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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.
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1. Introduction
The past two decades of research have expanded our knowledge of action imitation at both
psychological and neural levels (see Meltzoff & Decety, 2003 for a recent review). There is
ample of evidence in experimental psychology favoring a common coding between action
and perception in humans (see Viviani, 2002 for a recent review). Neuroscience research has
also demonstrated common neural mechanisms between executed and observed action at the
neural level. Monkey’s ventral premotor area F5 contains mirror neurons that discharge both
when a monkey executes a given goal-directed action and when it watches the same action
performed by another individual (Fadiga, Fogassi, Gallese, & Rizzolatti, 2000). Similarly,
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neuroimaging experiments in humans have demonstrated the activation of a fronto-parietal
neural network that is involved in the execution, observation and imagination of action
(Decety & Chaminade, 2004).

An important aspect of the reappraisal of imitation thus requires expanding the knowledge
of the brain basis of human imitation and its relationship with this common coding system
(Rumiati & Bekkering, 2003; Wilson, 2001). Of particular interest is the representation of
the body in this system (Gallagher & Meltzoff, 1996). Recent theories of imitation have
dissected the imitative act into two components, the body part used and the action performed
(Meltzoff & Moore, 1997). Does observation of biological motion and/or of human body
parts provide a privileged stimulus for eliciting the activation of action representations?
Both aspects have recently been investigated in psychophysics and neuroimaging
experiments. Castiello, Lusher, Mari, Edwards, and Humphreys (2002) have explored the
nature and specificity of motor priming by examining behavioral responses to actions
produced by a robotic arm versus that produced by a human arm. They showed a priming
advantage for the latter. A neuroimaging study (Perani et al., 2001) demonstrated that
perception of real hand object-related actions but not virtual hand actions is associated with
inferior parietal activation. It was also shown that biomechanically possible, but not
impossible actions (Stevens, Fonlupt, Shiffrar, & Decety, 2000) activate left inferior parietal
lobule, an essential component of the neural network involved in execution of action. To our
knowledge, no investigation has compared in the same experiment attention to biological
motion and attention to body part, though this distinction is critical to theories of imitation
and plays an important role in imitative development.

Imitation is used as a classical test of ideomotor apraxia, a disturbance of verbally elicited
voluntary movements, imitation of a model, or response to an object in the absence of motor
deficits. Recently, fine-grained exploration of neuropsychological patients reported distinct
impairments of imitation in relation with different lesion site (Haaland, Harrington, &
Knight, 2000). The present experiment was aimed at the brain basis of imitation with an eye
towards distinguishing between two models of praxis which recently emerged from the
clinical studies of apraxic patients. We will present these models with an emphasis on the
brain regions that are predicted to be involved in the imitation of meaningless and
intransitive actions, used in the present experiment.

1.1. Neuropsychology
1.1.1. Apraxia as a disorder of the body schema—Goldenberg (1995, 2001)
proposed that apraxia is not a deficit of the ability to translate an intention into a motor
program, but rather of forming an intention in relation to a representation of the body, and is
therefore related to an impairment of the body schema. Studies that investigated imitation of
meaningless gestures on a manikin reported that apraxic patients were also impaired in this
task, irrespective of the location of the lesion (Goldenberg, 1995; Goldenberg & Hagmann,
1997). Similarly, a study that required patients to select a match to a photograph of a target
picture from a set of photographs showing postures performed by other individuals and in
other orientations paralleled results of an imitation task (Goldenberg, 1999). Thus, apraxic
patients show a general deficit in the representation of body part configurations and
relationships.

Halsband et al. (2001) tested left and right parietal patients and found an increase of errors in
imitation of gestures in the left-brain damaged group. Goldenberg also hypothesized a
relationship between the lateralization of the lesion and the impairments in imitation of
meaningless gestures. Patients with left-brain damage make more errors when imitating
hands (Goldenberg, 1999) and feet (Goldenberg & Strauss, 2002) than with finger postures.2

The imitative capacities of both hemispheres were investigated in patients with callosotomy
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(Goldenberg, Laimgruber, & Hermsdorfer, 2001; Lausberg & Cruz, 2004). The imitation of
hand–head and fingers configurations can be dissociated, and the authors reported that the
former taps on left hemisphere resources while the latter taps on right hemisphere resources.
Therefore Goldenberg’s model proposes that imitation of meaningless gestures requires a
coding of gestures with reference to a classification of body parts and that the left inferior
parietal lobe plays a crucial role in body part coding. A right hemisphere contribution is
involved when gesture processing requires visuospatial discrimination. For example,
demands on visuospatial processing of finger configurations are high because fingers are
distinguished mainly by their spatial position. The numeral rank can be applied only after
successful determination of this spatial position.

1.1.2. Dynamic and stored gestures representations—Another model of ideomotor
apraxia was proposed by Buxbaum (2001). This model distinguishes two types of gesture
representations. The ‘dynamic portion of gesture representation’ consists of representation
of the body parts participating in a given action in a number of spatial reference frames. It is
responsible for the imitation of meaningless actions using a direct mapping to transform an
extrinsic code of the gesture (which reflects spatial relations between the body parts of the
model) into an intrinsic code of the same relations in the imitator. This intrinsic code has
been referred to as the body schema. The ‘stored aspect of gesture representation’ forms the
core of the praxis system in that it stores gesture engrams, i.e., invariant and characteristic
features of a given gesture. The two portions of gesture representation participate in the
execution of action. For instance, while using a hammer, the stored aspect describes the
canonical hand posture for holding and acting with a hammer, and the dynamic aspect
adapts this archetypical gesture to the specifics of the actual hammer: finger aperture
depending on size, strength depending on weight, etc.

In this model, lesions to the dynamic aspect would lead to dynamic apraxia, characterized by
impairment in imitation of meaningless gestures with normal performance in meaningful
gestures (visuoimitative apraxia). Lesions in the left superior parietal lobe, as in the case of
patient BG (Buxbaum, Giovannetti, & Libon, 2000) would be responsible for such apraxia.
Impairment of the stored aspect would lead to representational apraxia, characterized by
impairments in the production of meaningful gestures, for example in the use of familiar
objects for which the most efficient hand posture for manipulation is not available from the
object structure, and must be extracted from memory (Buxbaum, Sirigu, Schwartz, &
Klatzky, 2003). Left inferior parietal lesions would be responsible for representational
apraxia.

1.2. Brain imaging studies of imitation
Several aspects of imitation have been investigated by neuroimaging experiments. A first
series of experiments focused on the effect of the intention to imitate on the neural substrate
involved in observation of action (Decety et al., 1997; Grezes, Costes, & Decety, 1999).
These studies demonstrated a strong involvement of the superior and inferior parietal as well
as premotor and dorsolateral prefrontal regions mainly in the right hemisphere, interpreted in
relation to attention and action preparation in the absence of motor output.

A second line of research focused on simple and repetitive finger movement paradigms.
Behavioral data with the same paradigm demonstrated an effect of visuomotor
compatibility, i.e., the observation of a given action facilitates the execution of the same
action and inhibits other actions (Brass, Bekkering, Wohlschlager, & Prinz, 2000). FMRI

2This finding of similar impairments in hands and feet imitation in patients was paramount in deciding to collapse conditions with the
four different limbs in the present experiment.
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studies showed an increased signal in the left inferior frontal and right inferior parietal
cortices associated with copying of finger movements (Iacoboni et al., 1999; Koski et al.,
2002). Another study of imitation of finger configuration resulted in a bilateral involvement
of the parietal cortices for meaningless configurations, and restricted to the left hemisphere
for meaningful ones (Tanaka, Inui, Iwaki, Konishi, & Nakai, 2001).

Goldenberg and colleagues used PET measurements in a gesture discrimination task used to
investigate the neural substrate of gesture representation (Hermsdorfer et al., 2001). They
found hand gestures to be associated with highly lateralized left inferior parietal lobule
activity, while finger gestures yielded more bilateral increases in the parietal and occipital
lobes. Another neuroimaging study demonstrated that finding the match of a visually
presented body parts posture in a set of photographs showing postures performed by other
individuals and in other orientation activates Broca’s area for the matching of fingers but not
hand gesture (Tanaka & Inui, 2002). This result fits with the existence of a dissociation
between the matching of these two types of postures (Goldenberg, 1999). This also
demonstrates a specific role of Broca’s area in finger movements as opposed to other body
parts. In a study of object-directed or pantomime observation and imitation (Grezes,
Armony, Rowe, & Passingham, 2003), Broca’s area involvement was found related to
imitating or executing the object-directed actions. Thus, activity in Broca’s area can be
associated with imitation (and more generally with action), in specific conditions in which a
verbal component is at play (identifying a finger by its numeral, semantic knowledge about
an object). These results are also compatible with Goldenberg’s hypothesis that the right
hemisphere is involved in the imitation of finger postures because of the higher visuospatial
discrimination needed to recognize single fingers.

Two previous neuroimaging studies of imitation of meaningless object-directed actions
(Chaminade, 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 dorsolateral
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 can say that the
key regions for imitation, in particular when meaningless simple body actions are considered
and finger configurations are excluded, involve the posterior parietal cortex in particular the
left inferior parietal cortex, as well as the occipital cortex.

1.3. Goals of the study
While several neuroimaging studies have investigated the neural basis of imitation, none
have tried to segregate the neural substrates of action representation and of body schema in
imitation. One aspect of the body schema has been investigated using gesture discrimination
tasks (Hermsdorfer et al., 2001; Tanaka & Inui, 2002); defects in such tasks do not exactly
overlap with imitation defects in apraxic patients (Goldenberg, 1999). We designed the
present experiment to investigate the neural correlates of action representation and of the
body schema in imitation.

The current study of imitation used upper (hands) and lower (feet) limbs on the left and the
right side of the body. Because a neuropsychological dissociation was found between
imitation of fingers and hands gestures, no finger posture was used in the present
experiment. A first-person perspective model was used, rather than having the model facing
the subject to avoid left-right discrepancy between the model’s and the subjects’ actions, and
mental transformation in recognizing the side of the body used by the model (Bonda,
Petrides, Frey, & Evans, 1995; Koski et al., 2002). Meaningless gestures were used to avoid
verbal contamination (Goldenberg & Strauss, 2002), but the repetition of a limited pool of
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gestures in the experiment does not rule out that these gestures were memorized during the
training sessions prior to the fMRI experiment.

Experimental conditions were based on a factorial design. The factors were the limb used by
the subjects, and the action they perform, which both could be the same or different from the
model. On the basis of previous results, we expected segregation of the brain networks
associated with the two components of the imitation of actions which did not involve objects
(Chaminade & Decety, 2002). The first component was to reproduce the action that was
presented irrespective of the limb used (for example, rotation of either the hand or the foot);
the second was using the same limb irrespective of the action performed. Reproducing the
action and using the same limb at the same time is full imitation.

Visual input and motor output were equated in all conditions and thus do not interfere with
the effects of the experimental factors. Therefore, the present experimental paradigm allows
us to investigate the neural network associated 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 cortex (Downing, Jiang, Shuman, & Kanwisher, 2001). More importantly,
it is predicted that areas involved in imitation would be found in one of the main effects of
the experimental factors, namely the main effect of using the same limb (related to the body
schema) and the main effect of performing an identical action (related to the action
representation). Interestingly, the two models of praxis based on the study of apraxic
patients lead to different predictions for the brain areas associated with the two main effects.
According to Goldenberg’s model, gesture representation should activate the right posterior
parietal cortex and limb representation should activate the left inferior parietal cortex. Under
Buxbaum’s account limb representation should activate the left superior parietal cortex.
Since a known gesture can be produced with different effectors (see e.g. Rijntjes et al.,
1999), the engram for a given gesture should be represented in a limb independent manner
in the stored portion of the gesture representation, thus in the left inferior parietal cortex.

2. Material and methods
2.1. Stimuli preparation

In this experiment, subjects watched video-clips depicting single hand or foot actions and
were required to imitate the model or to execute another gesture, in four experimental
conditions defined by a factorial plan (Table 1). The two factors were the limb used by the
subjects (“the same” or “the other”) and the action they performed (“identical” or
“different”). Two control conditions consisted of watching without acting, either the action
stimuli or a blue cross on a black background (same duration as the experimental
conditions).

The stimuli were videotaped with a male actor lying on a blue background with the camera
above his midline in order to obtain first-person visual perspective stimuli. The six actions
were rotations, lateral and vertical movements, each being performed in either direction
(clockwise versus counter clockwise, left versus right first, up versus down first
respectively). The actors movements were guided by a metronome so that each video-clip,
consisting of two successive similar actions, lasted 5 s (2 s for a first action, 1 s pause, 2 s
for a second similar action), and avoided hesitations and shaking (see Fig. 1 for examples).
Recordings were then edited using Final Cut Pro, each video-clip was cropped to last exactly
5 s. For each experimental block three video-clips showing actions performed with the same
limb (selected randomly and counterbalanced between sessions), were assembled with the
following template: a written reminder of the experimental condition for 2 s, and the three
actions separated by 0.5 s., pauses. The duration of an experimental block was 18 s.
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In the conditions defined by the factorial plan, subjects were asked to act during the second
presentation of each of the three actions. A “different action” was freely chosen within the
remaining five choices in the six possible actions of the experiment. In order to balance the
limb used by the subjects in the different conditions, “the other limb” was defined as “the
same limb on the other side of the body” in two of the four fMRI sessions, and “the other
member (hand instead of foot and foot instead of hand) on the same side of the body” in the
other two sessions.3 Each session started with a written reminder of the meaning of “the
other limb” (i.e. “the other side” or “the other member”), and a written reminder at the
beginning of each experimental condition explicitly stated “with the other side” or “with the
other member”. The order of presentation of the two types of sessions was randomized
between subjects.

Within each fMRI session, subjects were presented with each of the six conditions four
times, one for each limb, leading to 24 scanning blocks per session. For example, in one
session, they would be instructed four times “Do an identical action with the same limb”,
and each time a different limb was presented so that the four limbs were used equally in the
experimental conditions within each session. A session thus comprised 24 scanning blocks
in a randomized order, for a total duration of 7 min 22 s.

2.2. Subjects training
Twelve right-handed participants (9 females and 3 males; mean age 21.2 years ± 4.1) with
no history of neurological or psychiatric disease volunteered for the experiment, which was
approved by the Ethics Committee of the University of Oregon. Participants received
financial compensation for their participation.

At their arrival at the neuroimaging lab, subjects were briefly introduced to the requirements
of the experiment, and were trained inside a mock scanner. Two full sessions were
conducted to introduce the two situations, in which “the other limb” must be understood
either as “the other side” or as “the other member”. An experimenter corrected subjects on-
line to ensure they understood the instructions. Subjects made no mistakes during the second
training session.

Then, participants were installed in the Siemens Allegra 3-T magnet. A pad was placed
under the knees to allow free movement of the feet and cushions were placed under the arms
to allow free movement of the hands. The subject’s head was firmly positioned with foam to
minimize movement. Before each session subjects were orally reminded of the meaning of
“the other limb”, also written at the beginning of the session’s video-clip. During the course
of the experiment, an experimenter remained inside the magnet room to record the subjects’
responses.

2.3. Magnetic resonance imaging
Visual stimuli were projected on a screen located at the back of the magnet and viewed with
a mirror located in front of the subjects’ eyes. Functional images were acquired using T2-
weighted gradient echo, echoplanar imaging sequence, sensitive to blood oxygen level
dependent (BOLD) contrast (repetition time 2000 ms, echo time 40 ms, flip angle of 90°,
matrix 64 × 64, field of view 192 mm × 192 mm). The images consisted of 32 contiguous
axial slices, with 4.5 mm thickness and 3 mm × 3 mm in plane resolution. To allow the
equilibrium to reach its steady-state, two volumes corresponding to a 4 s delay were
automatically discarded from the analysis. During each run 225 volumes were continuously

3We consider that “identification” of the limb is the same in all conditions, whether they require using the “same” or the “other” limb.
Our study investigates the neural network associated with “using the same limb”.
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acquired over a total duration of 450 s. High-resolution T1-weighted anatomical images
were acquired (gradient-echo inversion-recovery sequence, repetition time 1.570 ms, echo
time 3 ms, matrix 250 × 250 × 144, field of view 250 mm × 250 mm, slice thickness 1 mm).

2.4. Statistical analysis
All fMRI data were processed using the SPM2 software package (Wellcome Department of
Cognitive Neurology, London). For each subject, the functional scans were realigned to
correct for subjects motion, stereotactically normalized to the MNI space, and smoothed
with a 6 mm full-width half-maximum Gaussian filter.

A first fixed level of analysis was computed subject-wise using the general linear model
with hemodynamic response function modeled as a boxcar function which covers the three
action presentations in each condition. In addition to the six experimental conditions, eight
variables corresponding to the four different limbs observed and to the four different limbs
acted with were introduced in the model to remove the effects of observing or acting with
one of the four limbs used in the experiment. The main effect of each of these covariates
was computed separately for each subject using F-tests of variance.

Three contrasts of interest were computed for each subject: imitating (“identical action with
the same limb” versus “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 limb”).

Single-subjects first-level contrasts were introduced in second-level random-effect analysis
to allow for population inference. Main effects were computed using one-sample t-test
including 12 subjects for each of the contrasts reported earlier. The resulting set of voxel
values for each contrast constituted an SPM map. The maps were then thresholded at P <
0.01 at the cluster level. Localization of cortical clusters of activity was performed with a
human brain atlas (Duvernoy & Cabanis, 1991).

3. Results
3.1. Participant behavior

Subjects reported no specific difficulty during the experiment. Behavioral results were in
accordance with their subjective reports since very few mistakes were observed (a total of 3
mistakes across all trials). These conditions were discarded from the analysis.

3.2. Main effect of the covariates
The 12 subjects were incorporated into the second-level random-effect analysis. The brain
networks revealed by the covariate describing acting with both hands and both feet (Table 2)
and by the covariate describing observing each of the two hands and feet (Table 3) were
used to validate the analysis.

Results show that the action covariate mapped exactly the brain areas associated with acting
with each given limb and side in the primary motor cortex (Lotze et al., 2000) and the
cerebellum (Grodd, Hulsmann, Lotze, Wildgruber, & Erb, 2001). 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/
V5 (Dumoulin et al., 2000) and an area involved in the perception of body parts (extrastriate
body area (EBA); Downing 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
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describing the use and the observation of a given limb gave the expected results in the
primary motor cortex and cerebellum, and in the lateral occipitotemporal cortex
respectively, 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 of Table 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” (Fig. 2). Common to the three contrasts are the ventromedial prefrontal cortex and the
occipitotemporal cortex bilaterally (Figs. 3 and 4). 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 cingulated 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 (Fig. 5) and
right amygdala. Finally, activated clusters in the left insula and the right hippocampus found
in the latter main effect, using “the same limb”, which were not present in the contrast of
interest, “imitating”, are not reported in Table 4 but can be seen in Fig. 2.

4. Discussion
The goal of this experiment was to identify the neural networks associated with using the
same limb and of performing an identical action during imitation of meaningless intransitive
hand and feet gestures, and to discuss these networks in relation to the models of imitation
described in Section 1.

4.1. Imitation using the same limb to execute an identical action
4.1.1. Areas common to the two components—Three regions were found associated
with the contrast describing imitation as well as the two main effects. Bilateral activity in the
occipitotemporal cortex (Fig. 3) corresponds to a region specialized in the visual analysis of
body part (Downing et al., 2001; Peigneux et al., 2000). The coordinates in the left
hemisphere correspond to the location of area MT (Dumoulin et al., 2000), specifically
involved in the analysis of visual motion. At first blush, this may seem surprising, since
stimuli were matched in terms of the body parts and the movement observed, and that
activity in the same regions in the right hemisphere was found in all covariates describing
the observation of a given limb (Table 3). But this result makes more sense when
considering an effect of attention on the activity of these regions. All the contrasts given in
Table 4 share the cognitive component that subjects were required to reproduce the whole or
parts of the presented gesture. The increase of activity in the occipitotemporal areas can be
interpreted as the neural correlate of an increased attention to the modeled gesture,
irrespective of which element, the limb or the action, must be reproduced.

The finding of the ventromedial prefrontal cortex was not predicted. This region is found
activated in a number of tasks including the suppression of irrelevant memory traces
(Schnider, Treyer, & Buck, 2000), motor learning (Jackson, Lafleur, Malouin, Richards, &
Doyon, 2003) or decision-making (Bechara, Damasio, & Damasio, 2000). A common
feature of these tasks has been described as the “felt rightness” of the current behavior
(Moscovitch & Winocur, 2002), whether it is related to memory, action or other aspects of
behavior. This monitoring of the rightness of the current behavior could account for the
activity of this region in all situations in which participants’ behavior was constrained by the
word “same”, namely using the same limb and/or performing the same action, compared to
situations in which their behavior was defined by “other”. Indeed, participants could directly
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compute the correctness of their response by comparing the relevant feature(s) of the gesture
presented in the video stimulus (either the limb used and/or the action performed) to the
similar feature(s) in the gesture they perform. Such a direct comparison was not possible in
the “other” conditions. In addition, we speculate that subjects’ knowledge that their behavior
was coded on-line by an experimenter who was present in the scanning room could have
emphasized their desire to accomplish the task as accurately as possible. The ventromedial
prefrontal activity could reflect such a process (Rosenthal, 1964).

4.1.2. Areas specific to executing an identical action—If the neural representation
of meaningless action is similar to that of meaningful actions, we should find similar
activated areas to the ones found in an investigation of the limb independent brain network
for representing gestures described (Rijntjes et al., 1999). Additionally, repetition of a
limited number of actions could have yielded a memorization of these actions. In the
experiment by Rijntjes et al. (1999), subjects were requested to execute their own signature
with either their index finger or their big toe. Areas involved in both tasks were found in the
anterior premotor cortex in control of the dominant hand and in the intraparietal sulcus. This
result led the authors to suggest that the representation of an over trained action (i.e., the
signature) in the secondary sensorimotor cortices can be accessed by other extremities
performing the same action.

In the present experiment we note an absence of activation in the left premotor cortex, one
right-hemisphere intraparietal cluster, and massive occipital involvement when performing
an identical gesture. The signature gesture is an over-trained movement, and is related to
extensive self experience, while the gestures used in our experiment were novel and
meaningless for the subjects. Observation of meaningful gestures chiefly activates a left
hemisphere frontal network, while meaningless gestures activate the right occipito-parietal
pathway (Decety et al., 1997). In addition, signatures were retrieved from memory with eyes
closed, while our study used visual stimuli to present the to-be-performed gestures. The
visuomotor transformation involved in imitating requires an increase of visual attention
(Decety et al., 2002; Hermsdorfer et al., 2001) demonstrated by the involvement of medial
and lateral occipital regions. In the present experiment, reproducing the gesture was more
demanding in terms of visual attention than using the same limb.

The fusiform gyrus, found activated in both hemispheres when subjects were required to
reproduce a meaningless gesture, is also related with visual aspects of the task. One possible
hypothesis could be that they imagined the presence of a face in the absence of actual
presentation (Grossman & Blake, 2002; O’Craven & Kanwisher, 2000), but the perspectives
used in the stimuli (see Fig. 1) make this hypothesis unlikely. Since the fusiform area is
acknowledged to be involved in visual expertise (Tarr & Gauthier, 2000), such as, but not
restricted to faces (Kanwisher, 2000), another hypothesis is that subjects became experts at
discriminating between the different actions. Indeed actions intentionally avoided further
references to the body other than the part used and could therefore only be described in term
of spatial features. They could be categorized along two axes: their type (rotation, horizontal
and vertical translation) and their direction. But the training period was too short for subjects
to develop full expertise. Finally activity of the fusiform gyrus has also been reported to be
sensitive to the perception of meaningful hand movements (Grezes, Costes & Decety, 1998)
and motions of simple shapes (Castelli, Happe, Frith, & Frith, 2000). Since the gestures of
the present experiment could be learned throughout the fMRI experiment, a plausible
interpretation is that this region is associated with the recognition of the six gestures, and is
therefore activated when participants reproduced the same gesture, which required the
recognition of the two aspects of the gestures (type and direction) but not when they
performed mismatching gesture, which could be accomplish by paying attention to only one
aspect of the gesture.
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The actions we used were mainly distinguishable by their spatial properties. The right
intraparietal sulcus activity, associated with the representation of the signature gesture
(Rijntjes et al., 1999) and the imitation of finger movements (Hermsdorfer et al., 2001;
Tanaka & Inui, 2002) contributes to the visual guidance of an action, especially for its
spatial attributes (Chaminade & Decety, 2002). In addition, the posterior cingulate cortex,
also found in the main effect of reproducing an identical action, is involved in evaluative
functions for spatial orientation (Berthoz, 1997). The focus of activity in this region can be
ascribed to monitoring the spatial features of the stimuli (Vogt, Finch, & Olson, 1992).

In conclusion the coding of the action for reproduction was not primarily associated with
regions involved in shared motor representation as we expected, but with regions involved
in visual perception (right area MT), analysis (the posterior cingulate cortex) and expertise
(the fusiform gyrus).

4.1.3. Areas specific to using the same limb—The main effect of choosing the same
limb reveals the brain networks associated with: (a) recognizing a limb shown in a visual
stimuli, preparing and (b) executing an action with this limb irrespective of the relation
(identical or different) between the presented and executed action. The bottom of Table 4
indicates that activity was found bilaterally in the inferior parietal lobule and in the right
inferior insular cortex and amygdala. An additional left insular activity was specifically
associated with the main effect of using the same limb. The finding of a cluster of activity in
the amygdala, a region involved in emotional aspects of social cognition (Adolphs, 2003),
during imitation and when using the same limb, reinforces the idea of a strong relation
between imitation and the body schema in social cognition.

The insular cortex is involved in higher somatic integration, in relation with both somatic,
autonomic and limbic systems (Flynn, Benson, & Ardila, 1999) and involved in body
representation (Berlucchi & Aglioti, 1997). It is related with mental rotation of limbs in
space (Bonda et al., 1995) and the feeling of a discrepancy between the visual feed-back of
an action and the executed action (Farrer et al., 2003). Though these aspects were not
present in our paradigm, it is notable that activity of the insula is related to the situations of
comparing different orientations of a limb (either two observed orientations in Bonda et al.,
1995 or one observed and one felt in Farrer et al., 2003). Our results suggest that attention to
limbs recruits this region in a variety of tasks.

Lesions of the left inferior parietal cortex are generally associated with Wernicke’s aphasia
and ideomotor apraxia, the latter being often accompanied with faulty imitation of
meaningless gestures. Previous neuroimaging investigations found this region to be involved
in imitation of hands compared to fingers gestures (Tanaka & Inui, 2002), and also in
imitation of object-related actions compared to execution of different actions (Decety et al.,
2002). However, this region was not found in neuroimaging experiments based on copying
finger movements (e.g. Iacoboni et al., 1999; Koski, Iacoboni, Dubeau, Woods, &
Mazziotta, 2003). In monkeys, neurons showing mirror properties comparable to those
described in the premotor area F5 have also been found in the posterior parietal cortex
(Gallese, Fadiga, Fogassi, & Rizzolatti, 2002), and were hypothesized to be involved in
action representation. In humans, the activity of the inferior parietal lobule in association
with action execution is consistently lateralized to the left hemisphere (Grezes & Decety,
2001; Rushworth, Nixon, & Passingham, 1997). Altogether, these arguments are in line with
an important role of the left inferior parietal cortex in relation to action imitation.

The bilateral activity in the supramarginal gyrus was not predicted. Several proposals can be
put forward to explain this result. First, though the left hemisphere is dominant for the action
control, it has been demonstrated that the right homologous region also displays a
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sensorimotor role (Mattingley, Husain, Rorden, Kennard, & Driver, 1998). It is thus possible
that the two hemispheres contribute to selecting the appropriate limb given a visual input.
For example, there could be a stronger left hemisphere involvement in selecting the type of
limb, and of the right hemisphere in selecting the side of the limb. This proposal is also
compatible with the proposal that the right hemisphere would be more strongly involved in
visuospatial tasks, since deciding which side of the body used, even when hands and feet
stimuli are presented in a first-person perspective, requires localizing elements of the limb,
such as the big toe or the thumb. This interpretation parallels the finding that the right
parietal cortex is involved in a gesture discrimination task with finger- compared to hand-
gestures (Hermsdorfer et al., 2001), and that right brain damage patients are impaired in
imitating finger postures, which relies on a precise visuospatial analysis. Alternatively one
can speculate about a lateralization similar to the primary motor and sensory cortices, the
left inferior parietal involved in the selection of the right limbs and vice versa.

Interestingly, the parietal operculum activity was restricted to the left hemisphere with a
high statistical score. It is the only parietal area found in the left hemisphere, in the region
which lesion is often associated with ideomotor apraxia. The left parietal operculum is a
secondary somatosensory region that shows decreased activity for self-tickling compared to
external tickling (Blakemore, Wolpert, & Frith, 1998). It has been proposed that this region
compares actual sensory feed-back to the sensory feed-back expected given the initial motor
command, and would thus participate in building ‘internal models’ for action (Blakemore &
Frith, 2003). We previously argued that imitating an action could involve inverse modeling
to map the consequences of an action, in this case its observation, to their motor preparation
(Chaminade et al., 2002). Activity in this region was recently found during perception of
gestures (Grezes et al., 2003), and it was proposed that it could host multimodal, visual and
somatosensory, representations of actions related to motor representations. Present results
are in favor of this interpretation, in the sense that this secondary somatosensory cortex is
involved in imitating a meaningless gesture and thus plays a role in relating visual as well as
motor aspects of a gesture.

5. Models of praxis
The previous description of the results did not refer to the models of apraxia described in the
introduction, which will now be discussed on their own. We will argue that the present
results favor the predictions drawn from Goldenberg’s model.

5.1. Right intraparietal sulcus and action representation
In the Goldenberg model, the right hemisphere, particularly in the intraparietal sulcus
(Hermsdorfer et al., 2001), encodes the visuospatial components of a to-be-reproduced
gesture. For instance it is more activated for the reproduction of finger postures than
imitation of hand–head configurations. In contrast, in the Buxbaum model, the left superior
parietal cortex transforms an extrinsic code of the spatial relations between the body parts of
the model into an intrinsic code of the same relations in the imitator.

In the present experiment a right superior parietal activity is found in the main effect of
reproducing the action independently of the limb used. The actions used consisted of simple
movements of the limb in space. The same main effect, i.e., reproducing the action, also
yields activation in a neural network involved in the analysis of the visual components of the
presented action (including the calcarin fissure, lateral occipital cortex and in particular the
right MT area, and the fusiform gyrus in both hemispheres).

In addition this activity is restricted to the right hemisphere, as postulated by Goldenberg’s
model, and no similar activity was found in the left hemisphere, neither in the main effect of
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reproducing the same action or of using the same limb. This result is in agreement with the
neuropsychological finding that the right hemisphere is specifically involved in the
perceptual discrimination of visuospatial components in imitative behavior, particularly
prominent when spatial features are necessary to the identification of the action to
reproduce.

Thus in this experiment, the actions used as substrates for imitation were categorized in
terms of their visuospatial, and not motoric features; and this representation relies on the
superior parietal cortex in the right hemisphere, and not the inferior parietal cortex of the left
hemisphere. Thus the present results favor the hypothesis that the superior parietal cortex
deals with visuospatial analysis of gestures, in accordance with Goldenberg’s model of
praxis.

5.2. Left inferior parietal cortex and body schema
Three results thus emerge from this study in relation to the function of the inferior parietal
cortex in imitation. First, the parietal cortex is primarily involved in using the same limb,
and this experimental factor was used to explore the neural structures involved in the body
schema. Second, the parietal cortex has been found by various neuroimaging studies to be
associated with imitation (Decety & Chaminade, 2004). Third, the parietal operculum
activity is in part lateralized in the left hemisphere, as was expected on the basis of the left
hemisphere dominance for action and imitation.

Indeed, irrespective of which limb and which gesture was presented, and irrespective of
which gesture was performed, the task of using the same limb activates the supramarginal
gyrus bilaterally and the parietal operculum in the left hemisphere. Focusing on the left
hemisphere, dominant in motor control and whose lesion produces the most severe forms of
ideomotor apraxia, our results favor the hypothesis that the left parietal operculum plays a
role in associating three types of representations of acting limbs: visual (observation of the
model’s limb), somatosensory (selection of the appropriate limb) and possibly motor
(preparation of an action with that limb) (see also Grezes et al., 2003). It is thus a
fundamental component of imitation related to the coding of body parts.

In addition using the same limb activated the insula involved in body schema (Flynn et al.,
1999). This is in line with the Goldenberg proposal of the function of the left inferior
parietal cortex in praxis. His hypothesis is that ideomotor apraxia, caused by left parietal
lesions in particular in the inferior parietal cortex, are primarily defects of the representation
of the body. In contrast Buxbaum’s model proposes that it would store engrams of known
gestures. If we consider that gestures were learned in the course of the experiment, we
would expect executing an identical action to activate the left inferior parietal lobule.

Our results thus favor the hypothesis that during imitation of intransitive and meaningless
actions, the inferior parietal cortex, and in particular the left parietal operculum, is involved
in coding the representation of the body.

5.3. Different body schema?
Our results strongly imply that the left inferior parietal cortex is involved in the coding of
body parts, thus the body schema, in imitation. Lesions to the left parietal lobe can cause
other defects such as asomatognosia, the inability to identify body parts, on oneself and on
another person. Asomatognosia is particularly interesting for the present discussion because
it is an impairment of the body schema (Buxbaum & Coslett, 2001). Indeed, asomatognosia
was recently found to relate to apraxic patients’ deficits in the imitation of meaningless
action (Schwoebel, Buxbaum, & Coslett, 2004). In addition, a dissociation between
autotopagnosia, the inability to point to on one’s body parts, and heterotopagnosia, the
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inability to point to someone else’ body parts, has recently been found (Felician, Ceccaldi,
Didic, Thinus-Blanc, & Poncet, 2003), and these two functions could rely on different
parietal regions in the left hemisphere.

Finally, it cannot be ruled out that the representation of gestures, in the superior parietal
cortex, use dynamic representations of body movements, another component of the body
schema. The body schema has indeed been extensively studied during the last decade, and it
appears that different and independent schemata exist (Buxbaum & Coslett, 2001; Sirigu,
Grafman, Bressler, & Sunderland, 1991). Until recently, the body schema has been
understood as a system of visuospatial structural descriptions of the subject’s and other
people’s bodies, and a dynamic body schema, involved in the coding of the location of the
body parts during the execution of movements, has been overlooked. It has been argued that
the superior parietal lobule could be involved in this latter aspect of the coding of body parts
(Wolpert, Goodbody, & Husain, 1998).

Thus it remains possible that Buxbaum’s model views this dynamic aspect of the body
schema in association with the execution of movement, and that the superior parietal lobule
involvement in the reproduction of gestures relies on this aspect. Nevertheless our results
strongly suggest that this system, if it exists, is not involved in the coding of body parts per
se.

6. Conclusion
The results of the current neuroimaging study fit together nicely with recent studies of
apraxic patients’ disorders in imitation and related behavior. Goldenberg (2001) assigned to
the left inferior parietal cortex a crucial role in coding the relationships between body parts
that could explain deficits of imitation in apraxic patients. In accordance with this
prediction, we suggest that imitation is primarily related to body schema, in the inferior
parietal gyrus bilaterally with a specific involvement of the parietal operculum in the left
hemisphere. In addition the coding of the actions used in this experiment involved visual
perception, analysis and expertise mainly associated with areas in the right hemisphere. This
makes sense because imitation, taken from a cognitive view-point, involves important
aspects of visual attention necessary to encode a gesture within a spatial, and not a motor,
frame of reference.

On the basis of the present results, we propose that the brain network involved in imitation
of meaningless intransitive limb gestures is first associated with an increased visual attention
(independent of which aspect of the model’s action is considered) as demonstrated by an
increased bilateral occipitotemporal activity. In a second step, two aspects of the gesture
would be dissociated by the activity of the parietal, temporal and insular cortices. A
visuospatial description of the body would be sustained by the left inferior parietal lobule as
well as insular cortices, while a visuospatial description of the observed gesture would be
sustained by visual perception areas in the superior parietal and ventral temporal cortices.
Although these would in a third step converge to cortices involved in the preparation of
action to perform imitation, we found no evidence of a modulation of motor-related cortices
in imitation independent of the limb and the action investigated.

Highly relevant for the understanding of apraxia, these results support the proposal that
apraxic patients with damage in the left inferior parietal cortex show primarily show a
disorder of one’s own body representation. These findings about the neural bases of body
actions also potentially shed light on the mechanisms and brain bases of infant imitation
(Meltzoff & Decety, 2003).
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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: counterclockwise rotation with the left foot.
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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.
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Fig. 3.
Two coronal sections of a representative brain showing activity associated with imitating.
The anterior section (left) shows clusters of activity in the posterior cingulate, extending to
the rostral end of the calcarin sulcus and bilaterally in the fusiform gyrus. The most posterior
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.
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Fig. 4.
Two sections of a representative brain showing activity associated with reproducing an
identical action. The sagittal section (left) shows clusters of activity in the posterior
cingulate, extending to the rostral end of the calcarin sulcus, and in the ventromedial cortex.
The coronal section shows bilateral clusters of activity in area MT.
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Fig. 5.
Two sections of a representative brain showing activity associated with using the same limb.
The sagittal section (left) shows clusters of activity in the right posterior insula and
precentral gyrus. The coronal section shows bilateral clusters of activity in the
supramarginal gyrus as well as a left-lateralized cluster in the parietal operculum.
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Table 1

Two factors were used in this experiment: (1) the action performed by the subject can either be identical to the
model or a different one; (2) the limb used by the subject can either be the same or the other one

Experimental
condition

Limb

The same The other

Action Identical Identical action with the same limb Identical action with the other limb

Different Different action with the same limb Different action with the other limb
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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 cerebellum

Location x y z t values

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

(P < 0.01 corrected at the cluster level)
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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

Location x y z t values

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

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