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Abstract

In the macaque monkey veniral premotor cortex (F5), “cancnical neurones” are active when the monkey observes an object and when
the monkey grasps that object. In the same area, “mirror neurones” fire both when the monkey observes another monkey grasping an object
and when the monkey grasps that object. We used event-related fMRI to investigate where in the human brain activation can be found that
reflects both canonical and mirrer neuronal activity. There was activation in the intraparietal and ventral limbs of the precentral suleus wher.
subjects observed objects and when they executed movements in response to the objects (canonical neurcnes). There was activation in the
dorsal premotor cortex, the intraparietal cortex, the parietal operculum (SIl), and the superior temporal sulcus when subjects observed
gestures (mirror nevrones). Finally, activations in the ventral premotor cortex and inferior frontal gyrus (area 44) were found when subjects
imitated gestures and executed movements in response to objects. We suggest that in the human brain, the ventral limb of the precentral
sulcus may form part of the area designated F5 in the macaque monkey. It is pessible that area 44 forms an anterior part of F5, though

anatomical studies suggest that it may be a transitional area between the premotor and prefrontal cortices.

© 2003 Elsevier Science (USA). All rights reserved.
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Introduction

The understanding of goal-directed action requires
mechanisms by which the subject can understand the action
that is appropriate for an object, as well as mechanisms by
which the subject can read the intention conveyed by goal-
directed actions performed by others. Within the ventral
premotor area F35, there are neurones that discharge during
goal-directed actions (Rizzolatti et al., 1988). Among these
neurones, Rizzolatti and colleagues {1988, 1996a; Gallese et
al., 1996) have discovered two papulations that have dif-
ferent visual responses, though they are indistinguishable as
far as their motor properties are concerned.
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The first type, called “canonical neurones,” become ac-
tive when the monkey simply views an object, as well as
when the monkey grasps that object. The bank of F5 is the
target of projections originating from the anterior intrapari-
ctal area (AIP), which has similar functional properties to
those of F5 (Taira et al., 1990; Sakata et al., 1995; Murata
et al., 2000). On the basis of these commeon properties, it has
been proposed that the AIP-F5 circuit plays a role in trans-
forming the intrinsic properties of objects into the appro-
priate hand movements (Jeannerod et al., 1995). The de-

scription of the object features, in terms of its affordances,

is carried out in the parietal area AIP and then transmitted to
the premotor area F5, where potential actions are encoded
(Murata et al., 1997; Fagg and Arbib, 1998; Rizzolatti and
Fadiga, 1998).

The second type, called “mirror neurones,” fire both
when the monkey observes an agent acting with the hand
upon an object and when the monkey grasps the object
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itself. Neurones with similar visual properties to these F35
convexity neurones have been recorded in the superior tem-
porat sulcus (STS, Perrett et al,, 1990) and in area 7b/PF
located in the rostral part of the convexity of the anterior
inferior parietal cortex (Fogassi et al,, 1998). This STS-
7b-F5 circuit may subserve the internal representation of
actions evoked by the observation of the actions of others
and may play a role in both imitation and recognition of
action (Jeannerod, 1994; Rizzolatti et al.,, 1996a; Carey et
al., 1997; Rizzolatti and Arbib, 1998; Gallese and Goldman,
1998).

Brain imaging experimenis have been carried out in
humans in order to investigate the existence and the local-
ization of cortical circuits similar to those described in
monkey. Subjects have been scanned during (1) the percep-
tion of manmade objects (Martin et al., 1995, 1996; Grafton
et al., 1997; Perani et al,, 1999; Chao and Martin, 2000,
Grézes and Decety, 2002), (2) the manipulation of objects
(Grafton et al, 1996; Binkofski et al., 1999), or (3) the
perception of sitnple finger movements (lacoboni et al,
1999; Hermsdorfer et al., 2001), pantomimes (Decety et al.,
1997: Grezes et al., 1998; Buccino et al., 2001), or object-
directed actions (Rizzolatti et al., 1996b; Grafton &t al,
1996; Perani et al., 200!; Buccino et al., 2001; Decety et al.,
2002; Chaminade et al., 2002). Common activations have
been found in premotor and posterior parietal cortex. Acti-
vations have also been reported in the region of Broca’s
area, which some have suggested to be the human homo-
logue of monkey premotor area F5 (Grafton et al., 1996;
Rizzolatti et al., 1996b; lacoboni et al., 1999; Buccino et al,,
2001).

However, a recent meta-analysis of PET studies (Grézes
and Decety, 2001) failed to show reliable activation in
Broca’s areas during action observation, and this led the
authors to propose that the ventral premotor cortex, rather
than Broca’s area, might be homologous to F5. Nonetheless,
there could be two reasons for the absence of reliable
activations in the ventral premotor cortex and/or Broca’s
areas during action observation, action execution, and imi-
tation. The first is that PET may be less sensitive than fMRI
(see Joliot et al., 1999). Second, it has been shown that the
neural network engaged is influenced by the type of action
presented and by the tasks required during the observation
phase (Grézes et al., 1998). Finally, none of the studies cited
have included conditions within the same paradigm where
subjects perceive both objects and gestures, whether for
passive observation and for movement execution.

Our experiment uses event-related fMRI to investigate
all conditions within the same study in which canonical
neurones and mirror neurones fire in the macaque premotor
cortex. Humans can imitate gestures whether directed to an
object or not. We therefore tested both conditions, even
though mirror neurones in monkeys do not respond to the
sight of a hand mimicking an action in the absence of an
object. Subjects viewed video recordings of objects, grasp-
ing movements, or objects being grasped. They were re-

quired either to passively observe or to execute the appro-
priate grasp toward a manipulandum. The aim of the present
experiment was to functionally identify mirror and canoni-
cal circuits in humans and to tentatively localize the human
homologue of F5. The human brain regions homologous to
the monkey canonical and mirror circuits should be active
for viewing an object alone (canonical neurones) and for
viewing hands grasping objects (mirror neurones), as well
as for executing the appropriate grasp (canonical and mirror
neurones).

Materials and methods
Subjects

Twelve right-handed male subjects (range, 19-39 years)
with no neurological or psychiatric history participated in
the imaging study. All gave informed consent according to
procedures approved by the Joint Ethics Committee of the
National Hospital for Neurology and Neurosurgery (UCLH
NHS Trust) and Institute of Neurology (UCL).

Stimuli

The stimuli consisted of color video recordings (3.5 s
each) of objects, grasping pantomimes, and objects being
grasped. The baseline condition consisted of a stationary
background. The videos were viewed by projection onto a
mirror mounted onto the head coil in the scanner. The
subjects viewed the videos and were required either to
passively observe or to execute the appropriate grip on a
manipulandum, In the observation context, subjects ob-
served an object (00), observed a grasp (OG), or observed
an object being grasped (OGO); in the baseline condition
they observed a stationary background (OB). In the execu-
tion conditicns, the subjects executed the grasp appropriate
for the object that they viewed (EQ), imitated the panto-
mime they viewed (EG), or imitated the hand grasping an
object (EGO). In the baseline condition subjects executed
the same grasp (power grip) on all irials while viewing a
stationary background (EB). This forms a 2 X 2 X 2
factorial design (execute vs observe, presence vs absence of
object, presence vs absence of gesture, see Fig. 1A).

Two different objects were used; one had large opposi-
tion axes and would normally be grasped with a power grip
(between the thumb, the surface of the palm, and all other
fingers). The other object was small and would normally be
grasped by a precision grip (between the index finger and
the thumb). As a consequence, two different video record-
ings were presented in each condition: small object and
large object (object condition), mimicking a precision and a
power grip (gesture condition), and actual precision and
power grip toward the object {gesture toward object condi-
tion). The two types of grasps and their associated object
size were not distinguished in the analysis.



930

Precision grip

C  Left Ventral Precentral

5% i
OB 00 0G OG0 EB BO BG EGO

J. Grézes et al. / Neurolmage 18 (2003) §28-937

B Lefi Intraparietal Sulcus

size of uifect at e, -3 24]

OB 05 B0 OG0 ER ED B0 EG

E, Left Inferior Frontal Gyrus, pars opercularis (BA 44)

T i st at (87 14,12

0B 00 0G OGO EB EQ G EGO

Fig. 1. (A) Response device used during the MRI experiment. (B) Left intraparietal sulcus (—36 —38 42). (Left) Group (n = 12) average activation of the
left intraparietal sulcus (indicated by an arrow) superimposed on a coronal section of the MNI brain. (Right) Histograms representing the percentages of signal
change at the local maxima in the left intraparietal sulcus across conditions; the first four correspond to the Observation context and the last four to the
Execution context. The order of the conditions in the two contexts is identical and as follows Background (B), Object (O), Gesture (G}, and Gesture toward
Object {GO) in both contexts. (C) Left precentral sulcus activation (—44 2 30). Other conventions as in C. (D) Right parietal operculum activation (58 —32
24). Other conventions as in C. (E) Left inferior frontal gyrus activation (—52 14 12). Other conventions as in C.

The nonmagnetic manipulandum employed for re-
sponses had two components (see Fig. 1B). The first com-
ponent consisted of a wooden cylinder, 7 cm tall and 3 cm
in diameter, that was used for the power grip response.
Attached to the top part of the cylinder, the second compo-
nent was made of a 2-cm-square and 1.5-cm-thick piece of
wood and was used for the precision grip response. Both
components contained a force transducer to record grip
responses. Subjects held the maniputandum in their right
hand, grasping the square between their thumb and their
index finger, and the cylinder between the remaining three
fingers and the surface of the palm.

The study was carried out in a single continuous scan-
ning session that was divided into blocks of 28 s. Each block
started by a written instruction (3.5 s) followed by seven
trials. Within each block, stimuli were equally counterbal-
anced across conditions and presented in random order.
Twenty-one blocks of Observation and twenty-one blocks
of Execution were alternated during the single scanning
session, and counterbalanced across subjects. Fourteen ad-
ditional blecks were intermixed between the Observation
and Execution blocks, during which subject were shown
letters and lexical symbols, but the data for these are not
presented in the present paper.
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Data acquisition

A 2-T VISION system (Siemens, Erlangen, Germany)
was used to acquire 36 T  ,-weighted transverse echo—planar
(EPI) images (FOV, 192 X 192 mm; matrix size, 64 X 64
in-plane resolution, 3 X 3 mm?; flip angle, 90; Tg = 40 ms)
with bleod oxygenation level-dependent (BOLD) contrast.
EPIs comprised 2.4-mm-thick axial slices taken every 3.6
mm, acquired sequentially in a descending direction and
continuously during a 26-min session. An automatic shim-
ming procedure was performed before each session. A total
of 578 functional volumes wete collected for each subject
within: the single scanning session, with an effective repe-
tition time (Tg) of 2.74 s/vol. The first five volumes were
discarded to allow for T, equilibration effects. T, anatom-
ical volume images (MPRAGE sequence with a high-reso-
lution isovoxel acquisition of 1 X 1 X 1 mm®) were col-
lected for each subject.

Image processing was carried out using SPM99 (Well-
come Department of Imaging Neuroscience, London, UK;
see  httpi/Awww.filion.uclac.ulk/spm) implemented in
MATLAB 5.3 (Mathworks Inc., Sherborn, MA). Images
were realigned to the first volume by rigid body transfor-
mation, sinc interpolated over time to correct for phase
advance during acquisition, and normatized into standard
stereotaxic space using the Montreal Neurological Institute
template (MNI). The normalized images of 2 X 2 X 2 mm’
were spatially smoothed by a Gaussian kernel of FWHM 6
mm (Ashburner and Friston, 1997; Friston et al., 1995).
Treating the volumes as a time series, the data were high-
pass filtered to 1/120 Hz. The anatomical (T,-weighted)
images were coregistered with the subject’s corresponding
mean realigned EPI volume and normalized with the same
deformation parameters.

Data analysis

We analyzed the data in three ways. (1) First we ana-
lyzed the simple main effects and main effects. These re-
sults are presented only where relevant. (2) Second, we
estimated the interactions between contexts so as to find
activations that were greater for the execution than the
observation context. We alse estimated the interactions
within contexts so as to test whether there was any differ-
ence between gesture alone and gesture toward objects. (3)
We used conjunction analyses so to study what effects were
common to the contexts of observation and execution.

Data were analyzed using SPM99 employing a random-
effects model implemented into a two-level procedure. At
the first level, in a subject-specific analysis, we specified a
general linear model including eight effects of interest: four
events corresponding to the Observation context (OB, OO,
OG, OGO} and four events corresponding to the Execution
context (EB, EQ, EG, EGO). These effects were modeled
by convolving a delta function of each event type with the
hemodynamic response function to create regressors of in-

terest. For each comparison of interest, for each subject, a
contrast of parameter estimates was calculated in a voxel-
wise manner to produce a “contrast image.” At the second
level, the contrast images from all subjects were entered into
a one-sample ¢ test to assess the population mean effects. In
this way, the variance estimates at the second level incor-
porated appropriately weighted within-subject and between-
subject variance effects.

To test for interactions between context for each event of
interest, as well as interactions between events within con-
texts, different second level analyses were performed, in-
cluding for each subject a contrast image for each event of
interest minus the baseline in the Observation and in the
Execution contexts and the contrast image for the interac-
tions between object and gesture in each context.

Finally, to examine response commonly evoked by each
event of interest (object, gesture, and object related) to both
contexts, we carried out a conjunction analysis at the first
level on each event of interest in the two contexts versus the
corresponding baselines. The conjunction analysis ad-
dressed whether activations were jointly significant in a
series of task pairs. The conjunction analysis therefore al-
lowed us to demonstrate the context-invariant nature of
regional responses.

On the basis of previous studies of observation and
imitation of hand actions (meta-analysis by Grézes and
Decety, 2001), we had an a prior hypothesis for differential
activity in the superior temporal sulcus, the intraparietal
sulcus, the inferior parietal lobule, the premotor cortex, and
the inferior frontal gyrus. This meta-analysis was, however,
done on PET studies. Therefore, in order to define more
specifically the coordinates of the regions of interest, we
looked at fMRI papers on action observation and action
execution/imitation. For the execution of gesture toward
object and imitation of gestures, the following papers were
taken: Iacoboni et al. (1999, 2001); Binkofski et al. (1999).
For the observation of gestures with and without objects, or
of object alone, the following served as references: Buccino
et ai. (2001) and Chao and Martin (2000). From those
references, mean coordinates for each region can been cal-
culated (see tabie). All the coordinates for our regions of
interest are significant within a sphere with a radius of 10
mm on those mean coordinates.

Ba 44 VPMC AIP SII STS

—51 1113 —-50524 —37 4044 —62-2222 -—57-5016

Therefore, we report activations for five or more contig-
uous voxels in the specified regions that survived the thresh-
old of Z > 3.09 (P = 0.001, uncorrected, T > 4.02).
Anatomical identification was carefully performed by su-
perimposing the maxima of activation foci both on the MNI
template and on the normalized structural images of each
subject and labeled using the atlas of Duvernoy (1991).
Furthermore, to localize activity changes in the pars oper-
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Table 1
Activations found by conjunciion analyses between contexts for each event

Anatomic location

Talairach coordinates (MNI template)

X Y Z Peak Z score
Object (QO-OB and EO-EB)
L. ventral precentral sulcus (PMv}) —44 2 26 3.41
Gesture (OG-0B and EG-EB)
L. precentral gyrus (PMd) —42 -6 48 5.69
R. precentral gyrus (PMd) 46 0 56 7.08
L. ventral precentral sulcus (PMv) —42 6 26 3.45
L. intraparietal sulcus 30 —50 52 Inf
R. infraparietal sulcus =32 —48 52 7.24
R. SII 50 =30 22 392
L. superior ternporal sulcus --52 —-46 8 Inf
R. superior temporal sulcus 64 —38 1z Inf
Gesture toward object {OGO-OB and EGO-EB)
L. precentral gyrus (PMd) —42 -6 46 3.88
R. precentral gyrus {PMd) 40 0 52 6.23
L. intraparietal sulcus 32 —52 58 inf
R. intraparietal sulcus —34 -52 58 595
R. SII 60 —32 24 4.62
L. superior temporal sulcus —52 —46 8 7.10
R. superior temporal sulcus 68 -34 12 527

cularis of the inferior frontal gyrus (Ba 44), the sulcal
landmarks and the probability map of Tomaiuclo et al.
(1999) were used.

Results
Confunction analysis

We performed conjunction analyses in order to describe
the neural network common to both contexts (passive ob-
servation and execution) elicited by the perception of object,
gesture, or object being grasped (Table 1). The observation
of object, irrespective of context (OOvsOB and EOvsEB),
was associated with activation in the left ventral precentral
sulcus. There was no significant activation in the parietal
cortex for this conjunction. It is clear from Fig. 1B that this
is because the area was highly activated even in the baseline
condition in which subjects executed a movement to the
background (EB). However, there was significant activation
in the left intraparietal sulcus for the simple main effect of
passive observation of object vs the baseline (—36 —38 42,
Z = 3.14).

During the observation of gesture, specific activations
common to both contexts (OGvsOB and EGvsEB) were
found bilaterally in the dorsal premotor cortex and in the left
ventral precentral sulcus. Activations were detected bilater-
ally in the intraparietal sulcus and in the superior temporal
sulcus and in the right parietal operculum (SII).

The observation of object-related hand actions, irrespec-
tive of context (OGOvsOB and EGOvsEB), was associated
with specific activations located bilaterally in the dorsal
premotor corteX, in the intraparietal sulcus, and in the su-

perior temporal sulcus. In the right hemisphere, the parietal
operculum (SII) was alse activated.

Interactions between context

In order to identify brain regions (specifically the pre-
motor cortex and the inferior frontal gyrus) that were more
active for each event type in the context of Execution
compared to the context of Observation, we analyzed inter-
actions between the contexts. The interaction ({(EO-EB)-
{Q0-0OB))>—showing activity that was specific for the per-
ception of objects in the context of execution—was
associated with activation located in the left anterior part of
the inferior frontal gyrus, pars triangularis (—38 36 —4, Z =
3.76). The interaction ((EG-EB)+0OG-OB))—showing ac-
tivity that was specific for gesture alone in the context of
execution—was associated with an activation in the inferior
frontal sulcus (—36 26 22, Z = 3.35). The interaction
((EGO-EB)H0GO0O-0OB))}—showing activity that was spe-
cific for gesture to objects in the context of execution—was
associated with activation in the ventral part of the precen-
tral gyrus (—50 —2 32, Z = 3.47) and in the inferior frontal
gyrus, pars triangularis (BA 45, —58 22 16, Z = 3.38). No
significant brain regions were found in the reverse interac-
tions.

Interactions within coniexts

In order to determine brain regions that are more active
when subjects imitate an object-related action compared to
the imitation of a gesture alone, correcting for the presence
of an object, we analyzed the interaction ((EGO-EO)(EG-
EB))—showing activity that was specific for gesture to
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objects in the execution context. No significant voxels were
detected. However, the opposite interaction ((EG-EB)-
(EGO-EQ))—showing activity that was specific to gesture
alone in the context of execution—was associated with left
hemispheric activation in the inferior frontal area BA 44
(—52 14 12, Z = 3.50), in the inferior frontal area 45 (—50
22 12, Z = 3.76), and in the ventral limb of the precentral
sulcus (—44 4 26, Z = 3.62).

Discussion
Canonical circuit (OO0 and EQ)

We found a parietopremotor circuit to be active during
observation of manipulable objects. This circuit includes an
area located in the anterior part of the intraparietal sulcus, at
the junction with the postcentral sulcus, as well as the
ventral sector of the precentral sulcus, at the junction be-
tween premotor area § and Broca’s arca 44.

The left anterior part of the intraparietal sulcus was
active during passive observation of manipulable objects,
but also during all conditions, including the baseline in the
execution context {therefore it could not be detected in the
conjunction analysis). The activity was higher during the
execution than the observation context (see Fig. IB). In
monkey area AIP, visuomotor neurones discharge during
object fixation, manipulation in the light, and manipulation
in the dark (Murata et al., 2000). The condition of grasping
in the dark has similarities to our baseline condition, where
grasping movements are executed without visual perception
of objects, in response to the sight of the background.
Moreover, in macaques, activity in the AIP during grasping
tasks is also higher than during a fixation task. According to
Murata et al. (2000) this is due to the enhancement by the
motor component, subserved by bidirectional anatomical
connections between the premotor area F5 and the AIP
(Luppino et al., 1999). In our study, the activation of the
human anterior intraparietal sulcus during passive percep-
tion of objects and grasping movements (executed both with
and without visual cues) secems to closely correspond to the
neurophysiological data from monkey area AIP, Thus, the
anterior part of the IPS may be the human homologue of
monkey area AIP (Taira et al., 1990, Sakata et al., 1993;
Choi et al., 2002). Though caution is needed in defining
homologous areas in the human and monkey brains, recent
data (Bremumer et al., 2001; Rushworth et al., 2001) suggest
that the intraparietal sulcus and the surrounding parietal
cortex have a similar functional organization to that of the
macaque monkey.

Although the activation of the intraparietal sulcus was
significant for the simple main effect of object perception
compared to the baseline, there was a nonsignificant frend
for activation in the ventral precentral sulcus (—42 026, 72
= 2.77). However, a consistent effect is shown by the result
of the conjunction analysis between the two contexts: the

effects of {(O0-OB) and (EQ-EB) were conjointly signifi-
cant at Z > 3.09 (see Fig. 1C). Only 20--30% of F5 pre-
motor canonical neurones fire in response to visual stimuli
in the absence of movements (Di Pellegrino et al., 1992),
while about 50% of AIP visuomotor neurones respond dus-
ing an object-fixation task (Murata et al, 2000). Those
proportions could explain the relative weakness of the ac-
tivation in the ventral precentral sulcus in the observation
context.

Comparing those data with electrophysiological findings
in monkeys, the concomitant activation of parietal and pre-
motor arcas during passive chservation of an obiect and
during execution of a grasp toward that chject seems to
correspond to the circuit shown in the macaque brain, that
is, the parietal area AIP and the premotor area F5, where
canonical neurones have been recorded.

Mirror circuit (OGO and EGO)

Common activations between the observation of grasp-
ing action toward an object and its imitation were detected
bilaterally in the intraparietal sulcus, dorsal premotor cor-
tex, superior temporal sulcus, and right parietal operculum
(SID). Similar activations were detected for gestures alone
(OG and EG), except for an additional cluster in the left
ventral limb of the precentral sulcus.

The left intraparietal sulcus (IPS) was found to be acti-
vated not only during the observation of object-related ac-
tion, but also during the perception of objects and during all
conditions of the execution context (see Fig. 1B). Electro-
physiological recordings in the IPS of monkeys show that
this area is invoived both in preparing actual movement
{Kalaska and Crammond, 1995} and also in extracting po-
tential motor representations in response to visual stimuli or
“motor intentions™ {Snyder et al., 1997, 2000). This neural
activity is independent of actual execution and anatomicaily
segregated along the IPS according to the effectors (Snyder
et al., 1997, 2000). Preparatory activity has also been ob-
served in the anterior and the posterior IPS of the human
brain (Toni et al., in press). This activity is related to motor
intention since it occurs even on trials in which no move-
ment is executed (Toni et al., 2001). There was a similar
pattern of activation in the anterior convexity of the left
inferior parietal cortex, but specific to the perception of
gestures (G and GO) and not for object. This activation is in
area PF (von Economo, 1929), which probably corresponds
to area 7b in the macaque monkey (Passingham, 1998). Itis
in this region that Fogassi et al. (1998) have reported that
there are mirror neuvrones in the macaque brain.

The dorsal premotor cortex is known to play a role in
motor preparation. Set-related activity has been recorded in
this area both in the macaque brain (Wise and Mauritz,
1985; Crammond and Kalaska, 1996) and in the human
brain (Toni et al., 1999a, in press). Therefore, the concom-
itant activation of the intraparietal parietal cortex and the
dorsal premotor cortex may reflect the automatic activation
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of motor representations elicited by the perception of ges-
tures.

Several neuroimaging studies have shown that the supe-
rior temporal sulcus is involved in the perception of biolog-
ical motion and of hand, mouth, and eye movements (for a
recent review, see Allison et al., 2000). The left STS was, in
the present study, also activated when subject had to execute
an action in response to a perceived object, suggesting that
the perception of biological agents is not necessary for
activation if this region. In favor of this argument, the same
region is activated during learned arbitrary visuomotor as-
sociations (Toni et al., 1999b) as well as during mentalizing
tasks (see Frith, 2001, for a review). Therefore, as the
superior temporal sulcus receives input from both dorsal
and ventral streams (Baizer et al., 1991}, it could have a role
in the extraction of contextual and intentional cues (Toni et
al., 2001; Frith, 2001) which are necessary for various tasks,
including visuomotor transformations.

Activity in the parietal operculum (SIT) was also detected
during the perception of gestures, irrespective of the pres-
ence of an object and irrespective of the context (Fig. 1D).
Using MEG, Avikainen et al. (2002) have recently reported
evidence for the modulation by the observation of action of
activity recorded from this area. We propose that the acti-
vation within the parietal operculum could reflect the so-
matosensory consequences of the action that are linked to
the activation of a motor representation. The first argument
arises from the common coding model which postulates that
actions are coded in terms of an anticipatory representation
of the intended effects of that action (Prinz, 1997; Elsner
and Hommel, 2001). The second argument is provided by
developmental psychologists, who suggest that selective
imitation in newborn babies (Meltzoff and Moore, 1977,
Meltzoff, 1999) indicates the existence of an innate cross-
modal matching between visual and proprioceptive infor-
mation that could internalized through development into
motor representations. Therefore, in addition to the activa-
tion of a parieto-premotor network, the activation within SI1I
during observation of action (G and GO) may therefore be
linked tc a representation of the sensory effects of a volun-
tary action that is associated with the motor plans producing
the effects.

Activations in the precentral sulcus and inferior frontal
gyrus

In the present study, specific activations were detected in
the ventral limb of the precentral sulcus and in the inferior
frontal gyrus. Significant activations were found in the in-
ferior limb of the precentral sulcus (BA 6/44) during both
contexts, only in response to the perception of object (O)
and gesture (G) (see Fig. 1C). The absence of an interaction
between observation and execution contexts for object (O)
and gesture (G), as well as the conjunction analysis across
contexts, demonstrated that the activation in the ventral
limb of the precentral sulcus was independent of the con-

texts. For all effects of interest (object, gesture, and gesture
toward object), the interactions between contexts were as-
sociated with activations in the inferior frontal gyrus (BA
44/45), showing that this region is more activated in the
context of execution than in the context of observation (see
Fig. 1E). The significant interaction within the context of
execution demonstrated that activations i the inferior limb
of the precentral sulcus {BA 6/44) and in the inferior frontal
gyrus (BA 44/45) were stronger for object (EO) and gesture
{EG) than for gesture toward objects (EGO).

It is unclear to what extent the inferior limb of the
precentral sulcus (BA 6/44) and the inferior frontal areas
(BA 44/45) can be considered functionally independent
subregions. However, there are data in favor of possible
subdivisions. For example, Schubotz and von Crammond
(2001) have recently indicated that certain studies have
detected two clusters (mean coordinates = 44 —1 28 and =
47 16 14) correspending to the precentral sulcus and the
inferior frontal gyrus, respectively. The following sections
tentatively discuss possible interpretations of the separate
clusters we have found.

Ventral limb of the precentral sulcus

Activation in this area has been discussed previously in
the section concerning canonical neurones (see Fig. 1C).
Similar activation has been detected in tasks involving the
perception of objects or gestures, the execution of hand
movements, or the mental simulation of hand movements
(Grafton et al., 1997; Lacquaniti et al., 1997; Krams et al.,
1998; Binkofski et al., 1999, 2000, Joliot et al., 1999; Chao
and Martin, 2000; Ehrsson et al., 2000, 2001; Kollias et al,,

" 2001; Rushworth et al., 2001a; Gerlach et al., 2000, 2002;

Simon et al., 2002). Our experiment demonstrates in the
same data set that activation within the ventral part of the
precentral sulcus can be elicited both by the perception of
objects and gestures and by the execution of a grip in
response to viewing objects or gestures (00, OG, EO, EG).
Buccino et al. (2001) have reported activation on the left at
very similar coordinates when subjects observed gestures
toward objects, but for reasons that are not clear, the acti-
vation in the present study was significant for observation of
gestures alone and not for observation of gestures toward
objects.

The inferior frontal gyrus

The pattemns of activation within both Brodmann areas
44 and 45/47 are similar during the observation and the
execution contexts. The level of activity in the observation
context was identical across the four experimental condi-
tions (see Fig. 1E). Using fMRI, lacoboni et al. {1999) have
scanned subjects during observation and observation—ex-
ecution of simple repetitive finger movements, fingers with
a cross, or simply a cross against a gray background. Im-
mediate imitation of simple finger movements was associ-
ated with activations in the inferior frontal gyrus. However,
no significant differences were found between observing
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finger movements, the static hand, or the cross against a
gray background. In our stady there was similarly no dif-
ference between conditions in the observation context. Ac-
tivation in the inferior frontal gyrus has also been elicited
during the performance of visual and visuomotor condi-
tional tasks {Passingham et al., 1998; Toni and Passingham,
1999). Those results are consistent with the fact that in
humans there is an input to the inferior frontal gyrus from
the ventral visual stream (Di Virgilio and Clarke, 1997).

During the execution context, only the object and the
gesture conditions (EOQ and EG) compared to baseline were
associated with significant activation in Broca’s area 44 (see
Fig. 1E). There was also a trend toward activation in this
region for EGO (P = 0.002), and there was no significant
difference between EOQ and EGO in this area. Broca’s area
has been classically thought to be concemed with language,
but recent studies have demonstrated that this region is also
activated by nonlanguage tasks (Iacoboni et al., 1999; Rush-
worth et al.,, 2001). These studies involved copying finger
movements. Rushworth et al. (2001) have reported that
Broca’s area 44 (—50 16 26) was activated more when the
subject had to prepare an action in respomse to a seen
gesture; in the same study the same area was activated when
subjects prepared to say a letter. A similar activation in the
inferior frontal gyrus was detected by Sergent et al. (1992)
during a complex visuomotor task consisting of the trans-
lation of musical notation into movement patterns. In the
present study, this area was activated in executing the move-
ments that are appropriate to objects (EO) as well as imi-
tating gestures (EQG) and to a lesser extent gestures to ob-
jects (EGQ). Based on these results, we suggest that the
inferior frontal gyrus is involved in converting what we see
into action. :

F35 in the human brain

In the macaque monkey brain, area F5 lies within the
agranular area 6. Peirides and Pandya (1995) claimed some
similarity between the tissue in the posterior bank of the
ventral limb of the arcuate sulcus and Broca’s area 44 in the
human brain. In line with this, in their cytoarchitectonic
map of the macaque brain, von Bonin and Bailey {(1947)
include this posterior bank in the area FCBm, this being the
designation of Broca’s area in the map of the human brain
by von Economo (1929). But in a recent quantitative study
using observer-independent methods, Amunts and Zilles
(2001) have showed that area 44 is more similar to prefron-
tal area 45 than to premotor area 6. The evidence is, how-
ever, not conclusive since the density of glutamatergic
AMPA receptor binding sites of areas 44, 6, and 4 are
almost identical in the human brain, whereas area 45 is
different with respect to both the absolute concentration and
the laminar pattern (Amunts, pers. comm.). Amunts and
Zilles (2001) conclude that “area 44 (which is dysgranular)
takes a transitional position between area 45 (which is
granular) and area 6 (which is agranular).”

On the basis of our results, we suggest that, in the human
brain, the ventral limb of the precentral sulcus may form
part of the area designated F5 in the macaque monkey. We
found activation in this region during both the observation
and the execution contexts. However, the spatial resolution
of our methods does not allow us to determine whether
these activations lay in the posterior or anterior bank of this
sulcus. Amunts et al. {1999) report that the posterior border
of area 44 can lie within either bank of the precentral sulcus.

Though we also found activations on the convexity cor-
tex of area 44, but only during the execution context, our
functional data cannot be used to decide conclusively
whether this area should be properly regarded as the anterior
part of F5, or a transitional area that differentiated out of F5.
One issue is whether area 44 in the human brain has the
same anatomical inputs as area F3 in the macaque brain. No
projections have been described from the inferotemporal
cortex to the ventral premotor cortex in the macaque mon-
key (Boussaoud et al., 1996; Tanne-Gariepy et al., 2002;
Boussaoud, pers. comm.), though projections have been
described from the posterior part of the superior temporal
sulcus to the dorsal premotor cortex (Luppino et al., 2001).
In the human brain, on the other hand, there are projections
from the ventral temporal cortex to area 44, as well as to
prefrontal area 45 (Di Virgillio and Clarke, 1997). Further
evidence is now needed to discriminate whether area 44 is
the anterior part of F3 or whether it differentiated out of F5,
lying at the transition between the premotor and prefrontal
cortices.
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