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Abstract

Recent neuropsychological investigations of apraxia have led to new hypotheses about the representational defects associated with
imitation impairments in neurological patients. This fMRI experiment investigated the relation between imitation and the body schema
in healthy subjects. Experimental conditions were derived from a factorial plan, and participants were asked to watch a human model
performing bodily gestures and then to execute either an identical or a different action, with the same or different limbs. Brain areas activated
when subjects imitated the model were traced to the representation of the action (main effect of performing an identical action regardless of
limb), to the body schema (using the same limb regardless of action), or to both. The first set of analyses yielded a network associated with
visual perception, indicating that action representation is primarily visuospatial not motor, while the second analysis highlighted regions
involved in body schema including the inferior parietal cortex and the insula. It is suggested that imitation of simple body gestures requires
both a visuospatial description of the observed model, sustained by visual perception areas in the right occipitotemporal and superior
parietal cortices and a visuospatial description of one’s own body, supported by the left inferior parietal lobule. These results favor a model
of praxis proposing that imitation deficits in left inferior parietal lobe patients with apraxia reflect primarily an impairment of the body
schema, while deficits of praxis in right parietal patients are limited to gestures demanding in terms of visuospatial analysis.
© 2004 Published by Elsevier Ltd.
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1. Introduction execution, observation and imagination of actibe¢ety &
Chaminade, 2004
The past two decades of research have expanded our An important aspect of the reappraisal of imitation thus
knowledge of action imitation at both psychological and requires expanding the knowledge of the brain basis of hu-
neural levels (sedeltzoff & Decety, 2003for a recent re- man imitation and its relationship with this common coding
view). There is ample of evidence in experimental psychol- system Rumiati & Bekkering, 2003Wilson, 200). Of par-
ogy favoring a common coding between action and per- ticular interest is the representation of the body in this sys-
ception in humans (sedviani, 2002 for a recent review).  tem (Gallagher & Meltzoff, 199% Recent theories of imi-
Neuroscience research has also demonstrated common neuation have dissected the imitative act into two components,
ral mechanisms between executed and observed action athe body part used and the action performbtei(zoff &
the neural level. Monkey’s ventral premotor area F5 con- Moore, 199%. Does observation of biological motion and/or
tains mirror neurons that discharge both when a monkey of human body parts provide a privileged stimulus for elic-
executes a given goal-directed action and when it watchesiting the activation of action representations? Both aspects
the same action performed by another individugadiga, have recently been investigated in psychophysics and neu-
Fogassi, Gallese, & Rizzolatti, 20p®imilarly, neuroimag- ~ roimaging experimentsCastiello, Lusher, Mari, Edwards,
ing experiments in humans have demonstrated the activationand Humphreys (2002)ave explored the nature and speci-
of a fronto-parietal neural network that is involved in the ficity of motor priming by examining behavioral responses
to actions produced by a robotic arm versus that produced
* Corresponding author. Tek:1-206-543-7357; fax+1-206-543-8423. by a human arm. They showed a priming advantage for the
E-mail addressdecety@u.washington.edu (J. Decety). latter. A neuroimaging studyPgrani et al., 2001demon-
UlRL: http://www.adam.ilabs.washington.edu. _ _ strated that perception of real hand object-related actions but
Present address: ATR, Computational Neuroscience Laboratories, De- . . . . S . .
not virtual hand actions is associated with inferior parietal

partment of Cognitive Neuroscience, 2-2-2 Hikaridai, Keihanna Science o . } .
City, Kyoto 619-0288, Japan. activation. It was also shown that biomechanically possi-
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ble, but not impossible actionSievens, Fonlupt, Shiffrar, &  thors reported that the former taps on left hemisphere re-
Decety, 200Dactivate left inferior parietal lobule, an essen- sources while the latter taps on right hemisphere resources.
tial component of the neural network involved in execution Therefore Goldenberg’s model proposes that imitation of
of action. To our knowledge, no investigation has compared meaningless gestures requires a coding of gestures with ref-
in the same experiment attention to biological motion and erence to a classification of body parts and that the left infe-
attention to body part, though this distinction is critical to rior parietal lobe plays a crucial role in body part coding. A
theories of imitation and plays an important role in imitative right hemisphere contribution is involved when gesture pro-
development. cessing requires visuospatial discrimination. For example,
Imitation is used as a classical test of ideomotor apraxia, demands on visuospatial processing of finger configurations
a disturbance of verbally elicited voluntary movements, im- are high because fingers are distinguished mainly by their
itation of a model, or response to an object in the ab- spatial position. The humeral rank can be applied only after
sence of motor deficits. Recently, fine-grained exploration successful determination of this spatial position.
of neuropsychological patients reported distinct impairments
of imitation in relation with different lesion siteHaaland, 1.1.2. Dynamic and stored gestures representations
Harrington, & Knight, 2009 The present experiment was Another model of ideomotor apraxia was proposed by
aimed at the brain basis of imitation with an eye towards Buxbaum (2001) This model distinguishes two types of
distinguishing between two models of praxis which recently gesture representations. The ‘dynamic portion of gesture
emerged from the clinical studies of apraxic patients. We will representation’ consists of representation of the body parts
present these models with an emphasis on the brain regiongarticipating in a given action in a number of spatial refer-
that are predicted to be involved in the imitation of meaning- ence frames. It is responsible for the imitation of meaning-
less and intransitive actions, used in the present experimentless actions using a direct mapping to transform an extrinsic
code of the gesture (which reflects spatial relations between

1.1. Neuropsychology the body parts of the model) into an intrinsic code of the
same relations in the imitator. This intrinsic code has been
1.1.1. Apraxia as a disorder of the body schema referred to as the body schema. The ‘stored aspect of ges-

Goldenberg (1995, 200)roposed that apraxia is not a uUré representation’ forms the core of the praxis system in
deficit of the ability to translate an intention into a motor thatit stores gesture engrams, i.e., invariant and characteris-
program, but rather of forming an intention in relation to UC features of a given gesture. The two portions of gesture
a representation of the body, and is therefore related to anf€Presentation participate in the execution of action. For in-
impairment of the body schema. Studies that investigated Stance, while using a hammer, the stored aspect describes
imitation of meaningless gestures on a manikin reported thatthe canonical hand posture for holding and acting with a
apraxic patients were also impaired in this task, irrespective @mmer, and the dynamic aspect adapts this archetypical
of the location of the lesionGoldenberg, 1995Goldenberg gesture to the specmcs of the actual hammer: f_mger aperture
& Hagmann, 199¥. Similarly, a study that required patients dépending on size, strength depending on weight, etc.
to select a match to a photograph of a target picture from [N this model, lesions to the dynamic aspect would lead
a set of photographs showing postures performed by otherl© dynamic apraxia, characterized by impairment in imita-
individuals and in other orientations paralleled results of an tion of meaningless gestures with normal performance in
imitation task Goldenberg, 1999 Thus, apraxic patients meanmgfL_JI gestures (V|su0|m|ta_t|ve apraxia). Lesions in the
show a general deficit in the representation of body part |€ft superior parietal lobe, as in the case of patient BG
configurations and relationships. (Buxbaum, Giovannetti, & Libon, 20Q@vould be responsi-

Halsband et al. (2001ested left and right parietal pa- ble for such apraxia. Impairment of the stored aspect would
tients and found an increase of errors in imitation of gestures©ad to representational apraxia, characterized by impair-
in the left-brain damaged group. Goldenberg also hypothe- MeNts in the production of meaningful gestures, for exam-
sized a relationship between the lateralization of the lesion PI€ in the use of familiar objects for which the most effi-
and the impairments in imitation of meaningless gestures. €Nt hand posture for manipulation is not available from
Patients with left-brain damage make more errors when im- the object structure, and must be extracted from memory
itating hands Goldenberg, 1999and feet Goldenberg & (Buxbaum, Sirigu, Schwartz, & Klatzky, 20p3_eft inferior
Strauss, 2002than with finger posturesThe imitative ca- parietal lesions would be responsible for representational
pacities of both hemispheres were investigated in patients3Praxia.
with callosotomy Goldenberg, Laimgruber, & Hermsdorfer, o . i ¢ imitati
2001 Lausberg & Cruz, 2004 The imitation of hand—head ~ 1+2- Brain imaging studies of imitation

and fingers configurations can be dissociated, and the au- o ) ]
Several aspects of imitation have been investigated by

2 This finding of similar impairments in hands and feet imitation in neuroimaging experiments. A_ﬂrSt _Serles Pf_eXpe”ments
patients was paramount in deciding to collapse conditions with the four focused on the effect of the intention to imitate on the
different limbs in the present experiment. neural substrate involved in observation of acti@re¢ety
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et al.,, 1997 Grezes, Costes, & Decety, 1999hese stud-  can say that the key regions for imitation, in particular when
ies demonstrated a strong involvement of the superior andmeaningless simple body actions are considered and finger
inferior parietal as well as premotor and dorsolateral pre- configurations are excluded, involve the posterior parietal
frontal regions mainly in the right hemisphere, interpreted cortex in particular the left inferior parietal cortex, as well
in relation to attention and action preparation in the absenceas the occipital cortex.
of motor output.

A second line of research focused on simple and repet- 1.3. Goals of the study
itive finger movement paradigms. Behavioral data with the
same paradigm demonstrated an effect of visuomotor com- While several neuroimaging studies have investigated
patibility, i.e., the observation of a given action facilitates the neural basis of imitation, none have tried to segre-
the execution of the same action and inhibits other actions gate the neural substrates of action representation and of
(Brass, Bekkering, Wohlschlager, & Prinz, 200GMRI body schema in imitation. One aspect of the body schema
studies showed an increased signal in the left inferior frontal has been investigated using gesture discrimination tasks
and right inferior parietal cortices associated with copying (Hermsdorfer et al., 20Q1Tanaka & Inui, 2002, defects
of finger movementslécoboni et al., 1999; Koski et al., in such tasks do not exactly overlap with imitation defects
20032. Another study of imitation of finger configuration re- in apraxic patients Goldenberg, 1999 We designed the
sulted in a bilateral involvement of the parietal cortices for present experiment to investigate the neural correlates of
meaningless configurations, and restricted to the left hemi- action representation and of the body schema in imitation.
sphere for meaningful one3gnaka, Inui, lwaki, Konishi, The current study of imitation used upper (hands) and
& Nakai, 200). lower (feet) limbs on the left and the right side of the body.

Goldenberg and colleagues used PET measurements irBecause a neuropsychological dissociation was found be-
a gesture discrimination task used to investigate the neu-tween imitation of fingers and hands gestures, no finger pos-
ral substrate of gesture representatibleffmsdorfer et al.,  ture was used in the present experiment. A first-person per-
2001). They found hand gestures to be associated with highly spective model was used, rather than having the model fac-
lateralized left inferior parietal lobule activity, while finger ing the subject to avoid left-right discrepancy between the
gestures yielded more bilateral increases in the parietal andmodel’'s and the subjects’ actions, and mental transforma-
occipital lobes. Another neuroimaging study demonstrated tion in recognizing the side of the body used by the model
that finding the match of a visually presented body parts pos- (Bonda, Petrides, Frey, & Evans, 199%woski et al., 2002
ture in a set of photographs showing postures performed byMeaningless gestures were used to avoid verbal contami-
other individuals and in other orientation activates Broca’'s nation Goldenberg & Strauss, 2002but the repetition of

area for the matching of fingers but not hand gestlia@éka
& Inui, 2002). This result fits with the existence of a disso-

a limited pool of gestures in the experiment does not rule
out that these gestures were memorized during the training

ciation between the matching of these two types of posturessessions prior to the fMRI experiment.

(Goldenberg, 1999 This also demonstrates a specific role

Experimental conditions were based on a factorial design.

of Broca’s area in finger movements as opposed to otherThe factors were the limb used by the subjects, and the action
body parts. In a study of object-directed or pantomime they perform, which both could be the same or different from
observation and imitation Grezes, Armony, Rowe, & the model. On the basis of previous results, we expected
Passingham, 2003Broca’s area involvement was found segregation of the brain networks associated with the two
related to imitating or executing the object-directed ac- components of the imitation of actions which did not involve
tions. Thus, activity in Broca’s area can be associated with objects Chaminade & Decety, 2002The first component
imitation (and more generally with action), in specific con- was to reproduce the action that was presented irrespective
ditions in which a verbal component is at play (identifying of the limb used (for example, rotation of either the hand or
a finger by its numeral, semantic knowledge about an ob- the foot); the second was using the same limb irrespective
ject). These results are also compatible with Goldenberg’s of the action performed. Reproducing the action and using

hypothesis that the right hemisphere is involved in the imi-

tation of finger postures because of the higher visuospatial

discrimination needed to recognize single fingers.

Two previous neuroimaging studies of imitation of mean-
ingless object-directed action€lfaminade, Meltzoff, &
Decety, 2002 Decety, Chaminade, Grezes, & Meltzoff,
2002 led to the identification of a brain network underlying
imitation. This network includes the left superior temporal
sulcus and inferior parietal lobule, as well as the right dor-
solateral prefrontal cortex. This latter region is particularly
important in encoding and maintaining in memory the goal
of the model’s object-directed action. Taken together, we

the same limb at the same time is full imitation.

Visual input and motor output were equated in all con-
ditions and thus do not interfere with the effects of the
experimental factors. Therefore, the present experimental
paradigm allows us to investigate the neural network asso-
ciated with imitation at the level of the action performed
and the limb used. In addition to the left parietal lobule
involved in imitation, we expect an increase of activity
in cortical areas involved in perception of body parts in
the occipitotemporal cortexDpwning, Jiang, Shuman, &
Kanwisher, 2001 More importantly, it is predicted that
areas involved in imitation would be found in one of the
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main effects of the experimental factors, namely the main cropped to last exactly 5s. For each experimental block three
effect of using the same limb (related to the body schema) video-clips showing actions performed with the same limb
and the main effect of performing an identical action (re- (selected randomly and counterbalanced between sessions),
lated to the action representation). Interestingly, the two were assembled with the following template: a written re-
models of praxis based on the study of apraxic patients leadminder of the experimental condition for 2 s, and the three
to different predictions for the brain areas associated with actions separated by 0.5s., pauses. The duration of an ex-
the two main effects. According to Goldenberg’s model, perimental block was 18s.
gesture representation should activate the right posterior In the conditions defined by the factorial plan, subjects
parietal cortex and limb representation should activate the were asked to act during the second presentation of each
left inferior parietal cortex. Under Buxbaum’s account limb of the three actions. A “different action” was freely chosen
representation should activate the left superior parietal cor-within the remaining five choices in the six possible actions
tex. Since a known gesture can be produced with different of the experiment. In order to balance the limb used by the
effectors (see e.qRijntjes et al., 1999 the engram for a  subjects in the different conditions, “the other limb” was
given gesture should be represented in a limb independentdefined as “the same limb on the other side of the body”
manner in the stored portion of the gesture representation,in two of the four fMRI sessions, and “the other member
thus in the left inferior parietal cortex. (hand instead of foot and foot instead of hand) on the same
side of the body” in the other two sessich&ach session
started with a written reminder of the meaning of “the other

2. Material and methods limb” (i.e. “the other side” or “the other member”), and
a written reminder at the beginning of each experimental
2.1. Stimuli preparation condition explicitly stated “with the other side” or “with the

other member”. The order of presentation of the two types

In this experiment, subjects watched video-clips depict- Of sessions was randomized between subjects.
ing single hand or foot actions and were required to imitate ~ Within each fMRI session, subjects were presented with
the model or to execute another gesture, in four experimen-€ach of the six conditions four times, one for each limb,
tal conditions defined by a factorial plafiable ). The two  leading to 24 scanning blocks per session. For example, in
factors were the limb used by the subjects (“the same” or One session, they would be instructed four times “Do an
“the other”) and the action they performed (“identical” or identical action with the same limb”, and each time a dif-
“different”). Two control conditions consisted of watching ferent limb was presented so that the four limbs were used
without acting, either the action stimuli or a blue cross on a equally in the experimental conditions within each session.
black background (same duration as the experimental con-A session thus comprised 24 scanning blocks in a random-
ditions). ized order, for a total duration of 7 min 22s.

The stimuli were videotaped with a male actor lying on
a blue background with the camera above his midline in 2.2, Subjects training
order to obtain first-person visual perspective stimuli. The

six actions were rotations, lateral and vertical movements, Tywelve right-handed participants (9 females and 3 males;
each being performed in either direction (clockwise versus mean age 21.2 yeats 4.1) with no history of neurological
counter clockwise, left versus right first, up versus down or psychiatric disease volunteered for the experiment, which
first respectively). The actors movements were guided by awas approved by the Ethics Committee of the University
metronome so that each video-clip, consisting of two suc- of Oregon. Participants received financial compensation for
cessive similar actions, lasted 5s (2s for a first action, 1s their participation.
pause, 2s for a second similar action), and avoided hesi- At their arrival at the neuroimaging lab, subjects were
tations and shaking (sefig. 1 for examples). Recordings  priefly introduced to the requirements of the experiment, and
were then edited using Final Cut Pro, each video-clip was ere trained inside a mock scanner. Two full sessions were
conducted to introduce the two situations, in which “the
Table 1 other limb” must be understood either as “the other side” or
Two factors were used in this experiment: (1) the action performed by &S “_the other member”. An EXpe”ment_er corre_cted SUbJ_eCtS
the subject can either be identical to the model or a different one; (2) the ON-line to ensure they understood the instructions. Subjects

limb used by the subject can either be the same or the other one made no mistakes during the second training session.
Experimental Limb Then, participants were installed in the Siemens Allegra
condition 3-T magnet. A pad was placed under the knees to allow free
The same The other
Action  Identical  Identical action with  Identical action with 3 We consider that “identification” of the limb is the same in all con-
, the same limb the other limb ditions, whether they require using the “same” or the “other” limb. Our
Different  Different action with  Different action with study investigates the neural network associated with “using the same

the same limb the other limb limb”.
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Fig. 1. Snapshots from stimuli are used to depict two actions. Top: horizontal left-right horizontal movement with the right hand. Bottom:ooswisercl
rotation with the left foot.

movement of the feet and cushions were placed under theto the four different limbs observed and to the four different
arms to allow free movement of the hands. The subject’s limbs acted with were introduced in the model to remove
head was firmly positioned with foam to minimize move- the effects of observing or acting with one of the four limbs
ment. Before each session subjects were orally reminded ofused in the experiment. The main effect of each of these
the meaning of “the other limb”, also written at the begin- covariates was computed separately for each subject using
ning of the session’s video-clip. During the course of the ex- F-tests of variance.
periment, an experimenter remained inside the magnet room Three contrasts of interest were computed for each sub-
to record the subjects’ responses. ject: imitating (“identical action with the same limb” ver-
sus “different action with the other limb”), performing an
identical action (“identical action” versus “different action”)
and using the same limb (“the same limb” versus “the other
Visual stimuli were projected on a screen located at the “mb. ): : , . .
Single-subjects first-level contrasts were introduced in

back of the magnet and viewed with a mirror located in second-level random-effect analysis to allow for population
front of the subjects’ eyes. Functional images were acquired y pop

using T2-weighted gradient echo, echoplanar imaging se—'tt]tfssrf.':]%?' d'\./rl]amlzegeg.t;c\t'ﬁg ggg]pgft?:e Zi':gag?se;gaggﬁ
guence, sensitive to blood oxygen level dependent (BOLD) inciuding 4ol P

contrast (repetition time 2000 ms, echo time 40ms, flip earllet:.rt. 'tl'hde ressullat;\r/llg set o_lf_aloxel values f(?[:] eain COEUI‘ZStd
angle of 90, matrix 64 x 64, field of view 192 mmx constituted an map. The maps were then thresholde

192mm). The images consisted of 32 contiguous axial atP < 0.01 Qt_the cluster level. L(_)calization of cqrtical
slices, with 4.5mm thickness and 3 mm3mm in plane clusters of activity was performed with a human brain atlas
resolution. To allow the equilibrium to reach its steady-state, (Duvernoy & Cabanis, 1991

two volumes corresponding to a 4s delay were automat-

ically discarded from the analysis. During each run 225

volumes were continuously acquired over a total duration 3- Results

of 450s. High-resolution T1-weighted anatomical images

were acquired (gradient-echo inversion-recovery sequence3.1. Participant behavior

repetition time 1.570 ms, echo time 3 ms, matrix 26@50

x 144, field of view 250 mmx 250 mm, slice thickness Subjects reported no specific difficulty during the experi-
1 mm). ment. Behavioral results were in accordance with their sub-
jective reports since very few mistakes were observed (a to-
tal of 3 mistakes across all trials). These conditions were
discarded from the analysis.

2.3. Magnetic resonance imaging

2.4, Statistical analysis

All fMRI data were processed using the SPM2 software
package (Wellcome Department of Cognitive Neurology, 3.2. Main effect of the covariates
London). For each subject, the functional scans were re-
aligned to correct for subjects motion, stereotactically The 12 subjects were incorporated into the second-level
normalized to the MNI space, and smoothed with a 6 mm random-effect analysis. The brain networks revealed by the
full-width half-maximum Gaussian filter. covariate describing acting with both hands and both feet
A first fixed level of analysis was computed subject-wise (Table 2 and by the covariate describing observing each of
using the general linear model with hemodynamic responsethe two hands and feeTéble 3 were used to validate the
function modeled as a boxcar function which covers the three analysis.
action presentations in each condition. In addition to the Results show that the action covariate mapped exactly the
six experimental conditions, eight variables corresponding brain areas associated with acting with each given limb and
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Table 2

Effect of the covariables describing acting with one of the four limbs
yielded strong increase of activity in the controlateral primary motor cortex
and in the ipsilateral cerebellun®? (< 0.01 corrected at the cluster level)

Location X y z tvalues
Right hand
(L) Primary motor cortex -32 —24 54 12.05
(R) Cerebellum 16 —-50 —26 7.97
Right foot
(L) Primary motor cortex -8 —36 72 10.64
(R) Cerebellum 18 —38 —28 8.26
Left hand
(R) Primary motor cortex 36 -20 50 11.38
(L) Cerebellum -16 -50 —-24 12.5
Left foot
(R) Primary motor cortex 6 -20 70 9.65
(L) Cerebellum -16 —38 -30 6.42

Table 3

Each of the covariables describing the observation of one of the four limbs
yielded strong increase of activity in the right lateral occipital cortex (

< 0.01 [*P < 0.02] corrected at the cluster level)

Location X y z tvalues
Right hand

(R) Occipitotemporal cortex 42  —-68 -6 6.64
Right foot

(R) Occipitotemporal cortex 50 -70 —6 5.90*
Left hand

(R) Occipitotemporal cortex 48 —-68 -2 7.65
Left foot

(R) Occipitotemporal cortex 46 —66 -4 8.70

Table 4
Regions associated with contrast of interest “imitating”, grouped dependi
executing an “identical gesture” and using the “same limb”

ychologia 43 (2005) 115-127

side in the primary motor cortex tze et al., 200Pand the
cerebellum Grodd, Hulsmann, Lotze, Wildgruber, & Erb,
200]). The observation covariate led to increased activity
in the right lateral occipitotemporal cortex, with a lower
threshold for the observation of the right foot, in a cluster
spread over the motion-sensitive area MT/\Bu(oulin

et al., 2000 and an area involved in the perception of
body parts (extrastriate body area (EBAowning et al.,
2001).

Since conditions were matched in terms of visual input
(observed limb and gesture) and motor output (limb acted
with), and the brain activity associated with the covariates
describing the use and the observation of a given limb gave
the expected results in the primary motor cortex and cere-
bellum, and in the lateral occipitotemporal cortex respec-
tively, the following section describes the effects specific to
the experimental factors.

3.3. Effect of the experimental factors

Brain areas associated with the contrasts of interest,
“imitating”, are given in the first columns ofable 4 The
next columns indicate the same regions that were found in
the main effects of the two experimental factors, executing
an “identical action”, and using “the same limb=ig. 2).
Common to the three contrasts are the ventromedial pre-
frontal cortex and the occipitotemporal cortex bilaterally
(Figs. 3 and % Areas found activated both in the contrast
describing imitation and in the main effect of executing an
identical action are related to visual perception (occipital
cortex and fusiform gyrus). Additional clusters were found
in the right intraparietal sulcus and the posterior cingulate

ng on their association with either the two (top) or only one of thectaain eff

Location Imitating Identical action Same limb
X y z tvalues  x y z tvalues  x y z tvalues

Ventromedial prefrontal cortex -6 56 0 5.93 -2 60 -2 5.04 -2 56 -8 6.21
(R) Occipitotemporal cortex (EBA) 52 -68 2 5.14 54 —-68 2 4.59 54 —-68 4 5.12
(L) Occipitotemporal cortex (MT) —44 -80 2 8.08 —46 -80 -2 6.22 —48 -72 -4 5.98
(R) Intraparietal sulcus 26 -54 64 5.66 28 -52 60 4.85

Posterior cingulate 0 -48 36 6.34 4 44 18 5.73

(R) Calcarin fissure 12 -56 14 7.12 12 -58 16 6.07

(R) Occipitotemporal cortex (MT) 44 -70 -10 7.15 42 72 -10 10.76

(R) Inferior occipital gyrus 32 -90 -12 8.66 34 -88 -12 7.14

(R) Fusiform gyrus 30 —-42 -14 4.64 30 —-42 -12 5.46

(L) Fusiform gyrus —40 —48 —-20 4.8 —40 —48 -20 6.31

(R) Precentral gyrus 48 -8 54 5.09 44 -8 60 4.93
(R) Supramarginal gyrus 62 —-26 20 4.82 60 —28 22 5.64
(L) Supramarginal gyrus —62 —28 18 5.94 —56 —-32 22 6.77
(L) Parietal operculum —-52 -18 12 4.77 —54 —18 12 7.56
(R) Posterior insula 40 -2 -2 4.63 42 2 6 5.73
(R) Amygdala 38 0 -20 5.28 36 2 -24 4.24
EBA: extrastriate body aredfwning et al., 200%t MT: motion-sensitive Middle Temporal are® (< 0.01 at the cluster level).
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A . ® ©

Fig. 2. Top and lateral views of glass brains showing hemodynamic changes associated with: (A) imitating, (B) main effect of executing an identical
action and (C) main effect of using the same limb.

y=-50 =-60 y=-30

5 R i x=44 L i R
F

ig. 5. Two sections of a representative brain showing activity associated
Fig. 3. Two coronal sections of a representative brain showing activity yith using the same limb. The sagittal section (left) shows clusters of
associated with imitating. The anterior section (left) shows clusters of activity in the right posterior insula and precentral gyrus. The coronal
activity in the posterior cingulate, extending to the rostral end of the gection shows bilateral clusters of activity in the supramarginal gyrus as
calcarin sulcus and bilaterally in the fusiform gyrus. The most posterior \yall as a left-lateralized cluster in the parietal operculum.
section shows clusters of activity in the calcarin sulcus and extrastriate
body area in the right hemisphere. Both sections show activity in the
right intraparietal sulcus.

cortex. Areas found activated both in the imitation contrasts
and in the main effect of using the same limb correspond to
higher-order association areas in the parietal lobes, as well
as in the right insular cortex~{g. 5 and right amygdala.
Finally, activated clusters in the left insula and the right hip-
pocampus found in the latter main effect, using “the same
limb”, which were not present in the contrast of interest,
“imitating”, are not reported infable 4but can be seen in
Fig. 2

4. Discussion

The goal of this experiment was to identify the neural

. . . . . y . networks associated with using the same limb and of per-
Fig. 4. Two sections of a representative brain showing activity associated . ) . . . N .
with reproducing an identical action. The sagittal section (left) shows Tormmg _an identical action du”ng Imitation qf meanlngless
clusters of activity in the posterior cingulate, extending to the rostral end intransitive hand and feet gestures, and to discuss these net-

of the calcarin sulcus, and in the ventromedial cortex. The coronal section works in relation to the models of imitation described in
shows bilateral clusters of activity in area MT. Section 1
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4.1. Imitation using the same limb to execute an identical described Rijntjes et al., 1999 Additionally, repetition of

action a limited number of actions could have yielded a memo-
rization of these actions. In the experimentRiyntjes et al.
4.1.1. Areas common to the two components (1999) subjects were requested to execute their own sig-

Three regions were found associated with the contrast de-nature with either their index finger or their big toe. Areas
scribing imitation as well as the two main effects. Bilateral involved in both tasks were found in the anterior premotor
activity in the occipitotemporal corteXf(g. 3) corresponds  cortex in control of the dominant hand and in the intrapari-
to a region specialized in the visual analysis of body part etal sulcus. This result led the authors to suggest that the
(Downing et al., 2001; Peigneux et al., 200The coordi- representation of an over trained action (i.e., the signature)
nates in the left hemisphere correspond to the location of in the secondary sensorimotor cortices can be accessed by
area MT DPumoulin et al., 200)) specifically involved in other extremities performing the same action.
the analysis of visual motion. At first blush, this may seem In the present experiment we note an absence of acti-
surprising, since stimuli were matched in terms of the body vation in the left premotor cortex, one right-hemisphere
parts and the movement observed, and that activity in theintraparietal cluster, and massive occipital involvement
same regions in the right hemisphere was found in all co- when performing an identical gesture. The signature gesture
variates describing the observation of a given lirial(e 3. is an over-trained movement, and is related to extensive
But this result makes more sense when considering an effectself experience, while the gestures used in our experiment
of attention on the activity of these regions. All the contrasts were novel and meaningless for the subjects. Observation
given inTable 4share the cognitive component that subjects of meaningful gestures chiefly activates a left hemisphere
were required to reproduce the whole or parts of the pre- frontal network, while meaningless gestures activate the
sented gesture. The increase of activity in the occipitotem- right occipito-parietal pathwayDecety et al., 1997 In
poral areas can be interpreted as the neural correlate of araddition, signatures were retrieved from memory with eyes
increased attention to the modeled gesture, irrespective ofclosed, while our study used visual stimuli to present the
which element, the limb or the action, must be reproduced. to-be-performed gestures. The visuomotor transformation

The finding of the ventromedial prefrontal cortex was involved in imitating requires an increase of visual attention
not predicted. This region is found activated in a num- (Decety et al., 2002; Hermsdorfer et al., 2Dp0demon-
ber of tasks including the suppression of irrelevant mem- strated by the involvement of medial and lateral occipital
ory traces $chnider, Treyer, & Buck, 20Q0pmotor learning regions. In the present experiment, reproducing the gesture
(Jackson, Lafleur, Malouin, Richards, & Doyon, 20Q8 was more demanding in terms of visual attention than using
decision-makingBechara, Damasio, & Damasio, 2008 the same limb.
common feature of these tasks has been described as the “felt The fusiform gyrus, found activated in both hemispheres
rightness” of the current behaviokpscovitch & Winocur, when subjects were required to reproduce a meaningless
2002, whether it is related to memory, action or other as- gesture, is also related with visual aspects of the task. One
pects of behavior. This monitoring of the rightness of the possible hypothesis could be that they imagined the presence
current behavior could account for the activity of this region of a face in the absence of actual presentati@m¢sman
in all situations in which participants’ behavior was con- & Blake, 2002 O’Craven & Kanwisher, 2000 but the per-
strained by the word “same”, namely using the same limb spectives used in the stimuli (s€&. 1) make this hypoth-
and/or performing the same action, compared to situationsesis unlikely. Since the fusiform area is acknowledged to be
in which their behavior was defined by “other”. Indeed, par- involved in visual expertiseTarr & Gauthier, 200]) such
ticipants could directly compute the correctness of their re- as, but not restricted to faceKgnwisher, 200Q) another
sponse by comparing the relevant feature(s) of the gesturehypothesis is that subjects became experts at discriminating
presented in the video stimulus (either the limb used and/or between the different actions. Indeed actions intentionally
the action performed) to the similar feature(s) in the ges- avoided further references to the body other than the part
ture they perform. Such a direct comparison was not possi- used and could therefore only be described in term of spatial
ble in the “other” conditions. In addition, we speculate that features. They could be categorized along two axes: their
subjects’ knowledge that their behavior was coded on-line type (rotation, horizontal and vertical translation) and their
by an experimenter who was present in the scanning roomdirection. But the training period was too short for subjects
could have emphasized their desire to accomplish the task ago develop full expertise. Finally activity of the fusiform
accurately as possible. The ventromedial prefrontal activity gyrus has also been reported to be sensitive to the perception

could reflect such a procesRd@senthal, 1964 of meaningful hand movement&(ezes, Costes & Decety,
1998 and motions of simple shapeSdstelli, Happe, Frith,
4.1.2. Areas specific to executing an identical action & Frith, 2000. Since the gestures of the present experi-

If the neural representation of meaningless action is sim- ment could be learned throughout the fMRI experiment, a
ilar to that of meaningful actions, we should find similar plausible interpretation is that this region is associated with
activated areas to the ones found in an investigation of thethe recognition of the six gestures, and is therefore acti-
limb independent brain network for representing gestures vated when participants reproduced the same gesture, which
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required the recognition of the two aspects of the gesturespared to fingers gestureSgnaka & Inui, 2002 and also
(type and direction) but not when they performed mismatch- in imitation of object-related actions compared to execution
ing gesture, which could be accomplish by paying attention of different actions Decety et al., 2002 However, this re-
to only one aspect of the gesture. gion was not found in neuroimaging experiments based on

The actions we used were mainly distinguishable by their copying finger movements (e.lg.coboni et al., 199%Koski,
spatial properties. The right intraparietal sulcus activity, as- lacoboni, Dubeau, Woods, & Mazziotta, 200B monkeys,
sociated with the representation of the signature gestureneurons showing mirror properties comparable to those de-
(Rijntjes et al., 199Pand the imitation of finger movements scribed in the premotor area F5 have also been found in the
(Hermsdorfer et al., 20QTanaka & Inui, 2002kontributes posterior parietal cortex3allese, Fadiga, Fogassi, & Rizzo-
to the visual guidance of an action, especially for its spa- latti, 2002, and were hypothesized to be involved in action
tial attributes Chaminade & Decety, 2002In addition, the representation. In humans, the activity of the inferior pari-
posterior cingulate cortex, also found in the main effect of etal lobule in association with action execution is consis-
reproducing an identical action, is involved in evaluative tently lateralized to the left hemispher@rgezes & Decety,
functions for spatial orientatiorBerthoz, 199Y. The focus 2001 Rushworth, Nixon, & Passingham, 199Altogether,
of activity in this region can be ascribed to monitoring the these arguments are in line with an important role of the left
spatial features of the stimul/¢gt, Finch, & Olson, 199 inferior parietal cortex in relation to action imitation.

In conclusion the coding of the action for reproduc- The bilateral activity in the supramarginal gyrus was not
tion was not primarily associated with regions involved in predicted. Several proposals can be put forward to explain
shared motor representation as we expected, but with re-this result. First, though the left hemisphere is dominant
gions involved in visual perception (right area MT), analysis for the action control, it has been demonstrated that the
(the posterior cingulate cortex) and expertise (the fusiform right homologous region also displays a sensorimotor role

gyrus). (Mattingley, Husain, Rorden, Kennard, & Driver, 199&
is thus possible that the two hemispheres contribute to se-
4.1.3. Areas specific to using the same limb lecting the appropriate limb given a visual input. For exam-

The main effect of choosing the same limb reveals the ple, there could be a stronger left hemisphere involvement
brain networks associated with: (a) recognizing a limb in selecting the type of limb, and of the right hemisphere
shown in a visual stimuli, preparing and (b) executing an in selecting the side of the limb. This proposal is also com-
action with this limb irrespective of the relation (identical or patible with the proposal that the right hemisphere would
different) between the presented and executed action. Thebe more strongly involved in visuospatial tasks, since decid-
bottom of Table 4indicates that activity was found bilater-  ing which side of the body used, even when hands and feet
ally in the inferior parietal lobule and in the right inferior  stimuli are presented in a first-person perspective, requires
insular cortex and amygdala. An additional left insular ac- localizing elements of the limb, such as the big toe or the
tivity was specifically associated with the main effect of thumb. This interpretation parallels the finding that the right
using the same limb. The finding of a cluster of activity in parietal cortex is involved in a gesture discrimination task
the amygdala, a region involved in emotional aspects of so- with finger- compared to hand-gesturéte(msdorfer et al.,
cial cognition @Adolphs, 2003, during imitation and when  2001), and that right brain damage patients are impaired in
using the same limb, reinforces the idea of a strong relation imitating finger postures, which relies on a precise visuospa-
between imitation and the body schema in social cognition. tial analysis. Alternatively one can speculate about a later-

The insular cortex is involved in higher somatic integra- alization similar to the primary motor and sensory cortices,
tion, in relation with both somatic, autonomic and limbic the left inferior parietal involved in the selection of the right
systems flynn, Benson, & Ardila, 1999and involved in limbs and vice versa.
body representatioBerlucchi & Aglioti, 1997. It is related Interestingly, the parietal operculum activity was re-
with mental rotation of limbs in spac&¢nda et al., 1996 stricted to the left hemisphere with a high statistical score.
and the feeling of a discrepancy between the visual feed-backit is the only parietal area found in the left hemisphere,
of an action and the executed actidrafrer et al., 2003 in the region which lesion is often associated with ideo-
Though these aspects were not present in our paradigm, it ismotor apraxia. The left parietal operculum is a secondary
notable that activity of the insula is related to the situations somatosensory region that shows decreased activity for
of comparing different orientations of a limb (either two ob- self-tickling compared to external ticklingBlakemore,
served orientations iBonda et al., 199%r one observed  Wolpert, & Frith, 1998. It has been proposed that this
and one felt inFarrer et al., 2008 Our results suggest that  region compares actual sensory feed-back to the sensory
attention to limbs recruits this region in a variety of tasks. feed-back expected given the initial motor command, and

Lesions of the left inferior parietal cortex are generally would thus participate in building ‘internal models’ for
associated with Wernicke’s aphasia and ideomotor apraxia,action Blakemore & Frith, 2008 We previously argued
the latter being often accompanied with faulty imitation of that imitating an action could involve inverse modeling to
meaningless gestures. Previous neuroimaging investigationsnap the consequences of an action, in this case its obser-
found this region to be involved in imitation of hands com- vation, to their motor preparatiof€haminade et al., 2092
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Activity in this region was recently found during percep- 5.2. Left inferior parietal cortex and body schema

tion of gesturesGrezes et al., 2003and it was proposed

that it could host multimodal, visual and somatosensory, Three results thus emerge from this study in relation to the

representations of actions related to motor representationsfunction of the inferior parietal cortex in imitation. First, the

Present results are in favor of this interpretation, in the parietal cortex is primarily involved in using the same limb,

sense that this secondary somatosensory cortex is involvedand this experimental factor was used to explore the neural

in imitating a meaningless gesture and thus plays a role in structures involved in the body schema. Second, the parietal

relating visual as well as motor aspects of a gesture. cortex has been found by various neuroimaging studies to
be associated with imitatiorDgcety & Chaminade, 2004
Third, the parietal operculum activity is in part lateralized

5. Models of praxis in the left hemisphere, as was expected on the basis of the
left hemisphere dominance for action and imitation.

The previous description of the results did not refer  |ndeed, irrespective of which limb and which gesture was
to the models of apraxia described in the introduction, presented, and irrespective of which gesture was performed,
which will now be discussed on their own. We will argue the task of using the same limb activates the supramarginal
that the present results favor the predictions drawn from gyrus bilaterally and the parietal operculum in the left hemi-
Goldenberg’'s model. sphere. Focusing on the left hemisphere, dominant in motor

control and whose lesion produces the most severe forms of
5.1. Right intraparietal sulcus and action representation  jdeomotor apraxia, our results favor the hypothesis that the
left parietal operculum plays a role in associating three types

In the Goldenberg model, the right hemisphere, particu- of representations of acting limbs: visual (observation of the
larly in the intraparietal sulcudHermsdorfer et al., 2001 model’s limb), somatosensory (selection of the appropriate
encodes the visuospatial components of a to-be-reproducedimb) and possibly motor (preparation of an action with that
gesture. For instance it is more activated for the reproduc- limb) (see alsdGrezes et al., 20Q3lt is thus a fundamental
tion of finger postures than imitation of hand—head configu- component of imitation related to the coding of body parts.
rations. In contrast, in the Buxbaum model, the left superior  In addition using the same limb activated the insula in-
parietal cortex transforms an extrinsic code of the spatial re- volved in body schemaF{ynn et al., 1999 This is in line
lations between the body parts of the model into an intrinsic with the Goldenberg proposal of the function of the left in-
code of the same relations in the imitator. ferior parietal cortex in praxis. His hypothesis is that ideo-

In the present experiment a right superior parietal activity motor apraxia, caused by left parietal lesions in particular
is found in the main effect of reproducing the action inde- in the inferior parietal cortex, are primarily defects of the
pendently of the limb used. The actions used consisted of representation of the body. In contrast Buxbaum’s model
simple movements of the limb in space. The same main ef- proposes that it would store engrams of known gestures. If
fect, i.e., reproducing the action, also yields activation in a we consider that gestures were learned in the course of the
neural network involved in the analysis of the visual compo- experiment, we would expect executing an identical action
nents of the presented action (including the calcarin fissure,to activate the left inferior parietal lobule.
lateral occipital cortex and in particular the right MT area,  Our results thus favor the hypothesis that during imitation
and the fusiform gyrus in both hemispheres). of intransitive and meaningless actions, the inferior parietal

In addition this activity is restricted to the right hemi- cortex, and in particular the left parietal operculum, is in-
sphere, as postulated by Goldenberg’s model, and no similarvolved in coding the representation of the bodly.
activity was found in the left hemisphere, neither in the main
effect of reproducing the same action or of using the same5.3. Different body schema?
limb. This result is in agreement with the neuropsychologi-
cal finding that the right hemisphere is specifically involved  Our results strongly imply that the left inferior parietal
in the perceptual discrimination of visuospatial components cortex is involved in the coding of body parts, thus the body
in imitative behavior, particularly prominent when spatial schema, in imitation. Lesions to the left parietal lobe can
features are necessary to the identification of the action tocause other defects such as asomatognosia, the inability to
reproduce. identify body parts, on oneself and on another person. Aso-

Thus in this experiment, the actions used as substratesmatognosia is particularly interesting for the present dis-
for imitation were categorized in terms of their visuospatial, cussion because it is an impairment of the body schema
and not motoric features; and this representation relies on(Buxbaum & Coslett, 2001 Indeed, asomatognosia was re-
the superior parietal cortex in the right hemisphere, and not cently found to relate to apraxic patients’ deficits in the
the inferior parietal cortex of the left hemisphere. Thus the imitation of meaningless actiors¢hwoebel, Buxbaum, &
present results favor the hypothesis that the superior pari-Coslett, 2003 In addition, a dissociation between auto-
etal cortex deals with visuospatial analysis of gestures, in topagnosia, the inability to point to on one’s body parts,
accordance with Goldenberg’s model of praxis. and heterotopagnosia, the inability to point to someone else’
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body parts, has recently been founelician, Ceccaldi, tial description of the observed gesture would be sustained

Didic, Thinus-Blanc, & Poncet, 2003and these two func- by visual perception areas in the superior parietal and ven-

tions could rely on different parietal regions in the left hemi- tral temporal cortices. Although these would in a third step

sphere. converge to cortices involved in the preparation of action to
Finally, it cannot be ruled out that the representation of perform imitation, we found no evidence of a modulation of

gestures, in the superior parietal cortex, use dynamic rep-motor-related cortices in imitation independent of the limb

resentations of body movements, another component of theand the action investigated.

body schema. The body schema has indeed been extensively Highly relevant for the understanding of apraxia, these

studied during the last decade, and it appears that differentresults support the proposal that apraxic patients with dam-

and independent schemata exBtikbaum & Coslett, 2001 age in the left inferior parietal cortex show primarily show

Sirigu, Grafman, Bressler, & Sunderland, 199Until re- a disorder of one’s own body representation. These findings

cently, the body schema has been understood as a systemabout the neural bases of body actions also potentially shed

of visuospatial structural descriptions of the subject’'s and light on the mechanisms and brain bases of infant imitation

other people’s bodies, and a dynamic body schema, involved(Meltzoff & Decety, 2003.

in the coding of the location of the body parts during the

execution of movements, has been overlooked. It has been
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