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Abstract: Extrastriate, parietal, and frontal brain regions are differentially involved in distinct kinds of
body movements and motor cognition. Using functional magnetic resonance imaging, we investigated the
neural mechanisms underlying the observation and mental imagery of meaningful face and limb move-
ments with or without objects. The supplementary motor area was differentially recruited by the mental
imagery of movements while there were differential responses of the extrastriate body area (EBA) during
the observation conditions. Contrary to most previous reports, the EBA responded to face movements,
albeit to a lesser degree than to limb movements. The medial wall of the intraparietal sulcus and adjacent
intraparietal cortex was selectively recruited by the processing of meaningful upper limb movements, irre-
spective of whether these were object-related or not. Besides reach and grasp movements, the intraparietal
sulcus may thus be involved in limb gesture processing, that is, in an important aspect of human social
communication. We conclude that subregions of a frontal-parietal network differentially interact during
the cognitive processing of body movements according to the specific motor-related task at hand and the
particular movement features involved. Hum Brain Mapp 30:432-451, 2009.  ©2007 Wiley-Liss, Inc.
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INTRODUCTION

The primary motor (M1) and premotor cortices, the sup-
plementary motor area (SMA), lateral inferior prefrontal,
superior temporal, extrastriate, and parietal areas are all
known components of a neural network supporting the
cognitive processing of movements [see, e.g., Decety et al.,
1994; Jeannerod, 1994, 2001]. The specific contribution of
these areas is likely to depend upon task demands and
body parts involved, and other features of movement proc-
essing.

Clinical studies demonstrated a dissociation of buccofa-
cial and limb apraxia in patients with differential location
of frontal and parietal brain lesions [e.g., Raade et al.,
1991; Watson et al., 1986] suggesting that—besides the
somatotopic representation of distinct body parts in pri-
mary motor and somatosensory cortices e.g. Fink et al,
1997; Buccino et al.,, 2001—the neural processing of face
and limb movements is supported at least in part by dif-
ferential brain areas. Moreover, functional neuroimaging
studies have shown that regions of the extrastriate cortex
respond differentially to body movements depending on
the body part involved. A region located in the posterior
fusiform gyrus, the “fusiform face area’” (FFA), has selec-
tively been implicated in face perception [Grill-Spector
et al., 2004; Kanwisher et al.,, 1997] while the extrastriate
body area (EBA), situated in the more posterior portion of
the temporooccipital junction, has predominantly been
associated with the observation of limb movements [see,
e.g.,, Downing et al., 2001; Urgesi et al.,, 2004], however,
also showed EBA activation in response to faces).

Motor imagery [i.e., a mental representation of move-
ments which does not imply muscular activity for its
implementation; Denis, 1985; Porro et al., 1996] may also
trigger the EBA. For example, Solodkin et al. [2004]
showed evidence for EBA activity during both the execu-
tion and (visual and kinesthetic) mental imagery of finger
movements. Peigneux et al. [2000] implicated the EBA in
the performance of naming and orientation tasks on static
pictures of meaningful and meaningless gestures. The acti-
vated region extended into area MT/V5, which is known
to be involved in the analysis of perceived [Tootell et al.,
1995] and mentally imagined motion [Goebel et al., 1998].
The findings of Peigneux et al. [2000] suggest that the EBA
and MT/V5 interact during the cognitive processing of
motor acts and, importantly, do not only respond to real
paths of movements, but are also involved in the extrac-
tion of movements from static pictures. It is worth noting
that motor imagery is likely to play a key role when some-
one mentally derives the appropriate movement dynamics
from the static display of a gesture.

Some areas of the extrastriate cortex interact with parie-
tal regions in visuomotor cognition [see, e.g., Grefkes
et al., 2004; Newman et al., 2005], in particular, during tar-
get-directed actions. For example, an fMRI study by
Grefkes et al. [2004] showed that the medial wall (putative
human area MIP) of the intraparietal sulcus (IPS) is acti-

vated in concert with MT/V5 by visuomotor transforma-
tion processes related to goal-directed arm and hand
movements. These findings in humans are in good accord-
ance with monkey data, suggesting that area MIP acts as a
key component in the planning and execution of goal-
directed reaches [Colby et al., 1988], which require the
visuomotor transformation of target coordinates into
planned and ongoing reaching movements [Cohen and
Andersen, 2002; Eskandar and Assad, 2002]. It is not clear,
however, whether MIP engagement in goal-directed
reaches requires the involvement of a real object or not.

Frontal areas implicated in motor processing comprise
M1, the premotor cortex, the SMA, and inferior prefrontal
regions (e.g., Broca’s area). It is well known that M1 con-
tains a somatotopic motor representation of body parts
[Forster, 1931; Penfield and Jasper, 1954]. M1 somatotopic
activation has particularly been corroborated by neuro-
magnetic studies of movement observation [e.g., Hari
et al., 1998; Jarvelainen et al., 2004: for a review, see Grezes
and Decety, 2001] and neuroimaging studies of motor im-
agery [Ehrsson et al., 2003; Stippich et al., 2002]. The maca-
que inferior frontal gyrus contains ““mirror neurons’ that
respond during both the execution and observation of
body movements [for a review, see Rizzolatti et al., 2001].
Together with premotor and inferior parietal areas, the in-
ferior frontal cortex (including Broca’s area) is assumed to
constitute the human equivalent of the macaque “mirror
neuron system”” [Buccino et al., 2004; Jeannerod, 2001]. The
SMA and the premotor cortex have specifically been
related to the mental imagery of body movements
[Dechent et al. 2004; Porro et al.,, 2000; Solodkin et al.,
2004; Stephan et al., 1995] and other forms of higher-order
motor cognition, such as the timing and preparation of
movements [Macar et al., 2004; Michelon et al., 2006]. It is
important to note that the mental imagery of movements
also requires the inhibition of motor execution and, there-
fore, engages prefrontal areas involved in executive control
[e.g., Lotze et al., 1999; Nakata et al., 2005; Watanabe et al.,
2002].

The present study aims at characterizing the common
and differential brain mechanisms which underlie the ob-
servation and motor imagery of meaningful buccofacial
and unimanual upper limb movements with or without
object using event-related fMRI. A 2 X 2 X 2 experimental
design with the factors task (observation/motor imagery),
body part (upper limb/face), and object relatedness (with/
without object) was applied to disentangle the brain mech-
anisms supporting the perception- and imagery-related
cognitive processing of the differential types of human
body movements of interest. We expected that the factor
body part would differentially modulate movement repre-
sentations in extrastriate regions (differential EBA engage-
ment in limb movements, differential FFA involvement in
face movement) and that object-related limb movements
would specifically trigger the human equivalent of the
macaque area MIP of the IPS. We also assumed that the
SMA and regions of the lateral inferior prefrontal cortex
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would be modulated by the distinct cognitive demands
associated with the observation and mental imagery tasks.
In particular, we hypothesized differential SMA and pre-
frontal involvement in motor inhibition during motor im-
agery; stronger activation of mirror neurons in the inferior
frontal gyrus during the observation relative to the motor
imagery task.

MATERIALS AND METHODS

Subjects

Fourteen male, right-handed subjects (mean age + SD =
25.18 + 4.25 years) with no history of psychiatric or neuro-
logical disorder were enrolled in the experiment. Handed-
ness was tested using the Edinburgh Inventory [Oldfield,
1971]. Kinesthetic and visual motor imagery abilities were
assessed by the revised Movement Imagery Questionnaire
[MIQ-R; Hall and Martin, 1997]. The study was accom-
plished in compliance with the Code of Ethics of the
World Medical Association (Declaration of Helsinki). Writ-
ten informed consent was obtained from all subjects prior
to participation, and the study was approved by the local
ethics committee. MR images of two subjects were
excluded from data analysis because of a subarachnoidal
cyst in one case and technical problems in the other.

Experimental Design

A 2 X 2 X 2 factorial event-related fMRI experiment
was conducted contrasting the cognitive processes
involved in the observation or mental imagery (factor 1 =
task) of meaningful buccofacial and unimanual upper limb
movements (factor 2 = body part) with or without object
(factor 3 = object relatedness). Examples of movements
included in each of the resulting four stimulus categories
are illustrated in Figure 1. The Appendix provides a verbal
description of all movements used for the fMRI experi-
ment. All movements were meaningful with respect to
human everyday experience. However, movements were
heterogeneous concerning their abstractness and concrete
practical meaning. In particular, movements with and
without objects “naturally” differ along these dimensions.
This aspect might represent a potential limitation of our
study.

Video clips were used for the presentation of stimulus
movements. Actors performed all upper limb movements
unimanually using their left hand. Participants were
instructed to imagine themselves performing each move-
ment with the right hand, since we expected that the
“mirror” observation of left-hand movements would facili-
tate the mental imagery of one’s own performance of each
movement using the right hand [Aziz-Zadeh et al., 2006a].
Given the current knowledge on the lateralization of motor
imagery and other motor-related brain activation [e.g.,
Aziz-Zadeh et al., 2006a,b; Ehrsson et al., 2003], we
assumed that the brain circuits involved in our experimen-

tal tasks would be activated bilaterally, but with left-hemi-
spheric predominance. Altogether, 80 different videos
were used (20 for each of the four distinct movement
types, as defined by the factors body part and object relat-
edness). Each video was shown only once throughout the
whole experiment. The video clips of stimulus movements
had different durations of 4-10 s according to the distinct
natural duration of movements. Typically, the stimulus
movement was performed only once in each video clip.
However, in some stimuli, there was an inherent repetition
of movement components which was necessary to warrant
the natural unfolding of the movement sequence (e.g., to
wave, to tap one’s own chest, to chew). In the analysis, the
different lengths of the stimulus movement clips were
accounted for by modeling the video events as mini blocks
with respective differential durations (see later).

Half of the movements included in each movement cate-
gory were performed by a male, and the other half by a
female. The factor task (observation/motor imagery) was
implemented by the inclusion of distinct event types into
each trial which consisted of five events (see Fig. 2): (1)
cue (black square, 3 s), (2) movement observation (video
clip, 4-10 s), (3) pause (fixation cross, 2-8 s), (4) motor im-
agery of the movement observed in the preceding video
clip (black frame on white background, 7 s), (5) baseline
condition (fixation cross, 6-12 s), in that fixed order. A
blink of the fixation cross (event 3) indicated that the
motor imagery task (event 4) would begin within the next
second. Event durations were jittered to exclude correla-
tion of event regressors in order to reliably separate brain
activation related to the events of interest. To control for
the maintenance of the subjects’ alertness throughout the
fMRI session, a checkerboard was presented for 500 ms in
50% of the baseline events, balanced across movement
types and runs. Participants were instructed to press a but-
ton with their right index finger as fast as possible when-
ever it appeared. To avoid confounds which could have
resulted from checkerboard presentations and the associ-
ated motor responses, these events were explicitly mod-
eled by including extra regressors into the design matrix
for fMRI data analysis. These regressors accounted for
blood oxygen level-dependent (BOLD) signal changes that
were associated with checkerboard detections and motor
responses.

Presumably, motor imagery of one’s own movements is
based on a combination of both kinesthetic and visual im-
agery albeit with a lower degree of recruitment of the vis-
ual aspect [e.g., De Felippo et al., 1995; Imbiriba et al,,
2006; Livesey, 2002; Sacco et al., 2006; Sirigu and Duhamel,
2001] Accordingly, the imagery task of the present experi-
ment was assumed to require mainly kinesthetic imagery
of one’s own limbs and face, but would also include some
visual imagery. To control for these aspects and for gen-
eral motor imagery abilities, subjects completed the MIQ-R
[Hall and Martin, 1997] prior to the fMRI investigation.
The questionnaire requires (1) real performance of four
distinct body movements, (2) kinesthetic, and (3) visual
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Snapshots of Face Movements Presented During the fMRI Experiment
Buccofacial Movernents without Object

fo sinde folickone'slips  lo blow one's cheeks fo yawn fo sneeze

Buccofacial Movernents with Object

fo hold a cigar in e fo lick a tolly fo blow a whisile fo spif oul e sfone  fo lick Nulels oif
comer of one's of 2 cherry one's upper §p
mouth

(a)

Snapshots of Upper Limb Movements Presented During the fMIRI Experiment

Upper Limb Movemenis without Object

& A 4

to wave to make the to swear with to salute (like to flex one's arm
Victory-Sign three fingers a soldier) muscels (biceps)

Upper Limb Movements with Object

=
tofill a glass to light a lighter to balance a tray 1o throw a dice {with tothrowm a
one hand) tennisball
(b)
Figure 1.

Examples of the meaningful body movements shown in video clips during the fMRI experiment.
Half of the movements of each stimulus category—buccofacial movements either with or with-
out object (a) and upper limb movements either with or without object (b)—were performed
by a male, and the other half by a female.
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Ewent 1: Cue, 1=

Ewent 2: Obzervation, 4-10x

+

Ewent X: Peuse, 2-0n

Ewent 4: Moltor imagery, Ta

+

Ewent 5: Hazmeline, 4-12 8

Figure 2.

Order and duration of events included in each experimental
trial. The cue event at the beginning was always followed by an
observation (video clip), a pause (fixation cross), a motor im-
agery (motor imagery of the movement seen in the preceding
video clip), and a “baseline” event (fixation cross). Event dura-

imagery of the same movements. Imagery performance
was rated on a seven-point scale, ranging from 1 = very
hard to visually/kinesthetically imagine to 7 = very easy
to visually/kinesthetically imagine). Subjects who achieved
values less than 4 (4 = neutral, i.e. neither easy nor hard
to visually/kinesthetically imagine) on any rating were
excluded from the study. Participants were familiarized
with the experimental setup and the tasks prior to the
fMRI measurement. They were instructed not to concen-
trate on the checkerboard since the reaction time task was
subordinate to the action observation and motor imagery
tasks. Before entering the MR scanner, 30 min of training
of the experimental tasks were accomplished by each sub-
ject. None of the stimuli used for the training session was
employed during the fMRI experiment to avoid repetition
effects.

Stimuli were presented visually by projecting them onto
a mirror placed on a standard head coil. Five experimental
runs were performed, each consisting of 16 trials (four tri-
als of each movement type; order of trial types was coun-
terbalanced across runs and subjects). One hundred sev-
enty-three volumes images were acquired per run. Four
images at the beginning of each run were discarded, to

tion was jittered to prevent correlation of event regressors. A
reaction time task was included in the experiment to control for
the subjects’ alertness during the experiment (button press
response upon detection of a checkerboard presented for 500
ms in 50% of the baseline events).

allow the MR signal to reach steady state. Thus, 845 vol-
umes per subject for the whole fMRI measurement were
entered into the data analysis.

Immediately after the fMRI experiment, participants
accomplished a debriefing questionnaire that required
them to rate their task performance on a five-point scale
(ranging from 5 = very good or always (depending on the
specific item) to 1 = not at all) separately for each of the
80 movements seen in the video clips, while each item was
shown again on a computer screen. Subjects indicated how
difficult it was (1) to recognize each movement shown in
the video clips, (2) to separate the different tasks required
by the events of each trial from each other, (3) to kines-
thetically, and (4) visually imagine self-performance of the
movement.

MR Hardware and Technical Parameters

Scanning was performed on a 1.5-T whole-body MR sys-
tem (Siemens Sonata, Erlangen, Germany) with echo-pla-
nar imaging (EPI) capability. A standard radiofrequency
head coil was used for transmitting and receiving of the
MR signal. Prior to the fMRI measurement, high-resolution
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anatomical images were acquired using a T;-weighted
high-resolution 3D magnetization-prepared, rapid acquisi-
tion gradient-echo pulse sequence. Functional images were
acquired in axial plane with a gradient-echo EPI pulse
sequence using BOLD contrast. Sequence parameters were
as follows: TE = 66 ms, TR = 3 s, flip angle = 90°, slice
thickness = 4 mm, interslice-gap = 0.4 mm, FOV = 200
mm, in-plane resolution = 3.125 mm X 3.125 mm, matrix
= 64 X 64, and 29 transversal slices. The 29 slices covered
a subject’s brain from the cerebellar vermis up to the ver-
tex and were oriented along the anterior-posterior com-
missure line using a midsagittal scout image.

Image Processing

For image processing and all statistical calculations,
MATLAB 6.5 (The Mathworks, Natick, MA) and SPM2
(Statistical Parametric Mapping software, SPM; Wellcome
Department of Imaging Neuroscience, London, UK;
http:/ /www fil.ion.ucl.ac.uk) were used. Slice-timing and
correction for head movements between scans and runs
were performed on the 169 volume images of each time se-
ries. Images were transformed into standard stereotactic
space of a representative brain from the Montreal Neuro-
logical Institute (MNI) series [Evans et al. 1994], using lin-
ear proportions and a nonlinear sampling algorithm. Nor-
malized data were smoothed with a Gaussian kernel of 8
mm (full width half maximum) for the group analysis.

Statistical Analysis

For each single subject, the onset and the duration of
each stimulus was modeled in a general linear model,
according to the distinct stimulus types. Events were con-
sidered as mini blocks. Fourteen regressors were included
into the analysis, each of which referred to one of the
event types of interest. These 14 regressors were modeled
separately for each of the five runs. Regressors were con-
volved with the canonical hemodynamic response func-
tion. Specific effects were assessed by the application of
appropriate linear contrasts to the parameter estimates of
the events and the baseline resulting in t-statistics for each
voxel. For the group analysis, corresponding contrast
images created for each subject were entered into an analy-
sis of variance (ANOVA), constituting a random-effect
model [Friston et al., 1995]. The statistical height threshold
was set to P < 0.05, family wise error (FWE) corrected for
multiple comparisons. No extent threshold was applied.
The exact anatomical location of activations was assessed
by reference to the structural MR images of the volunteers
and the anatomical brain atlas of Duvernoy [1999]. More-
over, an anatomical toolbox [Eickhoff et al., 2005] was
used, which allows for the integration of probabilistic
cytoarchitectonic maps of the brain and functional neuroi-
maging data.

RESULTS
Behavioral Data

Behavioral data were analyzed using repeated measures
ANOVAs. Parametric statistical tests were applied, since a
Kolmogorov-Smirnov test revealed a normal distribution
of data.

Reaction times and error rates in the subordinate
alertness task during the fMRI experiment

The subjects’ reaction times in the subordinate alertness
task (button press response upon detection of a checker-
board during the baseline event) did not differ signifi-
cantly between the trial types (two-factorial ANOVA; P <
0.05, corrected for multiple comparisons; F(3,8) = 0.405; P
= 0.754), suggesting that the overall level of attention was
the same during task performance on all movement cate-
gories. There was a linear decrease in the reaction times
across runs approaching significance, that is, the subjects’
responses became faster in the course of the fMRI mea-
surement (one-factorial ANOVA; P < 0.05, corrected for
multiple comparisons; F(4,7) = 3.168; P = 0.087).

Prescanning assessment of visual and kinesthetic body
movement imagery abilities

The MIQ-R [Hall and Martin, 1997] data did not reveal
statistically significant differences between the subjects’
ability of visual and kinesthetic imagery of body move-
ments, neither on the MIQ-R single item level [one-facto-
rial ANOVAs; P < 0.05, corrected for multiple compari-
sons; leg movement: F(1,13) = 0.881; P = 0.365; jump
movement: F(1,13) = 1.825; P = 0.200; arm movement:
F(1,13) = 0.582; P = 0.459; toe movement: F(1,13) = 0.807;
P = 0.385] nor for the combined items (F(1,13) = 0.108; P
= 0.748). Mean ratings of the difficulty of kinesthetic and
visual imagery were >5 (somewhat easy to feel/visualize
the movement) for each single movement and the com-
bined movements (range: 5.00-6.21).

Postscanning debriefing procedures

The subjects” self-ratings of performance on limb
compared to face movements were significantly higher (one-
factorial ANOVAs; P < 0.05, corrected for multiple compari-
sons) for the items recognition (F(1,11) = 29.479; P = 0.000),
separation between tasks (F(1,11) = 13.836; P = 0.004), com-
bined kinesthetic and visual imagery (F(1,9) = 11.919; P =
0.007), and visual imagery only (F(1,11) = 11.560; P =
0.008). A trend of better task performance on limb relative
to buccofacial movements was also observed for the kines-
thetic imagery domain (F(1,11) = 6.662; P = 0.030). There
were no statistically significant differences between the sub-
jects” ratings of movements with and without object. The
corresponding data are given in Table I.
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TABLE I. Postscanning rating of task performance during the fMRI experiment

Main effect of body part

Main effect of object use

Mean: Mean: Mean: Mean:
limb += SD bucco * SD P value without *+ SD with = SD P value
Recognition 4.58 = 0.82 3.80 = 0.62 0.000* 4.09 = 0.49 4,30 = 0.46 0.074
Separation between tasks 4.07 £ 0.24 3.69 + 0.35 0.004* 3.80 = 0.36 3.96 £ 0.38 0.030
Imagery: kinesthetic/visual 4.32 = 0.32 3.85 = 047 0.007* 4.05 = 0.35 4.11 = 0.39 0.955
Imagery: kinesthetic 4.36 = 0.34 3.86 = 0.51 0.030 4.07 = 0.36 4.12 = 0.35 0.798
Imagery: visual 4.17 = 0.36 3.84 + 048 0.008* 391 = 0.38 411 = 046 0.113

*Significant at P < 0.05, corrected for multiple comparisons, corrected o = 0.01. The subjects” (n = 14) mean ratings (+SD) of their per-
formance during the fMRI measurement. Subjects rated their performance on a rating scale ranging from 1 to 5: 1 = not at all, 2 = not
good, 3 = medium, 4 = good, 5 = very good. Ratings of performance on limb (relative to face) movements were significantly higher for
the items recognition, separation between tasks, combined kinesthetic and visual imagery, and visual imagery only. There were no
statistically significant differences between the subjects’ ratings of movements with and without object. See Results for statistical

parameters.

Neuroimaging Data
Conjunction analysis

We used a strict conjunction analysis across all experi-
mental conditions to asses common significant increases in
neural activity (P < 0.05, FWE corrected) related to both
the observation and motor imagery of each movement
type (relative to baseline). A bilateral network of extrastri-
ate, parietal, and frontal brain areas was activated, includ-
ing the inferior parietal cortex and the supramarginal gyri,
the lingual and superior occipital gyri, the cuneus, EBA,
SMA, as well as the precentral and inferior frontal gyri.
Most of the activations showed a left hemispheric predom-
inance. The MNI coordinates of the local maxima of activa-
tion are given in Table II. Areas with significant BOLD sig-
nal change, as revealed by the conjunction analysis, are
displayed in Figure 3. The activation peak is located in left
precentral gyrus in an area corresponding to the superior
region of the ventral premotor cortex (PMv).

The factor body part

Main effect. Analysis of the main effect of body part (i.e.,
irrespective of the factors object relatedness and task)
showed that the processing of limb (relative to face) move-
ments differentially activated area MIP (extending into the
adjacent intraparietal cortex; IPC), the EBA, calcarine sul-
cus, and lingual gyrus (extending into the fusiform gyrus
in the left hemisphere) bilaterally, the left postcentral gyrus/
inferior parietal lobule, superior/middle frontal gyrus,
superior occipital regions, and the right precuneus (P <
0.05, FWE corrected). The reverse contrast (face relative to
limb movements) revealed differential neural responses in
the postcentral and inferior frontal gyri bilaterally, as well
as in the right supramarginal and precentral gyri (P <
0.05, FWE corrected). Figure 4a,b show SPMs of the main
effects of upper limb and face movements. Figure 4c ana-
tomically illustrates MIP/IPC regions that were differen-

tially activated during the processing of upper limb (rela-
tive to face) movements. Table IIla,b displays the respective
MNI coordinates of the local maxima of activated areas.

Conjunction analyses of either limb or face movements
(each with and without object). A conjunction analysis
of limb conditions (relative to the baseline condition; con-

TABLE Il. Conjunction analysis of all
experimental conditions

Region Side  x v z T value

Conjunction analysis: Brain areas involved in all experimental
conditions of interest (observation and motor
imagery of all movement types)

Precentral gyrus (PMv) L -3 -4 48 10.77

R 44 0 48 8.21
Lingual gyrus R 16 =76 —6 7.21

L -18 -76 -8 6.38
EBA (extending into MT/V5) L 52 -58 2 7.14
Superior occipital gyrus L -12 -98 12 5.74
Cuneus/superior occipital gyrus R 20 —98 16 6.38
Inferior frontal gyrus L -54 14 30 6.10
SMA L -6 2 58 5.99
Supramarginal gyrus L -5 -34 28 5.45
Inferior parietal lobule L 34 —-42 44 534

Brain regions in which common relative significant BOLD signal
increases were observed during both the observation and motor
imagery of all movement types. For each region of activation, the
coordinates in standard stereotactic space are given referring to
the maximally activated focus within an area of activation as indi-
cated by the highest T value.x, distance (mm) to right (+) or left
(=) of the midsagittal plane; y, distance anterior (+) or posterior
(—) to vertical plane through the anterior commissure; z, distance
above (+) or below (—) the intercommissural anterior-posterior
commissure (AC-PC) plane.The height threshold for statistical sig-
nificance of activations was set to P < 0.05 (corresponding to T =
5.11), FWE corrected for multiple comparisons across the whole
brain volume. No extent threshold was applied.
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Conjunction Analysis of the Observation and Molor imagery
Tasks for All Movement Cafegories Investigated

P A L

9 . 4*

R Activation peak in the left
ventral premotor cortex

x=-36y=4,2z=48

Figure 3.

Conjunction analysis of all experimental conditions of interest
(observation and motor imagery of buccofacial movements with-
out object, buccofacial movements with object, upper limb
movements without object, upper limb movements with object;
relative to the baseline condition). There is increased neural ac-
tivity in a bilateral network of frontal, parietal, occipital, and
extrastriate brain areas, including the precentral and inferior

junction analysis) showed that both limb movements with
and without object reference strongly activated left area
MIP and the adjacent left IPC. The respective conjunction
analysis of face conditions revealed only small bilateral
activations in distinct IPC regions (see Fig. 4d).

The factor object use

The processing of movements which did not involve an
object (relative to object-related movements) differentially
activated the left middle frontal gyrus and inferior parietal
cortex (P < 0.05, FWE corrected). The reverse contrast
(object-related movements relative to movements without
object) revealed a differential involvement of the EBA
bilaterally, the left LOC, supramarginal gyrus, and inferior
parietal cortex. Figure 5ab displays the brain regions
which were sensitive to the factor object use. Table IVab

frontal gyri, the SMA, the inferior parietal lobule, lingual, supra-
marginal, and superior occipital gyri, the cuneus, and the EBA.
Activations predominated in the left hemisphere. The activation
peak was located in the left superior PMv. Statistical threshold: P
< 0.05, FWE corrected across the whole brain volume (T =
5.11); k = 0 voxel. P, posterior; A, anterior; L, left; R, right.

provides the respective MNI coordinates of the differential
activation peaks associated with the processing of move-
ments with or without object, respectively.

The factor task

The observation (relative to the mental imagery) of all
movement types investigated differentially activated the
inferior occipital gyrus bilaterally, the right EBA, inferior
frontal gyrus, IPC, thalamus, and medial cerebellum. The
reverse contrast (motor imagery relative to the observation
of all movement types) revealed differential activations of
the SMA and middle frontal gyrus bilaterally, the right
precuneus and insula (extending into the temporal pole),
the left rolandic operculum, and posterior cingulate cortex
(extending into the hippocampal region) (P < 0.05, FWE
corrected; see Fig. 6a,b and Table Va,b).
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Interactions

There were no significant interactions between the three
experimental factors body part, object use, and task (P <
0.05, FWE corrected).

DISCUSSION
Behavioral Data

The postscanning debriefing data indicate that the factor
body part affected the subjects’ ratings of task difficulty,
while the factor object use did not. Task performance dur-
ing the fMRI measurement was rated significantly better
for limb than for face movements. This effect may at least
in part depend on the demands of the imagery task which
required the subjects to mentally imagine themselves per-
forming each movement. It is reasonable to assume that
the motor imagery of self-executed movements can be
accomplished more easily for limb than for face move-
ments, since face movements are fine grained and subtle
(compared to limb movements which extend into periper-
sonal space). Moreover, the assumed contribution of both
kinesthetic and visual imagery to a mental representation
of one’s own body movements might also implicate that
motor imagery is easier for limb than face movements:
typically, limb movements executed by oneself can be seen
by the performer while movements of one’s own face are
usually inaccessible to the performer’s vision. Our MIQ-R
data do not clarify this issue, since the questionnaire
involves limb movements only.

The finding that the subjects’ reaction times in the sub-
ordinate alertness task became slightly faster during the
course of the fMRI indicates that the participants’ overall
alertness did not decline in the course of the MR measure-
ment.

Neuroimaging Data

Our data provide evidence that both common and dif-
ferential brain mechanisms are involved in the observation
and mental imagery of face and limb movements with or
without objects. The region of common maximum activa-
tion revealed by the conjunction analysis was located in
the left PMv. Further maxima of activation common to all
conditions were found in the lingual and superior occipital
gyri bilaterally, in the left anterior EBA, inferior frontal
and supramarginal gyri, inferior parietal lobule, and SMA.
As expected, main areas were involved bilaterally, but acti-
vations predominated in the left hemisphere. Extrastriate
regions, the SMA, a region of the middle frontal gyrus,
area MIP, and adjacent IPC regions, as well as the precu-
neus, were differentially modulated by the experimental
factors. Our present data may help specifying the roles of
these areas in the observation and motor imagery of differ-
ential types of human body movements. In particular, our
data demonstrate that human area MIP is involved in the

cognitive processing of meaningful limb movements irre-
spective of whether they are object-related or not.

The Frontal Cortex

The left PMv was involved in the observation and motor
imagery of all movement types investigated (and to a
lesser degree also the right hemisphere homologue). It is
in good accordance with this finding that a coupling
between the representations of observed and imagined
movements has been ascribed to this premotor area,
referred to as a matching process between stored and
observed movements [Jeannerod, 2001]. In animal experi-
ments, this kind of perception-action matching was mod-
eled in terms of a “vocabulary of motor acts” [Rizzolatti
et al., 1988], which is stored in the PMv and may be
assessed internally (e.g., by movement planning and motor
imagery) or by appropriate external cues (e.g., observation
of movements). In the present study, it is likely that a
matching between stored and observed movements
occurred during the observation and motor imagery of
each movement category, thus explaining the common
PMyv activation. Besides PMv, an adjacent region of the left
inferior frontal gyrus corresponding to Broca’s area (BA
44/45) was activated in the conjunction analysis. In both
monkeys and humans, this region is supposed to contain
mirror neurons [e.g., Gallese et al., 1996]. However, it has
also been implicated in motor inhibition [Casey et al.,
1997; Garavan et al., 1999; Konishi et al., 1999] and other
types of executive functions [e.g., working memory;
D’Esposito et al., 1998]. Our data suggest that neurons in
the PMv and the adjacent inferior frontal cortex closely
interact in higher-order movement processing, most likely
constituting modules of a neural circuit which integrates
the matching, mirror, and control mechanisms involved in
motor cognition.

The middle frontal gyrus and the SMA were activated
bilaterally during the motor imagery (relative to the obser-
vation) of all movement types. Both regions are known to
be involved in motor control [Matsui et al., 2002; Mostof-
sky et al.,, 2003]. The region of the middle frontal gyrus
which showed differential activation related to motor im-
agery in the present study has been implicated in the inhi-
bition of imitative response tendencies [Brass et al., 2001].
Viewing a movement may yield a “contagion-like”” tend-
ency in the observer to execute this movement [Brass
et al., 2001; Fadiga et al., 1995; Schiirmann et al., 2005].
Therefore, imitation appears to be a prepotent response
tendency. In the imagery event, our subjects were required
to imagine themselves performing each movement seen in
the preceding video clip, but without actually moving. It is
thus conceivable that demands on the inhibition of move-
ment execution were even stronger during the imagery
than in the observation task, as reflected by increased neu-
ral activity in the middle frontal gyrus. Such an assump-
tion is also supported by previous functional neuroimag-
ing studies on executive control, which implicated this
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The Main Effect of Body Part

a. Limb Movements vs. Face Movements b. Face Movements vs. Limb Movements
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Figure 4. (Legend on page 442)
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Conjunction Analysis of All Limb Movement
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Figure 4. (continued)

brain region in the inhibition of motor reactions in
response to respective cueing during a go/no-go task
[Casey et al., 1997; De Zubicaray et al., 2000; Kawashima
et al., 1996]. Moreover, the middle frontal gyrus has been
implicated in other executive processes, such as the inter-
nal generation of a motor program [e.g., Basho et al., 2007]
and working memory [e.g., Leung et al., 2002]. These data
could also explain our finding of motor imagery-related
activation of the middle frontal gyrus: both the generation

of a motor program and working memory are most likely
more strongly involved in motor imagery than in move-
ment observation.

The SMA and the pre-SMA are supposed to play a gen-
eral role in motor control. The pre-SMA has been impli-
cated in the inhibition of unwanted movements during a
go/no-go task [Mostofsky et al., 2003] as well as antisac-
cades and antipointing [Connolly et al, 2000]. In our
study, the area of peak activation in the superior frontal

Figure 4.

(a—d) Main effect of the factor “body part” and separate con-
junction analyses for face and upper limb movements (each with
and without object): The processing of limb (relative to face)
movements bilaterally activated area MIP and the adjacent IPC,
the EBA, calcarine sulci, and lingual gyri (extending into the fusi-
form gyrus in the left hemisphere), the left postcentral gyrus/in-
ferior parietal lobule, superior/middle frontal, and superior occi-
pital gyri, as well as the right precuneus. The reverse contrast
(the processing of face relative to limb movements) revealed dif-
ferential neural responses in the postcentral and inferior frontal

gyri bilaterally, as well as the right supramarginal and precentral
gyri (a—c). A conjunction analysis of the limb conditions (relative
to baseline) showed that both limb movements with and without
object reference activated the left MIP and adjacent IPC. A re-
spective conjunction analysis of the face conditions revealed only
small bilateral IPC activations in distinct anatomical regions (d).
Statistical threshold: P < 0.05, FWE corrected across the whole
brain volume (T = 5.11); k = 0 voxel. P, posterior; A, anterior;
L, left; R, right.
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TABLE lll. The main effect of body part

Region Side x y z T value
a. Observation and motor imagery of limb relative to face movements (irrespective of object use)
Area MIP (extending into IPC) L - - 64 9.72
R 16 —68 60 5.60
Inferior parietal lobule/ L —-32 —42 54 8.99
postcentral gyrus
Superior/middle L —-22 -10 52 9.27
frontal gyrus
EBA (extending into MT/V5) L —46 —74 4 6.94
R 50 —68 4 6.11
Calcarine sulcus R 6 -92 0 6.01
L —-16 —78 12 5.24
Superior occipital gyrus L —16 =90 36 6.76
Lingual gyrus R 16 —74 -6 5.87
Lingual/fusiform gyrus L -22 =72 -8 5.58
Precuneus R 10 —60 58 5.60
b. Observation and motor imagery of face relative to limb movements (irrespective of object use)
Postcentral gyrus R 58 —-18 32 7.64
L —60 —-16 22 5.17
Supramarginal gyrus R 66 -22 42 5.44
Inferior occipital gyrus L —34 -96 —-12 5.52
Inferior frontal gyrus L —58 12 6 6.63
(operculum) R 62 16 26 5.68
Precentral gyrus R 58 4 38 5.99

The main effect of “body part”: Brain regions showing differential significant BOLD signal increases (a) during the processing of limb
relative to face movements and (b) face relative to limb movements. For each region of activation, the coordinates in MNI standard
stereotactic space are given referring to the maximally activated focus within an area of activation as indicated by the highest T value.
See legend of Table II for the use of statistical thresholds and display of coordinates.

gyrus related to movement imagery was located more
posterior in the SMA proper. The activated region, how-
ever, extended into the pre-SMA, suggesting that SMA
and pre-SMA neurons operate in concert to inhibit motor
execution during the mental imagery of one’s own body
movements.

Note, the SMA has also been implicated in self-control
and self-inhibition. In a study on the correlation between
gray matter volume of specific brain structures and scores
on the self-control subscales of the Minnesota Multiphasic
Personality Inventory, low self-control scores were nega-
tively correlated with SMA and precuneus gray matter
density [Matsui et al., 2002]. These regions are known to
govern voluntary movement and motor imagery [e.g.,
Ogiso et al., 2000; Roland et al., 1980a,b]. In the present
study, the areas of maximum activation during the motor
imagery of one’s own body movements (relative to the ob-
servation task) were located in the right precuneus and the
SMA bilaterally, thus supporting the hypothesis that these
regions may act as modulators in self-related movement
control, in particular, in the inhibition of unwanted move-
ments. It is in good line with these findings that functional
neuroimaging studies on the neural substrates of disturbed
cognitive functions in schizophrenia (a disorder which is
typically associated with impaired self-control of move-
ments) reported SMA and precuneus pathology in schizo-
phrenic patients [Curtis et al., 1998; McGuire et al., 1996].

Overall, the frontal activations observed in the present
study suggest that the PMv and the inferior frontal gyrus
(including Broca’s area) are generally involved in the ob-
servation and motor imagery of body movements. Recruit-
ment of the middle frontal gyrus and the SMA was specifi-
cally modulated by the factor task: both regions were dif-
ferentially involved in movement control during the
mental imagery of movements, in particular, in the motor
inhibition of imitative response tendencies.

The Extrastriate Cortex

In our experiment, the left EBA and the adjacent area
MT/V5 were activated during perception- and imagery-
related processing of all movement categories. These
regions have been implicated in tasks involving motion
perception [Peigneux et al., 2000; Tootell et al., 1995; Wat-
son et al., 1993]. Area MT/V5 has particularly been associ-
ated with perceived [Tootell et al., 1995] and mentally
imagined motion analysis [Goebel et al., 1998]. Astafiew
et al. [2004] demonstrated that both the EBA and MT/V5
contribute to the integration of visuomotor attention and
sensorimotor signals in the neural processing of one’s own
body movements. The task used in that study may have
also involved motor imagery: subjects pointed with their
hand or foot to visual targets, with their limbs not being
visible to them. It is likely that the participants had a men-
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The Main Effect of Object Use

8. Movements without Object vs. Movements with Object
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Figure 5.

(a,b) The main effect of the factor “object use”: The processing
of movements without object (relative to object-related move-
ments) differentially activated the left middle frontal gyrus and
inferior parietal lobule (a). The reverse contrast (object-related
versus nonobject-related movements) revealed differential neural

responses in the EBA and adjacent area MT/V5 bilaterally, the
left middle occipital and supramarginal gyri, and the left inferior
parietal lobule (b). Statistical threshold: P < 0.05, FWE cor-
rected across the whole brain volume (T = 5.11); k = 0 voxel.
P, posterior; A, anterior; L, left; R, right.

TABLE IV. The main effect of object use

Region Side x y z T value

a. Observation and mental imagery of movements without object relative to movements with object

(irrespective of the body part involved)

Middle frontal gyrus L —46 22 46 5.89

Inferior parietal lobule L =50 —58 52 5.13

b. Observation and mental imagery of movements with object relative to movements without object

(irrespective of the body part involved)

Middle occipital gyrus L =50 -78 16 6.24

EBA (extending into MT/V5) L —46 —64 —4 5.73
R 48 —66 6 5.63

Supramarginal gyrus L —60 —24 32 5.70

Inferior parietal lobule/supramarginal gyrus L —54 —28 42 5.62

Inferior parietal lobule/postcentral gyrus L —28 —42 52 5.61

The main effect of ““object use’’: Brain regions showing differential significant BOLD signal increases (a) during the processing of move-
ments without object relative to movements with object and (b) movements with object relative to movements without object. For each
region of activation, the coordinates in MNI standard stereotactic space are given referring to the maximally activated focus within an
area of activation, as indicated by the highest T value.

See legend of Table II for statistical thresholds and the display of coordinates.
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The Main Effect of Task

a. Observation vs. Motor Imagery
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Figure 6.

(a,b) The main effect of the factor “task”: The observation (relative
to the mental imagery) of all movement types differentially activated
the right EBA, the inferior occipital gyrus bilaterally, the right infe-
rior frontal gyrus, intraparietal sulcus and adjacent IPC, thalamus,
and cerebellum (a). The reverse contrast (motor imagery relative
to the observation of all movement types) revealed differential acti-

tal image of their own moving body part when pointing at
the target. One cannot be sure, however, whether the EBA
was activated by motor imagery or rather by attention to a
specific body part and/or motor selection in response to
each cue. An fMRI study by Solodkin et al. [2004] showed
more direct evidence for EBA activity during the execution
as well as visual and kinesthetic mental imagery of finger
movements. Furthermore, the EBA was reported to act as
a higher-order object recognition area specialized for the
recognition of human body movements [e.g., Tootell et al.,
2003]. Our data agree with all these previous findings in
that they show both EBA and MT/V5 engagement in the
higher-order visuomotor processing of movements of one’s
body. Note, however, we also show evidence that these
brain areas responded stronger during the observation
than the motor imagery task (see Fig. 6).

Unlike Urgesi et al. [2004] who suggested that the EBA
and MT/V5 do not respond to face movements, we dem-

vations of the right precuneus, SMA and middle frontal gyri bilater-
ally, the left rolandic operculum and posterior cingulate cortex
(extending into the hippocampal region), as well as the right insula
(extending into the temporal pole) (b). Statistical threshold: P <
0.05, FWE corrected across the whole brain volume (T = 5.11); k
= 0 voxel. P, posterior; A, anterior; L, left; R, right.

onstrate activation of these areas during the processing of
both face and upper limb movements (see conjunction
analysis; Fig. 3). This result is in accordance with the find-
ing of Downing et al. [2001], who showed EBA responses
to static displays of human bodies and body parts includ-
ing whole faces and parts of faces, and also with a more
recent study of this research group demonstrating general
EBA responses to the category “bodies” [Downing et al.,
2006; see also Peelen and Downing [2005] who reported a
high degree of within-subject reproducibility of category-
specific activations of the visual cortex]. EBA activity asso-
ciated with the visual processing of whole faces was low
in the experiment of Downing et al. [2001]. This was also
the case in the present study: the analysis of the main
effect of body part (see Fig. 4a—c) demonstrates that the
cognitive processing of limb (relative to face) movements
activated the EBA and MT/V5 bilaterally while the reverse
contrast (face relative to limb movements) did not show
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TABLE V. The main effect of task

Region Side  x y z T value

a. Observation versus mental imagery of all movement categories
EBA (extending into MT/V5) R 50 -70 2 2232

Inferior occipital gyrus R 44 -78 -8 2057

Inferior/middle L —44 -84 -2 19.67
occipital gyrus

Inferior frontal gyrus R 40 16 22 7.26
(pars triangularis)

Thalamus R 22 =26 -2 6.29

Intraparietal sulcus R 30 —58 54 6.16
(extending into IPC)

Cerebellum (vermis) R 0 —-56 —42 5.93

b. Mental imagery versus observation of all movement categories

Precuneus R 28 —44 8 7.25
SMA R 6 -2 64 6.89

L -2 -2 62 6.85
Posterior cingulate gyrus L -16  —40 12 6.77
Middle frontal gyrus L 34 46 28 6.75

R 34 48 30 5.69
Rolandic operculum L =50 8 0 5.72
Insula/temporal pole R 50 12 -6 5.26

The main effect of ““task’: Brain regions showing differential sig-
nificant BOLD signal increases (a) during observation relative to
motor imagery of all movement types and (b) during motor im-
agery relative to observation of all movement types. For each
region of activation, the coordinates in MNI standard stereotactic
space are given referring to the maximally activated focus within
an area of activation as indicated by the highest T value.

See legend of Table 1II for statistical thresholds and the display of
coordinates.

extrastriate activations. This finding may indicate that
these regions respond to a higher degree to limb than face
movements. It is worth noting, however, that the spatial
extension of motion was stronger for limb than face move-
ments in the present experiment. These differences in the
perceptual domain might also have contributed to the
observed differential extrastriate activations related to limb
movements.

The Parietal Cortex

Distinct areas of the parietal cortex differentially
responded during the observation and motor imagery of
the movement categories of interest, supporting the view
of a functional segregation of parietal regions involved in
motor cognition [e.g., Assmus et al., 2003, 2007; Hana-
kawa et al., 2005]. The main effect of body part revealed
differential activations in the postcentral gyrus corre-
sponding to somatotopic face and arm/hand representa-
tions. Limb movements activated the left-hemispheric
somatosensory upper limb region (near the junction to
the inferior parietal lobule) only. This finding agrees with
previous patient data, suggesting a predominant role of
the left somatosensory cortex in the sensorimotor integra-

tion of complex hand/finger movements [Okuda et al.,
1995]. Postcentral activations related to face movements
were bilateral. Importantly, these activations extended
into area 5 that has been implicated in the mental im-
agery of body movements [e.g., Hanakawa et al., 2005].
Area 5 putatively corresponds to the macaque parietal
area FE. It connects with M1 and may act as a module of
higher-order somatosensory integration [Rizzolatti et al.,
1983]. This view of the functional role of area 5 is consist-
ent with the activation we observed in this region during
higher-order cognitive processing of fine grained and
complex face movements in the present study. Currently
available data do not clarify the issue whether subregions
of human area 5 might be specifically involved in the
decoding of face movements. To our knowledge, the
functional role of this region has only been investigated
with regard to its involvement in limb, but not with face
movements yet.

The main effect of body part also revealed significant
differential activations in the right supramarginal gyrus
related to the observation and motor imagery of face (rela-
tive to upper limb) movements. This brain structure has
been associated with the cognitive processing of faces pre-
viously. It is in good accordance with our data that
Sugiura et al. [2000] implicated the right supramarginal
gyrus in the representation of one’s own face, and Campa-
nella et al. [2001] related this region to the association
between faces and names. The human supramarginal
gyrus corresponds to the monkey parietal area PF [Grezes
and Decety, 2001]. Area PF builds up a circuit with the
ventral premotor region F5 that contains mirror neurons
[Rizzolatti et al., 1998]. The supramarginal gyrus could
thus well be involved in the control of mirror neuron
mechanisms. Our observation of differential activation in a
right supramarginal region related to the processing of
face (relative to upper limb) movements may indicate that
the cognitive processing of face movements requires spe-
cific and/or more intense control of mirror neuron compo-
nents. This could be the case since face movements are out
of the performer’s vision, and thus make higher demands
on the inhibitory control of “contagion”-related perceptual
decoding processes and the associated tendency to imitate.
This interpretation agrees with our behavioral data, indi-
cating that task performance was more difficult for face
(relative to limb) movements.

Area MIP and the adjacent IPC as well as the lingual
gyri in both hemispheres, the left inferior parietal lobule
and cuneus were differentially activated during the proc-
essing of limb relative to face movements. The IPS is
known to be composed of multiple subdivisions in nonhu-
man primates, with each portion constituting a neural cir-
cuit with subregions of the frontal premotor areas [Rizzo-
latti and Luppino, 2001; Rizzolatti et al., 1998]. Neuroi-
maging studies in humans suggest a comparable
functional and anatomical organization of the human IPS
[e.g., Bremmer et al., 2001; Grefkes et al., 2002]. In particu-
lar, human MIP has been implicated in visuomotor trans-
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formation during arm and hand movements directed to a
target [Chaminade and Decety, 2002; Grefkes et al., 2004].
This view is in good accordance with previous electro-
physiological studies in macaques, suggesting that the IPS
contains specialized neuronal modules which are inte-
grated into the parietooccipital and parietofrontal circuits
mediating goal- or object-directed body movements. Area
MIP is supposed to constitute one of these modules. Over-
all, our finding of MIP and adjacent IPC activation during
the higher-order cognitive processing of upper limb move-
ments is in accordance with these previous reports. The
conjunction analysis of upper limb movements with and
without object (relative to baseline; see Fig. 4d) revealed
an activation peak in the left IPS/IPC. This finding indi-
cates that MIP/IPC recruitment by goal-directed move-
ments does not necessarily require the involvement of a
reachable real object (e.g., nail, table). MIP and the sur-
rounding IPC region also responded to upper limb move-
ments which were goal-directed in the sense of social
semantics, that is, meaningful in the context of social com-
munication (e.g., shaking one’s fist at someone; see Ap-
pendix). Thompson et al. [2004] showed evidence for a
specific left IPS/IPC involvement in the processing of
socially meaningful number information conveyed by fin-
ger movements. These data are in accordance with our
results in that they implicate the left IPS/IPC region
(where the present IPC activation peak was located) in the
decoding of human arm and finger movements, providing
socially relevant semantic information, that is, in upper
limb gesture processing. The maximum of left MIP/IPC
activation associated with the processing of limb move-
ments in the present study was located superior to the
IPC coordinates reported by Thompson et al. [2004]. How-
ever, IPC activations related to the cognitive processing of
limb movements were not restricted to MIP, but rather
extended into more inferior and anterior IPS and adjacent
IPC regions (see Fig. 4a—d), suggesting that distinct func-
tional modules of the IPS/IPC operated in concert during
the processing of upper limb movement processing. Note,
however, IPS/IPC activations related to limb movements
either directed to a real target or aiming at a more abstract
social purpose were highly similar (see Fig. 4a—d). The
finding of small bilateral activations of the IPC in the con-
junction analysis of face movements with and without
object (relative to baseline; see Fig. 4d) might reflect IPC
involvement in attention to features of faces [Ishai et al.,
2002; Leibenluft et al., 2004] and socially relevant environ-
mental signals [Salzmann, 1995]. It is conceivable that
functions of the IPC might not be restricted to the process-
ing of limb features and movements. Rather, the IPC
could play a more general role in gesture- and mimic-
based (i.e., nonverbal) attention and social communica-
tion. However, this hypothesis needs to be further investi-
gated.

The precuneus was differentially engaged in the motor
imagery relative to the observation of all movement
types. This finding agrees with previous studies implicat-

ing the precuneus in the motor imagery of various types
of body movements, including locomotor [Malouin et al.,
2003] and finger tapping tasks [Hanakawa et al., 2003].
Fletcher et al. [1995] referred to the precuneus as “‘the
mind’s eye,”” since in their experiment the structure was
differentially triggered by the visual imagery during epi-
sodic memory recall. This interpretation is in good ac-
cordance with reports on precuneus and posterior cingu-
late cortex involvement in episodic autobiographical
memory retrieval, which is typically associated with
vivid mental imagery [e.g., Gardini et al.,, 2006; Piefke
et al., 2003]. Moreover, the precuneus has been involved
in self-processing, in particular, in first-person perspec-
tive taking and the experience of self-agency [for a
review, see Cavanna and Trimble, 2006]. This suggestion
is in line with both the aforementioned autobiographical
memory (a per se self-referential type of memory) data
and our current finding of differential precuneus activity
related to the motor imagery (compared to the observa-
tion) of movements. The latter provides evidence that the
subjects actually imagined themselves performing each
movement instead of, for example, the persons they
viewed in the video clips.

CONCLUSIONS

Our data suggest a fine-grained functional segregation
of frontal, extrastriate, and parietal brain areas involved in
the perception- and mental imagery-based processing of
distinct types of human body movements. While the PMv,
EBA, and area MT/V5 appear to play a general key role in
the visually based cognitive processing of human body
movements, engagement of the SMA and precuneus
(mental imagery of body movements and self-control dur-
ing imagery), regions of the middle frontal gyrus (motor
inhibition during motor imagery), area MIP and the adja-
cent IPC (cognitive processing of goal-directed upper limb
movements irrespective of whether an object is involved;
social semantics of upper limb and perhaps also face ges-
tures), area 5 of the somatosensory cortex (somatosensory
integration required by the cognitive processing of subtle
face mimics), and the supramarginal gyrus (control of mir-
ror neuron mechanisms) are modulated by the cognitive
tasks and the movement types involved in each case. The
data specify the common neural substrates of motor cogni-
tion and the functional segregation of frontal, extrastriate,
and parietal regions involved in the observation and motor
imagery of face and upper limb movements with or with-
out object. In particular, our findings provide new sugges-
tions regarding the interaction between motor and ““cogni-
tive”” areas of the frontal cortex during motor imagery, the
role of somatosensory integration in the processing of face
movements, and IPS/IPC involvement in social communi-
cation.
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APPENDIX

TABLE Al. Face and upper limb movements presented during the fMRI experiment

Face movements

Buccofacial movements without object

Buccofacial movements with object

German English translation German English translation
schnalzen to click one’s tongue Kirschkern ausspucken to spit out the stone of a cherry
beiflen to bite Lutscher lutschen to lick a lolly

lacheln to smile aus einem Strohhalm trinken to drink through a straw
pusten to blow Kaugummi kauen to chew a chewing gum
blinzeln to blink (with the eyes) Kopfball schiefSen to head a ball

kauen to chew Kaugummiblase machen to blow (chewing gum) bubbles
gdhnen to yawn Trillerpfeife pfeifen to blow a whistle

Stirn runzeln to frown Feder wegpusten to blow away a feather

mit den Lippen
flattern

Zunge in der
Wangentasche haben

Nase riimpfen

Zidhne klappern

Mund spitzen

Zidhne fletschen
Lippen lecken

Zunge herausstrecken
Augen rollen*
Unterlippe vorschieben
Wangen aufblasen*
niesen

to quiver one’s lips

to have the tongue between
one’s cheeks and teeth

to turn one’s nose up at sth.

to chatter one’s teeth

to purse one’s lips

to bare one’s teeth

to lick one’s lips

to stick one’s tongue out

to roll one’s eyes*

to stick one’s bottom lip out
to blow one’s cheeks*

to sneeze

Zigarre im Mundwinkel halten
Papier von Tisch ansaugen

Nutella von der Oberlippe ablecken
Schokostreusel auflecken

(von einem Teller)
Spatel auf der Zunge balancieren
Bleistift auf der Oberlippe balancieren
an einem Blumenstrauf riechen
Monokel halten
Rose zwischen den Zdhnen halten
Buch auf dem Kopf balancieren
Pokal kiissen
aus einer Tasse schliirfen

to hold a cigar in the
corner of one’s mouth
to suck paper up from a table

to lick Nutella off one’s upper lip
to lick off chocolate chips

(from a plate)
to balance a spatula on your tongue
to balance a pencil on your upper lip
to smell a bunch of flowers
to hold up monocles
to hold a rose between one’s teeth
to balance a book on one’s head
to kiss a trophy
to slurp from a cup

Upper limb movements

Upper limb movements without object

Upper limb movements with object

German

English translation

German

English translation

mit den Fingern schnipsen
mit drei Fingern schwéren

mit dem Finger (auf etwas)zeigen

Daumen hochhalten
Mittelfinger zeigen
Victory-Zeichen machen
Vogel zeigen*

eine Faust machen

sich auf die Schulter klopfen

Stopp signalisieren
(mit einer Hand)
mit dem Bizeps protzen

sich auf die Brust schlagen

sich an die Stirn fassen*
salutieren (wie ein Soldat)
winken (mit einer Hand)
Achseln zucken
sich am Kopf kratzen
aufzeigen (z.B. im
Schulunterricht)
Abwinken (mit einer Hand)

sich die Haare zuriickstreichen

to snap one’sfingers

to swear with three fingers
to point with a finger (at sth.)
to hold one’s thumbs up

to show someone the finger
to make the Victory-sign

to tap one’s forehead*

to make a fist

to tap one’s own shoulder

to indicate Stop (with one hand)
to flex one’s arm muscles (biceps)
to tap one’s own chest

to touch one’s forehead*
to salute (like a soldier)
to wave (with one hand)
to shrug
to scratch one’s head
to put one’s hand up (e.g.,
in a school lesson)
to dismiss (with one hand)
to run hands through one’s own hair

Tablet tbalancieren

hammern

Haare kdmmen

Tennisball werfen

in einem Topf herumriihren

dirigieren

Schraube eindrehen

Karten umdrehen

Klingel driicken
(Rezeptionstheke)

Feuerzeug anziinden

Nummer in das
Handy eintippen
wiirfeln (mit einer Hand)

mit einer Spraydose spriithen
mit einer Glocke klingeln
Suppe loffeln

mit einem Pinsel malen

Glas einschenken

Buch durchbldttern

stempeln
mit Stabchen essen

to balance a tray
to hammer
to comb one’s hair
to throw a tennisball
to stir the contents of a pan
to conduct (an orchestra)
to tighten a screw
to turn cards over
to press a bell
(at a reception desk)
to light a lighter

to dial a number on a
mobile phone

to throw a dice
(with one hand)

to spray with an aerosol can

to ring a bell

to spoon a soup

to paint with a brush

to fill a glass

to leaf through a book

to stamp
to eat with sticks

Note that not all social gestures are universal across nationalities and cultures. For example, in Germany, tapping one’s own forehead
when talking with someone (German: “Vogel zeigen”) indicates one’s assumption that the other person has bats in the belfry. This ges-
ture does not exist in UK. In Italy, the gesture is performed using a slightly different movement. In the appendix, nonuniversal gestures

are marked with a *.
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