants pro-
cessed Non-Specular (relative to Specular) stimuli, irrespective of the
task performed. Furthermore, themiddle frontal gyrus and the superior
temporal sulcus extending to the temporo-parietal junctionwere found
to be implicated in processingNon-Specular (relative to Specular) stim-
uli, but only when participants performed the Anatomical imitation
task. Comparedwith Specular stimuli, Non-Specular stimuli require ad-
ditional control, as participants need to inhibit information which is
task-irrelevant andmight yield to an incorrect response. Such inhibition
is not compulsorywhen Specular stimuli are shown, as the information,
in principle task-irrelevant, might still lead to a correct response.

In agreementwith ourfindings,many of these regions have beenpre-
viously described to be active in SRC tasks, specifically in those condi-
tions which (similar to Non-Specular stimuli in our study) are
associated with incompatible mapping between stimulus and response
(e.g., Cieslik et al., 2010; Dassonville et al., 2001; Iacoboni et al., 1996;
Matsumoto et al., 2004; Schumacher et al., 2007). Similar activations
were also associated with exertion of cognitive control, as documented
bymany studies showing their activity correlatingwith the performance
of attention-demanding cognitive tasks (Cabeza and Nyberg, 2000; Fox
et al., 2005). Furthermore, Corbetta et al. (2008) localized these regions
as part of a network involved in the allocation of attentional resources,
specifically in focusing the attention on the current goals, linking the
stimulus to the correct response, coding the salience of task-relevant
stimuli. Consistently, these regions have been previously isolated in the
neuroimaging investigations in which Brass' paradigm has been
employed (Bien et al., 2009; Brass et al., 2005), specifically in those con-
ditions in which the moved finger was incompatible with respect to the
spatial cue.

Of crucial interest is the activation in themiddle frontal gyrus and the
superior temporal sulcus extending to the temporo-parietal junction,
showing the highest activity in condition AN_NS, in which Non-
Specular stimuli are displayed during the Anatomical imitation task.
This is the only condition in which the anatomical compatibility be-
tween the observed and the seen hand is complete (participants imitate
right hand movements with their own right hand and left hand move-
ments with their own left hand) and the spatial mapping between par-
ticipants' and the model's moved finger is detrimental to the task.
Moreover this is the most difficult condition (see Table 1), although it
should be reminded that the functional properties of the regions activat-
ed in this condition do not closelymatch the response time data (there is
no difference in neural activity when comparing SP_NS and SP_S, see
Fig. 4), thus making the account of the temporal-frontal activity in our
study as being due to task-difficulty unlikely.

One explanation of the functional role of the superior temporal sul-
cus and middle frontal gyrus suggests that these regions do not reflect
the need to inhibit task-irrelevant features in general, but specifically
information about the spatial mapping between stimulus and response.

In this perspective, our results are reminiscent of those in Bien et al. 's
(2009) who found an involvement of the posterior portion of the supe-
rior temporal sulcus in the inhibition of the imitative response, even
though, as only specular stimuli were used in their study, it is unclear
whether the inhibited information pertained the spatial component or
anatomical component of such response. Our data are also in keeping
with those of previous studies documenting portions of the superior
temporal sulcus and temporo-parietal junction associatedwith the reor-
ienting of the attention toward unattended spatial locations (Arrington
et al., 2000; Corbetta et al., 2000, 2002; Thiel et al., 2004). Relevant to
our issue are the findings reported in a recent study by Vossel et al.
(2009) in which an association between the activation of the superior
temporal sulcus specifically and the processing of spatial cues, but not
of non-spatial cues, has been documented. The authors engaged partic-
ipants in a Posner task in which both spatial and non-spatial (i.e. chro-
matic) irrelevant cues were presented: whereas regions such the
intraparietal sulcus and the anterior insula were found active for any
type of irrelevant information (both spatial and chromatic), the posteri-
or portion of the superior temporal sulcus was specifically implicated in
irrelevant spatial cues.

An alternative explanation of the functional role of the superior tem-
poral sulcus andmiddle frontal gyrus dealswith the role played by these
regions in biological motion (Hein and Knight, 2008; Puce and Perrett,
2003; Thompson et al., 2005) and response selection (Cunnington et
al., 2006; Rowe and Passingham, 2001). Although all our experimental
conditions require, at least in principle, the engagement of the neural
structures involved in these processes, it is possible that a more sus-
tained recruitment of these regions occurs when participants perform
the Anatomical task. This is particularly true for AN_NS which requires
also more processing of the displayed movement as biological than all
other conditions.

Irrespective of the different interpretations of the neural underpin-
nings of condition AN_NS, our results unambiguously highlight the
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relevance of spatial compatibility effects in imitation, the absence of
which yields not only to increases in execution time, but also to the ad-
ditional recruitment of those neural structures involved in compensato-
ry processes such as the inhibition of the spatial information or the
enhanced coding of the seen displacement as a biological movement.

Conclusions

The automatic imitation paradigm has often been applied to investi-
gate the human mirror system and effects were interpreted in terms of
direct matching between observed and performed movement. To date,
no study has attempted to disentangle the neural signatures of anatomi-
cal and spatial components implied in this matching. Our study did so.
We found the parietal operculum bilaterally associatedwith the anatom-
ical component; this result extends critically current concepts on opercu-
lar functions. No region was specifically associated with the spatial
component, although middle frontal and right superior temporal struc-
tures have been found implicated in compensatory processes (such as
the suppression of irrelevant spatial information) in those trials in
which the spatial mapping between the seen and executed movements
was detrimental for the anatomical task.
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