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While there have been several studies investigating the neural correlates of action observation associated
with hand grasping movements, comparatively little is known about the neural bases of observation of
reaching movements. In two experiments, using functional magnetic resonance imaging (fMRI), we defined
the cortical areas encoding reaching movements and assessed their sensitivity to biological motion and to
movement velocity. In the first experiment, participants observed video-clips showing either a biological ef-
fector (an arm) or a non-biological object (rolling cylinder) reaching toward a target with a biological and a
non-biological motion, respectively. In the second experiment, participants observed video-clips showing ei-
ther a biological effector (an arm) or a non-biological object (an arrow) reaching toward a target with the
same biological motion profiles. The results of the two experiments revealed activation of superior parietal
and dorsal premotor sites during observation of the biological motion only, independent of whether it was
performed by a biological effector (reaching arm) or a non-biological object (reaching arrow). These areas
were not activated when participants observed the non-biological movement (rolling cylinder). To assess
the responsiveness of parietal and frontal sites to movement velocity, the fMRI repetition–suppression (RS)
technique was used, in which movement was shown with same or different velocities between consecutive
videos, and observation of identical stimuli was contrasted with observation of different stimuli. Regions of
interest were defined in the parietal and frontal cortices, and their response to stimulus repetition was ana-
lyzed (same vs. different velocities). The results showed an RS effect for velocity only during the observation
of movements performed by the biological effector and not by the non-biological object. These data indicate
that dorsal premotor and superior parietal areas represent a neural substrate involved in the encoding of
reaching movements and that their responsiveness to movement velocity of a biological effector could be in-
strumental to the discrimination of movements performed by others.

© 2012 Elsevier Inc. All rights reserved.

Introduction

Accurate perception of movement kinematics is fundamental for
understanding the action of another person so as to shape our own
behavior accordingly. In the monkey, action observation activates a
circuit, which includes, besides visual areas, the superior temporal
sulcus region (STS), posterior parietal lobe and premotor cortex.
While the STS region is purely visual, both posterior parietal cortex
and premotor cortex are endowed with visuo-motor neurons that
are active during both the execution and observation of actions

(mirror neurons) (Fogassi et al., 2005; Rizzolatti, 2005; Rizzolatti et
al., 2001). Transcranial Magnetic Stimulation (rTMS), neurophysiologi-
cal techniques (EEG, MEG) and brain imaging (PET, fMRI) studies have
confirmed the existence of the mirror mechanism also in humans
(e.g., Buccino et al., 2001; Decety, 1996; di Pellegrino and Wise, 1991;
Grafton et al., 1996a, 1996b; Grèzes et al., 2003; Iacoboni et al., 1999;
Rizzolatti et al., 1996a, 1996b). Although a number of studies has
shown that the mirror mechanism is involved in visuo-motor transfor-
mations leading to action understanding (for a review see Rizzolatti and
Craighero, 2004; Rizzolatti and Sinigallia, 2010), little is known about
how this mechanism responds to the kinematic properties underlying
the different types of action.

There is evidence showing that humanmovements followkinematic
laws describing the geometrical and temporal features of biological
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movements. The “two-thirds power law” (Laquaniti et al., 1983), for ex-
ample, describes a consistent feature of movement execution and, spe-
cifically, the relationship between movement trajectory and velocity
(Dè Sperati and Viviani, 1997; Hicheur et al., 2005; Viviani and Flash,
1995). In particular, the law links path curvature C and angular velocity
A along the movement by a power law with an exponent of 2/3 (A=
KC2/3, with K as the velocity constant gain factor). As argued in Dayan
et al. (2007), this law of motion is a ubiquitous feature of human
motor behavior characterizing the kinematic properties of arm move-
ments, smooth pursuit eyemovements, speechmovements, andmove-
ments of the body center of mass during human gait and of the foot
during the swing phase of walking.

Behavioral studies suggest that the “two-thirds power law” also in-
fluences the perception of other people's movement (Viviani and
Stucchi, 1992), and two different fMRI studies have shown the neural
basis of this effect. Casile et al. (2009) presented subjects with videos
in which an animated avatar performed three types of curvilinear arm
movements. Thesemovements were either performedwith a biological
kinematics or with a modified kinematics, created by altering the rela-
tionship between tangential velocity and the curvature of the hand tra-
jectories. Dorsal premotor cortex was found to be activated during the
observation of movements with biological kinematics, but not during
observation of movements performed with modified kinematics. In an-
other fMRI study, Dayan et al. (2007) used visual stimuli, which com-
prised a cloud of points running around an ellipse with different
velocities. Relative to the observation of non-biological and constant
movements velocity, brain activations increased in the left inferior pari-
etal lobule (IPL) and bilateral dorsal premotor cortex (PMd) when the
movements obeyed a biological kinematics. Taken together, these stud-
ies suggest that the observation of biological movements obeying the
“two-thirds power law” activates the premotor and parietal areas
more strongly than the observation of movements not complying
with this law.

Previous studies of action observation have mainly investigated
hand movements, and particularly grasping movements that involve a
hand-object interaction (Binkofski et al., 1999; Buccino et al., 2001;
Grafton et al., 1996b; Grèzes et al., 2003). In the present study,we inves-
tigated the activation of premotor and parietal areas presenting subjects
with video-clips of reaching movements. Specifically, we firstly delin-
eated brain activations during observation of reaching movements fol-
lowing biological and non-biological motion profiles. Execution and
observation of grasping and reaching both produce activation of poste-
rior parietal lobe and premotor areas. In the case of grasping, the action
is encoded in ventral parietal and frontal sites (Buccino et al., 2004a,
2004b; Rizzolatti et al., 1996b) whereas, in reaching, we expected ac-
tion to be encoded in more dorsal parietal and frontal sites (see
Filimon et al., 2007).

The second aim of this studywas to investigate whether the parietal
and frontal sites activated during observation of reaching are sensitive
to movement velocity and whether responsiveness to velocity in these
sites is affected by the shape of the moving object (biological vs.
non-biological). Velocity encoding was studied using the fMRI Repeti-
tion–Suppression (RS) technique (see Engel and Furmanski, 2001;
Fang et al., 2005; Grill-Spector and Malach, 2001; Grill-Spector et al.,
1999; Hamilton and Grafton, 2009; Huk et al., 2001; Kourtzi et al.,
2005; Lestou et al., 2008; Tolias et al., 2001). In particular, we compared
activations when subjects observed either a biological effector or a
non-biological object reaching toward a targetwith the same or different
velocities. The biological effector and the non-biological object moved
following the same velocity profiles.

The main results were that, firstly, consistent with previous studies,
observation of reachingmovements that exhibit a biological kinematics
activates parietal and frontal sites located dorsally with respect to the
parietal and frontal grasping sites. Secondly, these activations occur in-
dependently of whether reaching is performed by a biological effector
or a non-biological object, provided that it moves according to a

biological kinematics. Thirdly, these sites exhibit a selective responsive-
ness to velocitywhen observed reaching is performed by a biological ef-
fector, but not by a non-biological object.

Materials and methods

Participants

Fourteen English students (7 females and 7 males, mean age
23.5 years) participated in the first experiment (Exp. 1) that was car-
ried out at theMagnetic Resonance and Image Analysis Research Centre
(MARIARC) at the University of Liverpool, UK. Sixteen Italian students
(9 females and 7males,mean age 23.6 years) participated in the second
experiment (Exp. 2) thatwas carried out at the Neuroimaging Centre of
the University of Parma, Italy. Subjects were right handed and had nor-
mal or corrected-to-normal vision and did not report psychiatric or
neurological impairments. They gave fully informed written consent
of their willingness to participate. The investigations were approved
by the Local Ethics Committees (Liverpool for Exp. 1 and Parma for
Exp. 2).

Stimuli

An example of the stimuli used in Exp. 1 is shown in Fig. 1. Specif-
ically, pairs of video-clips were presented to the subjects showing ei-
ther an arm (Figs. 1A, B) or a cylinder (Figs. 1C, D)moving at different
velocities, from a start position to reach a target placed at a distance
of 35 cm. The video-clips ended with the arm or the cylinder touching
the target. The reaching movements of the arm and of the cylinder
were presented at 3 different velocities: low (arm-V1: 0.38 m/s;
cylinder-V1: 0.45 m/s), medium (arm-V2: 0.67 m/s; cylinder-V2:
0.78 m/s), and high (arm-V3: 1.5 m/s; cylinder-V3: 1.72 m/s). As a con-
trol, a still image of the same arm or of the same cylinder was used,
which depicted them in either the start or the end position.

An example of the stimuli used in Exp. 2 is shown in Fig. 2. Specif-
ically, the subjects were presented with video-clips showing either a
biological effector (arm, Figs. 2A, B), a non-biological object (arrow —
Figs. 2C, D) or a colored biological effector (colored arm — Figs. 2E, F).
In contrast to Exp. 1, all stimuli moved according to a biological mo-
tion and reaching started from a fixed point (Figs. 2A, C) and ended
on a red cross placed at a distance of 46 cm (Figs. 2B, D). The
video-clips ended with the arm, the arrow or the colored arm touch-
ing the target. The reaching movements of the arm (Arm) and of the
arrow (A) were presented at 3 different velocities: low (Arm-V1:
0.35 m/s; A-V1: 0.33 m/s), medium (Arm-V2: 0.89 m/s; A-V2:
0.96 m/s), and high (Arm-V3: 1.83 m/s; A-V3: 1.32 m/s). The 3 col-
ored arms (blue, red, and yellow; Figs. 2E, F) always performed the
reaching movement at the same velocity (medium — V2). As a con-
trol, a still image of the same arm, arrow or colored arm was used,
which depicted them in the end position.

In Exp. 2, the comparison between activations evoked by observa-
tion of a biological effector and a non-biological object, bothmoving fol-
lowing a biologicalmotion, required the construction of an objectwith a
similar shape andmovingwith similar kinematic profiles as those of the
biological effector, i.e. the arm. For this purpose, the arrow was built
using a pink-colored stiff paperboard. The tip of the arrow had the
same size as the hand (i.e., 15 cm×11 cm×4 cm) while the tail of the
arrow was the same size as the arm (60 cm×7 cm×4 cm) and, there-
fore, the arrow and the arm occupied the same space in the
video-clips. Five hidden wheel-pairs were mounted under the arrow
to allowmovement. The arrowwas pulled from the tip by a transparent
nylon thread. Observation of the arrowmoving towards the target gave
the impression of a reaching movement. Thus, besides controlling for
visual and kinematic aspects, the idea of building an arrow was to con-
trol for possible high-order effects evoked by the observation of a
reaching movement.
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The motion profiles of the arm and arrow were studied using the
point kinematics method. Using the software Avimeca v2.3, wemarked
the positions in the videos of the arm and the arrow with a dot on, re-
spectively, the terminal part of the middle finger of the arm and the in-
ferior vertex of the arrow tip in the start position (Figs. 3A, C) and
marked each occupied position in space every 40 ms. In this way, we
were able to verify that the arm and the arrow moved with equivalent
trajectory and occupied the same positions in time.

By using Regressi software (version 2.9) we obtained velocity
curves for both stimuli (Figs. 3B, D). To make sure that velocity var-
ied in the same fashion in the two stimuli (arm and arrow) and
within each velocity level (V1, V2, V3), we carried out a 2×3 re-
peated measures GLM analysis. For homogeneity of comparison be-
tween stimuli and across velocity levels, we considered only a
number of values ranging ±6 around the pick of each velocity/
type level, totaling 13 values (corresponding to the minimum
amount of recorded values associated with V1).

Independently of velocity level (V1, V2, V3), the results showed
no significant differences in mean velocity between stimuli
(P>.05), indicating that the two stimuli had a similar velocity pro-
file. Additionally, data showed a main effect of velocity (F2,24=
11.87; Pb .001; partial-η2=.50; δ=.99) and no interaction effects
between stimulus-type and velocity (P>.05). Simple contrast
analyses between the 3 velocity levels across stimulus-type
showed a significant difference between V1 and V2 (F1,12=53.59;
Pb .001; partial-η2=.82; δ=1) and between V2 and V3 (F2,24=
11.87; Pb .05; partial-η2=.37; δ=.68). These results confirmed
similar velocity patterns for the arm and the arrow as well as differ-
ences across velocity levels for both stimuli.

Paradigm and task

To assess brain responses to observedmovement velocity, theRS tech-
nique was used in both Exp. 1 and Exp. 2. In Exp. 1, pairs of video-clips

Fig 1. An example of the video-clips as viewed by the participants of Exp. 1. The images show a frame of the arm in the start position (A) and in the end position (B) and of the
cylinder in the start position (C) and in the end position (D). The start and the end positions of the arm and of the cylinder were the same. We marked the arm and the cylinder
with a green dot on, respectively, the terminal part of the middle finger and of the left border of the cylinder in the start position and marked each occupied position every 40 ms.
The arm reached the end point with a translational motion following a curvilinear trajectory E); the cylinder reached the target with a complex motion (rotary + translational)
using a straight trajectory (F).
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presented consecutively either the arm or the cylinder moving with the
same velocity (condition same: 48 trials) orwith different velocities (con-
dition different: 48 trials). In Exp. 2, pairs of video-clips showed the arm,
the arrow or the colored arm moving with the same velocity/color be-
tween consecutive videos (condition same: 30 trials) orwith different ve-
locities/color (condition different: 30 trials). The trialswere constructed so
that all possible order combinations of velocity (condition same: V1–V1;
V2–V2; V3–V3; condition different: V1–V2; V1–V3; V2–V3; V3–V1; V3–
V2) and of color-C (condition same: C1–C1; C2–C2; C3–C3; condition dif-
ferent: C1–C2; C1–C3; C2–C3; C3–C1; C3–C2) were presented.

Each scanning session (functional run) started with a cross posi-
tioned at the centre of the screen (500 ms) on which subjects were
instructed to fixate and that remained on the screen throughout the tri-
als. The first video-clip was presented for 2 s followed by a 100 ms in-
terval before the second video-clip, which was presented for 2 s. The
second video was followed by a jittered interval ranging between 2
and 7 s. In about 17% of cases in Exp. 1 and 29% of cases in Exp. 2,

subjects were asked to provide an explicit response to the stimuli dur-
ing this interval (catch trials).

During the catch trials, cued by the appearance of a question mark
after the second video offset, the subjects had to indicate, on a response
box, whether the two consecutive videos were the same or different.
About 20% of the trials were characterized by two consecutive videos
representing a still image of the arm, the cylinder, the arrow or the
colored arm (control still image).

In Exp. 1, the subjects viewed a total of 342 trials comprising
video-pairs distributed among conditions as follows: 96 trials of arm
movement (no overt response) plus 18 catch trials (with response);
96 trials of object movement (no overt response) plus 18 catch trials
(with response); 32 trials of static arm (no overt response) plus 6
catch trials (with response); 32 trials of static object (no overt re-
sponse) plus 6 catch trials (with response). In Exp. 2, subjects viewed
a total of 315 trials comprising video-pairs distributed among condi-
tions as follows: 60 arm reaching (Arm; 30 same, 30 different), 60

Fig. 2. An example of the video-clips as viewed by the participants of Exp. 2. The arm, the arrow and the colored arm are shown at the start position (A, C, E) and at the end position
marked by a red cross (B, D, F). In the conditions same, the arm and the arrow reached the end point with the same velocity between video-pairs and, in the conditions different,
with different velocities between video-pairs. The colored arm reached the end point always at the same velocity but changing, in the conditions different, the color of the arm be-
tween video-pairs.
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arrow reaching (A; 30 same, 30 different), 60 colored arm reaching
(CArm; 30 same, 30 different), 15 still arm, 15 still arrow, 15 colored
arm (still) and 90 catch trials. The experiments lasted approximately
60 min divided in 4 functional runs in Exp. 1 and 5 functional runs in
Exp. 2, with each run lasting about 11 min. Stimuli were randomized
within each run and balanced across runs so that there was an equal
number of trials of each condition type.

In Exp. 1, the stimuli were viewed through a frontalmirrormounted
on the head coil of the MR system to reflect images displayed on a
screen via a projector positioned outside the scanner room. Presenta-
tion 11.0 (Neurobehavioral Systems, Albany, CA, http://www.neurobs.
com) was used for stimulus presentation and response recording. In
Exp. 2, the stimuli were viewed via digital visors (VisuaSTIM) with a
resolution of 500,000 pixels per 0.25 square inch and horizontal eye
field of 30°. The digital transmission of the signal to the scanner was
via optic fiber. E-Prime 2 Professional software (Psychology Software
Tools, Inc., Pittsburgh, USA, http://www.pstnet.com) was used for
stimulus-presentation and recording of the subjects' answers.

A training session was given prior to scanning to familiarize sub-
jects with the experimental procedure.

Image acquisition

In Exp. 1, fMRI data were acquired on a 3 T Trio whole-body
scanner with eight-channel head coil (Siemens Medical System,
Erlangen, Germany). Echo-planar images (EPIs) were obtained
using a gradient-echo sequence with the following parameters:
echo time TE=30 ms, repetition time TR=2000 ms, flip angle=
90°, field of view FoV=192×192 mm2, slice thickness=3 mm,
inter-slice gap=1.2 mm, in-plane resolution=3×3×4.2 mm3,
Bandwidth=2604 Hz/Px, Echo spacing=0.45 ms. The FoV was
tilted by 30° in a clockwise direction to encompass the whole
brain with 32 interleaved transverse slices. Each of the 4 functional

runs comprised 333 sequential volumes. A T1 weighted structural image
was also obtained with the following parameters: TE=5.57 ms, TR=
2040 ms, flip angle=8°, FoV=224×256 mm2, slice thickness=1 mm,
in-plane resolution=1×1×1 mm3, SENSE factor=2. Total scanning
time was approximately 60 min.

In Exp. 2, fMRI datawere acquiredwith a 3 T SIGNAwhole-body scan-
ner with eight-channel head coil (General Electrics, Milwaukee, USA).
Echo-planar images (EPIs)were obtained using a gradient-echo sequence
with the following parameters: echo time TE=30 ms, repetition time
TR=2100 ms, flip angle=90°, field of view FoV=192×192 mm2, slice
thickness=3 mm, inter-slice gap=0.5 mm, in-plane resolution=
2.5×2.5×2.5 mm3, Bandwidth=3906 Hz/Px, Echo spacing=0.44 ms.
The FoV was tilted 30° in a clockwise direction to encompass the whole
brain with 37 interleaved transverse slices. Each of the 5 functional runs
comprised 310 sequential volumes. A T1 weighted structural image was
obtained with the following parameters: TE=3.2 ms, TR=8200 ms,
flip angle=12°, FoV=256×256 mm2, slice thickness=1 mm, in-plane
resolution=1×1×1 mm3, acceleration factor arc=2. Total scanning
time was approximately 60 min.

Statistical analysis

Data analysis was performed using SPM8 (Statistical Parametric
Mapping software; The Wellcome Department of Imaging Neurosci-
ence, London, UK; http://www.fil.ion.ucl.ac.uk) running in MATLAB
R2009b (The Mathworks, Inc., Natick, MA). The first four EPI volumes
of each functional run were discarded to allow for T1 equilibration ef-
fects. For each subject, all volumes were spatially realigned to the first
volume of the first functional run and un-warped to correct for
between-scan motion. The T1 weighted image was segmented into
gray, white and cerebrospinal fluid and spatially normalized to the
MontrealNeurological Institute (MNI) space. The spatial transformation
derived from this segmentation was then applied to the realigned EPIs

Fig. 3. Trajectory profile of the arm (A) and of the arrow (C) reaching the end point with a biological motion. X and Y spatial coordinates are shown in the figure with colored dots
that indicate the values of each point occupied in space and time by the arm and arrow moving with a medium velocity (V2). Graphs showing velocity profiles for the arm (B) and
for the arrow (D) reaching movements at low velocity (V1 mean peak for the arm: 0.35 m/s at 0.75 s; V1 mean peak for the arrow: 0.33 m/s at 0.88 s); medium velocity (V2 mean
peak for the arm: 0.89 m/s at 0.91 s; V2 mean peak for the arrow: 0.96 m/s at 0.88 s) and high velocity (V3 mean peak for the arm: 1.83 m/s at 0.96 s; V3 mean peak for the arrow:
1.32 m/s at 0.91 s). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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for normalization and re-sampled in 2×2×2 mm3 voxels using triline-
ar interpolation in space. All functional volumes were then spatially
smoothed with a 6 mm full-width half-maximum isotropic Gaussian
kernel for the group analysis.

Data were analyzed using a random-effects model (Friston et al.,
1999), implemented in a two-level procedure. In the first level,
single-subject fMRI responses were modeled using a General Linear
Model (GLM), for which a design-matrix included the onsets and dura-
tions of each event for each stimulus-type (Exp. 1: Arm, C; Exp. 2: Arm,
A, CArm) and condition (same, different) for each functional run. In Exp.
1, eight regressors were modeled (Armsame, Armdiff, Armstill, Csame,
Cdiff, Cstill, CatchTrials and Response). In Exp. 2, eleven regressors
were modeled (Armsame, Armdiff, Armstill, Asame, Adiff, Astill,
CArmsame, CArmdiff, CArmstill, CatchTrials and Response). In both
Exp. 1 and Exp. 2, all regressors, except for Response, included the
two consecutive videos of each trial, which weremodeled as one single
epoch lasting 4.1 s. Responses were modeled as event-related.

In the second level analysis (group-analysis), corresponding con-
trast images of the first level for each subject were entered in two flex-
ible ANOVAs with sphericity-correction for repeated measures (Friston
et al., 2002). The firstmodel considered the pattern of activation of the 2
stimulus-types (Arm, C; Exp. 1) and the 3 stimulus-types (Arm, A,
CArm; Exp. 2), pooling together the two conditions same and different
minus each respective still image (control still image). This model was
used for localization of regions of interest (ROIs, see next section). The
second model was created considering the 2 stimulus-types (Arm, C;
Exp. 1) and the 3 stimulus-types (Arm, A, CArm; Exp. 2) for each condi-
tion (same and different) separately minus each respective still image
(Armstill, Cstill, Astill and CArmstill). This model was used for signal
change extraction at the subject level, as specified in the ROI analysis
below.

Results were thresholded at Pb0.05 family wise error (FWE)
corrected at the cluster or voxel level as appropriate (cluster size es-
timated with a voxel-level threshold of P-uncorrected=0.001). The
location of foci of activation is presented in the stereotaxic space of
the MNI coordinate system. Activations were also localized with ref-
erence to cytoarchitectonical probabilistic maps of the human brain,
using the SPM-Anatomy toolbox v1.7 (Eickhoff et al., 2005).

Repetition–suppression and ROI analysis

The RS analysis (Grill-Spector et al., 1999; Hamilton and Grafton,
2009; Kourtzi et al., 2005; Lestou et al., 2008) was used to assess the
neural response to observed velocity during observation of the reaching
movements.Within the RS analysis, activations obtainedwhen the sub-
jects were presented with pairs of videos showing the same stimulus
(condition same) were compared with those associated with observa-
tion of pairs of videos differing in one specific dimension (condition dif-
ferent). In Exp. 1, differences for both the arm and the cylinder were
analyzed with respect to movement velocity (low — V1; medium —
V2; high — V3). In Exp. 2, for the arm and the arrow, differences were
analyzedwith respect tomovement velocity as in Exp. 1; for the colored
arm, differences were analyzedwith respect to the arm color (red— C1,
yellow — C2, blue — C3).

To test the RS effect of movement velocity within the cortical sites
active during reaching observation, ROIs were defined on the basis of
the functional maps obtained from the second-level group analysis
(see statistical model 1 above). More specifically, ROIs were defined
within the functional maps reflecting global activations within the
parietal and frontal sites in response to at least one of the regressors
of interest, namely: only the arm (−still) in Exp. 1 (since the cylin-
der produced no activation in this sites); the arm, the arrow, and
the colored arm (−still) in Exp. 2, independently of conditions
same and different (PFWE-corrb .05 at the voxel level). In total, two
ROIs were defined reflecting the cluster of activation in left dorsal
premotor (PMd) and left superior parietal lobule (SPL), respectively.

The mean cluster values were calculated for each ROI and
stimulus-type (Exp. 1: Arm, C; Exp. 2: Arm, A, CArm) separately for
the two conditions (same and different) vs. control still images— see sta-
tistical model 2 above. Signal change for each subject was extracted
using REX (http://web.mit.edu/swg/rex). One subject of Exp. 2 was ex-
cluded from the analysis as an extreme case.

Results

Experiment 1

Overall effect of reaching observation
The brain activations obtained by comparing arm reaching (inde-

pendently of the conditions same or different) vs. the control still images
of the same arm are shown in Fig. 4A. Activations were found in occip-
ital lobe, including V6, bilateral human putative MT/V5 complex, left
intraparietal sulcus, straddling the inferior and superior banks, left ven-
tral and dorsal premotor cortex and deep structures, including right
insula (see Table 1a for coordinates and statistical values).

The contrast between observation of the rolling cylinder and obser-
vation of the control still images of the same cylinder, independently of
conditions (same or different), produced activations in bilateral human
putative MT/V5 complex (Fig. 4B, Table 1b).

Repetition–suppression effect
Within the RS analysis, we compared activations observed when

subjects were presented with pairs of videos showing the arm or the
cylinder moving at the same velocity (condition same) or at different
velocities (condition different) between videos. The RS analysis was
performed for 2 ROIs: one in left dorsal premotor cortex (PMd) and
one in left superior parietal lobule (SPL), i.e. in the parietal and frontal
regions activated during observation of the arm reaching movement.
The difference between the conditions different and same (RS effect)
for the arm and the cylinder were tested in a 2×2 repeated measures
GLM analysis, with 2 levels of stimulus-type (Arm, C) and 2 levels of
stimulus-condition (same, different) independently for each PMd and
SPL ROIs.

With respect to the activations observed for the PMd ROI, re-
sults revealed a main effect of stimulus-type (Arm>C; F1,12=
12.8, P=.004, partial-η2= .52, δ=.91) and a significant interac-
tion stimulus-type× condition (F1,12=14.6, P=.002, partial-η2=
.55, δ=.94). Similarly, results for the SPL ROI revealed a main effect
of stimulus type (Arm>C; F1,12=9.33, P=.01, partial-η2=.44,
δ=.8) and a significant interaction stimulus-type×condition
(F1,12=5.3, P=.04, partial-η2= .31, δ=.56).

As shown in Figs. 4C, D, independent post-hoc analyses for PMd and
SPL revealed a significant difference between conditions same and dif-
ferent (different>same) for the arm only (PMd: F1,12=4.7, Pb .05,
partial-η2=.28, δ=.52; SPL: F1,12=5.4, Pb .05, partial-η2=.31, δ=
.57).

Experiment 2

In Exp. 2, subjects observed two types ofmoving stimuli: a biological
one, i.e. an arm, and a non-biological one, i.e. an arrow. Both stimuli
moved with three different velocities (see Fig. 3 and Methods section
for details). A third stimulus, i.e. a reaching arm whose color — instead
of velocity — changed in the conditions different, was also introduced
to rule out possible attention-related effects on the observed activations
(see Bartels et al., 2008).

Overall effect of reaching observation

Arm vs. control still image. The brain activations obtained by compar-
ing observation of the arm reaching movement, pooling together
the conditions same and different, vs. the control still images of the
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same arm are shown in Fig. 5A. Activations were observed in left su-
perior occipital lobe, including area V6, bilateral human putative MT/
V5 complex, left superior parietal lobule (SPL) extending into the
intraparietal sulcus and left dorsal premotor cortex (PMd), right pre-
frontal cortex and bilateral insula (see Table 2a, Arm, for coordinates
and statistical values).

Arrow vs. control still image. Observation of the non-biological object
(arrow— A) performing a reachingmovement towards a point with bi-
ological motion, independently of conditions same or different, produced
signal increase, with respect to the control still images of the same
arrow, in areas encoding reaching movement. As shown in Fig. 5B, the
main areas activated involve left superior occipital lobe, including area
V6, bilateral human putativeMT/V5 complex, an area straddling the su-
perior temporal gyrus and inferior parietal lobule (area TPJ), left superi-
or parietal lobule (SPL) extending into intraparietal sulcus, bilateral
dorsal premotor cortex (PMd) and bilateral insula (see Table 2a,
Arrow, for coordinates and statistical values).

The interaction between observation of the arm and the arrow
reachingmovements, relative to their respective static controls, showed

no activation for the arm vs. the arrow as well as for the opposite
contrast.

Colored Arm vs. control still image. As shown in Fig. 5C, observation of
the reaching movement of the colored arm (independently of the con-
ditions same or different color) revealed enhanced activations, with re-
spect to the control still images of the same colored arm, in left
superior occipital lobe including area V6, bilateral human putative
MT/V5 complex, left superior parietal lobule and left dorsal premotor
cortex (see Table 2a, CArm, for coordinates and statistical values).

Repetition–suppression effect
For the RS analysis, we first carried out a global activation analysis

across the three stimulus-types (arm, arrow, colored arm), indepen-
dently of the conditions same and different, vs. each respective control
still images (PFWE-COR-VXLb .05). As shown in Fig. 6A, global activations
were observed in left superior occipital lobe including area V6, human
putative MT/V5 complex, superior parietal lobule (mostly on the left
side) and bilateral dorsal premotor cortex (see Table 2b for coordinates
and statistical values).

Fig. 4. Cerebral activities in Exp. 1 during the observation of the arm reaching movement (A) and of the rolling cylinder (B), pooling together the conditions same and different, vs.
control still images (still images of each respective stimulus-type). The statistical parametric maps (group average) are mapped onto a standard MNI (PFWE-corrb .05). The graphs
display the mean signal change in arbitrary units (a.u.) in the conditions same (white bars) and different (gray bars) for each stimulus-type (Arm — Arm, cylinder — C) within
(C) the dorsal premotor cortex (PMd; maxima: −22 −8 60) and (D) superior parietal lobule (PLd; maxima −28 −46 56). The error bars represent the standard error of the
mean. Asterisk (*) indicates significant differences between the conditions different–same (Pb .025). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Given the lack of activation of right parietal and frontal sites for the
arm and colored arm and of right parietal cortex for the arrow reaching
movements (with respect to each respective control still images — see
analyses above), two ROIswere defined centering on the activations ob-
served in left premotor and parietal cortices (see Methods). The RS ef-
fect for velocity and color were then tested in these ROIs.

Within the RS analysis, we compared activations observed when
participants were presented with pairs of videos showing the same
stimulus (condition same) and pairs of videos differing in one specific
dimension (condition different) between videos. For the arm and the
arrow, differences were analyzed with respect to movement velocity
(low— V1; medium— V2; high— V3); for the colored arm differences
were analyzed with respect to the arm color (red, yellow, blue).

Comparisons between conditions different and same (RS effect)
among the 3 stimulus-types (Arm, A, CArm) were tested in 3×2 re-
peated measures GLM analysis, with 3 levels of stimulus-type and 2
levels of stimulus-condition (same, different) independently for
each ROI. Interaction effects were tested post-hoc and adjusting the
P-values according to the Bonferroni correction for multiple compar-
isons (P=.05/3=.017). Descriptive analyses and the statistical
values relative to the direct comparison between conditions same
and different for each stimulus-type are summarized in Table 3.

As shown in Fig. 6B, C, results for both PMd and SPL showed a main
effect of stimulus-condition (different>same; PMd: F1,14=15.73,
Pb0.05, partial-η2=.53, δ=.96; SPL: F1,14=7.96, Pb .05, partial-η2=
.36, δ=.75) as well as a significant interaction for stimulus-type×
stimulus-condition (PMd: F2,28=4.34, Pb .05, partial-η2=.24, δ=.49;
SPL: F2,28=3.63, Pb .05, partial-η2=.21, δ=.62).

For both PMd and SPL, post-hoc analyses revealed a significant dif-
ference between conditions same and different for arm reaching obser-
vation only (PMd: F1,14=30.5, Pb .0001, partial-η2=.69, δ=.99; SPL:
F1,14=10.9, P=.005, partial-η2=.44, δ=.87). No differences were ob-
served for either the arrow or the colored arm (P>.05; see Table 2 for
descriptive statistics).

Discussion

The aim of the present study was to delineate the cortical regions
that are specifically involved in processing the observation of reaching
movements and to investigate their sensitivity to biological motion.
Additionally, using the RS technique (RS; Grill-Spector et al., 1999;
Hamilton and Grafton, 2009; Kourtzi et al., 2005; Lestou et al., 2008)

we investigated the responsiveness of these regions to the observation
of reachingmovements performedwith different velocities. Two exper-
imentswere carried out. In Exp. 1, video-clips showedeither an arm (bi-
ological effector) or a cylinder (non-biological object) reaching toward
the same target with biological and non-biological motions, respective-
ly. In Exp. 2, the video-clips showed an arm (biological effector) or an
arrow (non-biological object) reaching toward a target following the
same biological motion.

The results of Exp. 1 showed activations specific to the arm reaching
movements vs. control still images of the same arm in visual
occipito-temporal areas, including MT/V5 and V6, in intraparietal sul-
cus, straddling the inferior and superior banks, and ventral and dorsal
premotor cortex. All activations were bilateral, although stronger in
the left hemisphere. The analysis contrasting the rolling movements
of the cylinder vs. control still images of the same cylinder showed en-
hanced activations in bilateral MT/V5 complex. The lack of activation
of the parietal and frontal sites in response to observation of the rolling
cylinder confirms previous studies (e.g., Casile et al., 2009; Dayan et al.,
2007) showing that these areas do not respond to non-biological
movements.

The results of Exp. 2, where we compared separately activations
observed for the arm and the arrow reaching movements vs. their re-
spective control still images, revealed, for both stimulus-types, activa-
tions of visual and temporal areas, including MT/V5 and V6, left
superior parietal lobule and left dorsal premotor cortex.

Activation of the parietal and frontal areas during observation of
reaching movements is consistent with previous findings showing
their involvement in both reaching execution and observation
(Filimon et al., 2007). Both our data and Filimon and colleagues' study
indicate that activations associated with reaching are located more
dorsally than those described for grasping. A large number of investiga-
tions, in fact, shows that grasping is encoded in the human AIP and the
adjacent inferior parietal lobule, as well as in the frontal lobe, mostly in
the ventral premotor cortex extending into the posterior part of the in-
ferior frontal gryrus (Buccino et al., 2001; Culham, 2004; Grafton et al.,
1996b; Grèzes et al., 2003; Rizzolatti et al., 1996a, 1996b).

A significant newfinding of the present study is the overlap between
the motor activations elicited by the observation of the arm reaching
movements and those elicited by the observation of the reaching
arrow. These regions were not activated during the observation of the
non-biological movement (rolling cylinder), suggesting that the dorsal
parietal and superior frontal sites respond to biological motion only,

Table 1
a. Activations in Exp. 1 during the observation of the Arm vs. control still images; b. activations during the observation of the Cylinder vs. control still images. Local maxima of ac-
tivated areas, as shown in Fig. 4, are given in MNI standard brain coordinates at cluster-level Pb .05 and voxel level Pb .001 [ATB: most probable anatomical region in the Anatomy
Toolbox 1.7, Eickhoff et al., 2005; asterisks (*) denote assigned areas].

Anatomical region Left Right

x y z Z-score ATB x y z Z-score ATB

Stim-type vs. control still image (PUNCOR-VXL=b .001)
a. Arm (Arm)

Superior occipital gyrus/V6 −20 −80 28 4.49 22 −80 28 3.54
Lingual gyrus −18 −86 −2 5.65 30% hOC3V (V3v)*
Middle occipital gyrus/V5 −40 −70 8 5.87 30% hOC5 (V5) 48 −76 0 5.33 20% hOC5 (V5)
Superior temporal gyrus −44 −42 12 4.92
Middle temporal gyrus/V5 48 −70 12 6.73
Superior parietal lobule (SPL) −28 −46 56 5.76 40% Area 2* 22 −50 54 4.70 60% SPL (7PC)*
IPS −42 −28 40 4.33 40% IPC (Pft)*
Superior marginal gyrus −48 −28 28
Rolandic operculum 60 −28 24 4.27 40% OP1*
Postcentral gyrus (PMd) −22 −8 60 4.50 30% Area 6 42 −4 54 4.25 40% Area 6
Postcentral gyrus (PMv) −52 −6 40 5.14 60% Area 6
Insula 38 8 2 4.49
Cerebellum −28 −72 −20 5.48 51% Lobule VI*

b. Cylinder (C)
Middle occipital gyrus −40 −70 6 4.76 20% hOC5 (V5) 48 −78 2 4 20% hOC5 (V5)
Middle temporal gyrus/V5 46 −68 8 4.91 30% hOC5 (V5)
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independently of the shape of the moving stimulus (biological or
non-biological).

Comparison of the parietal and premotor activations in response
to the arm reaching movement between Exp. 1 and Exp. 2 revealed
that the activations in Exp. 1 extended further ventrally than those
observed in Exp. 2. A possible explanation for this divergence
might be the different targets used in the two experiments. Although
the video-clips in Exp. 1 always presented a reaching arm purely touch-
ing the object, because the reaching-target was a graspable 3-D object
this could have triggered in the observers amotor program for grasping
(Gibson, 1986; Grafton et al., 1996b; Grèzes et al., 2003; Rizzolatti et al.,
1996a, 1996b). In contrast, in Exp. 2, the target-object was a 2-D cross
that did not afford any grasping action. This marker primed a
grasp-independent reaching movement eliciting activation selectively
in the dorsal parietal and superior frontal sites.

In order to investigate sensitivity of the parietal and frontal sites
to movement velocity using the fMRI RS technique, two ROIs were
defined for use in both Exp. 1 and Exp. 2. One ROI was defined in
left dorsal premotor cortex (PMd) and one in left superior parietal
lobule (SPL) that were strongly activated during observation of the
biological movements. The RS effect within these regions was tested
by contrasting the conditions in which video-pairs presented
consecutive stimuli moving with different velocities between videos
(condition different) with those in which velocity remained
unchanged (condition same). The RS results revealed, in both
premotor and parietal ROIs, a suppression effect only for the arm
reaching velocity and not for the arrow, showing that activation of
the dorsal parietal and frontal sites is modulated by velocity only dur-
ing observation of movements performed by a biological effector (i.e.,
the arm).

Altogether, the results of the present study suggest that the dorsal
parietal and frontal sites specifically encode biological motion (Exp.1)
and generalize across different shapes (Exp. 2), whereas these sites
only encode velocity when a biological effector is involved (Exp. 2).
What possible neural mechanisms may then account for the activation
pattern observed in this study?

Although it is not possible to specify the precise neural mechanisms
here involved, some hypotheses can be advanced on the basis of previ-
ous fMRI studies as well as from neuroanatomical experiments with
non-human primates. In monkeys, the accepted view is that visual in-
formation of the dorsal visual stream terminates in IPL and SPL. The
classical view on the organization of the dorsal stream was that its
nodal area is MT/V5. This area receives direct input from the striate vi-
sual area V1 and from other extrastriate visual areas. fMRI experiments
in humans confirmed the role ofMT/V5 as a fundamental node inmove-
ment processing (e.g., Sunaert et al., 1999; Zeki et al., 1991).

It has been subsequently discovered that visual information
travelling the dorsal stream has another nodal area, i.e. area PO
(Colby et al., 1988), that has been subdivided into two different
areas: the occipital area V6 and the parietal area V6A. In the mon-
key, V6 is located within the posterior occipital sulcus (POS) and
borders with V6A that occupies the dorsal sector of the same
bank. While V6 is a purely visual area, receiving input from the stri-
ate and extrastriate visual areas, V6A belongs to the parietal lobe
and is endowed with more complex properties. In humans, recent
fMRI studies have shown that the putative V6 complex is located in
the occipito-parietal junction (Pitzalis et al., 2009) and it is likely that
this complex contains visual and somatic neurons involved in the con-
trol of reach-to-grasp movements.

One possible explanation for SPL response to movement velocity
of the biological effector rests on recent fMRI findings with humans
showingMT preferred activation for biological movements (hand ac-
tions) than non-biological movements (Jastorff et al., 2010). Since
MT/V5 is connected to area V6, it is possible to hypothesize that visu-
al information about movement of the biological shape reaches SPL
through this pathway (see also Galletti et al., 1996, 1999, 2001).

Fig. 5. Cerebral activities in Exp. 2 during observation of the arm (A), the arrow (B) and
the colored arm (C) reaching movements, pooling together the conditions same and
different, vs. control still image (still images of each respective stimulus-type). The
statistical parametric maps (group average) are mapped onto a standard MNI
(PFWE-corr≤ .05).
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Neuroanatomical data in themonkey further suggest that the dorsal
sector of V6A (V6Ad; Luppino et al., 2005; Gamberini et al., 2011) re-
ceives information also from the inferior parietal lobule (IPL) and,
more specifically, from area PG, which, in turn, receives input from
the STS region (Rozzi et al., 2005, 2008) in response to complex biolog-
ical movements (Grossman and Blake, 2001; Perrett, 1999; Thompson
et al., 2005). It is therefore possible that the activation of SPL to move-
ment velocity of the biological shape could be also due to its connec-
tions with V6 complex and related areas (STS, PG).

As far as the activation of dorsal premotor cortex is concerned, the
neural substrate for its activation should include again the V6 complex
that sends input directly to dorsal premotor cortex, as well as to other
connected areas. In the monkey, in fact, connections have been

suggested between V6 and F2 (Gamberini et al., 2009), and with MIP
as well as between SPL (PEc) and F2 (Matelli and Luppino, 2001).

As a final point, some observations should be made with respect to
the RS effects observed in this study. In fact, some authors have appro-
priately recommended that caution should be exercised in the interpre-
tation of RS effects on brain activations (see Bartels et al., 2008; Tolias et
al., 2005). Nonetheless, the results of the present study show that fMRI
is capable to highlight functionally relevant processes in response to
specific stimulus properties. In particular, the RS results of this study
revealed activity enhancement in dorsal premotor and superior parietal
cortex in response to velocity only for the biological effector, namely
the arm, and not for the arrow that underwent the same RS procedure
as the arm. Additionally, concerns with respect to the RS technique

Table 2
a. Activations in Exp. 2 during the observation of the Arm, Arrow, and Colored Arm vs. each respective control still images; b. global activations during the observation of reaching
movements independently of the stimulus-type. Local maxima of activated areas, as shown in Fig. 5, are given in MNI standard brain coordinates at cluster-level 0.05 and voxel level
Pb .001 [ATB: most probable anatomical region in the Anatomy Toolbox 1.7, Eickhoff et al., 2005; asterisks (*) denote assigned areas].

Anatomical region Left Right

x y z Z-score ATB x y z Z-score ATB

a. Stim-type vs. control still image (PUNCOR-VXL=b .001)
Arm (Arm)

Superior occipital gyrus/
V6

−16
−20

−98
−82

20
28

7.17
4.35

60% Area 18*

Middle occipital gyrus/V5 −42 −72 8 7.59 40% hOC5 (V5)* 48 −70 2 7.50 20% hOC5 (V5)*
Middle temporal gyrus/
STS

−56
−48

−68
−52

12
8

4.30
3.89

20% IPC (PGp)

Superior parietal lobule (SPL) −32 −50 68 5.76 30% SPL (7PC)
Precentral gyrus (PMd) −28 −14 56 4.74 60% Area 6
SMA −8 14 48 4.45 20% Area 6 8 12 54 4.31 40% Area 6
Middle cingulate cortex 12 20 42 5.37 10% Area 6
Inferior frontal gyrus 48 18 4 4.21 20% Area 45
Superior frontal gyrus
(medial)

6 28 46 3.93 10% Area 6

Middle frontal gyrus 38 46 20 4.39
Insula −36 20 −6 4.18 32 24 12 3.92
Putamen −28 24 −2 4.53
Arrow (A)
Superior occipital gyrus/
V6

−16
−20

−100
−82

20
24

7.32
3.53

20% Area 18

Middle occipital gyrus/V5 −44 −76 6 6.70 50% hOC5 (V5)*
Superior parietal lobule −32 −50 68 5.73 30% SPL (7PC)
Inferior parietal lobule −38 −38 38 4.66 30% hIP3*
SupraMarginal Gyrus (TPJ) −46 −40 30 4.50 40% IPC*
precentral gyrus (PMd) −36 −2 52 5.06 30% Area 6 36 −4 46 4.17 40% Area 6
SMA −6 2 54 4.69 80% Area 6 6 16 50 3.91 40% Area 6
Middle cingulate cortex 10 20 42 5.03 10% Area 6
Superior medial gyrus 6 28 48 3.31 10% Area 6
Insula −30 24 −2 4.88 32 22 −2 4.66
Cerebellum −20 −64 −30 4.43 81% Lobule VI (Hem)*
Colored arm (CArm)
Superior occipital gyrus/
V6

−18
−20

−92
−82

24
28

6.66
4.34

10% Area 18

Middle occipital gyrus/V5 −44 −74 8 7.49 20% hOC5 (V5)*
Middle temporal gyrus/V5 46 −68 4 6.34 40% hOC5(V5)*
Superior parietal lobule −30 −50 70 6.60 20% SPL (7PC)
Precentral gyrus (PMd) −34 −2 54 4.62 20% Area 6
SMA −6 4 52 4.92 70% Area 6 8 18 50 3.62 20% Area 6
Middle cingulate cortex 10 20 42 3.92 10% Area 6

b. Global analysis vs. control still image (PCOR-VXL=b .05)
Arm+A+CArm

Superior occipital gyrus/
V6

−16
−20

−94
−82

34
24

Inf
7.04

10% Area 17

Middle occipital gyrus/V5 −44 −76 6 Inf 50% hOC5(V5)*
Middle temporal gyrus/V5 48 −68 2 Inf 30% hOC5(V5)
Superior parietal lobule −32 −50 68 Inf 30 −56 68 6.10 40% SPL (7PC)*
SupraMarginal gyrus (TPJ) −48 −38 32 Inf 30% IPC (PFcm)
Inferior parietal lobule −42 −32 40 5.35 40% IPC (PFt)*
Precentral gyrus (PMd) −34 −2 54 Inf 20% Area 6 40 −2 54 6.74 40% Area 6
SMA −4 4 56 7.50 70% Area 6 8 18 50 6.72 20% Area 6
Middle cingulate cortex 10 20 42 7.05 10% Area 6
Inferior frontal gyrus 34 30 10 5.04
Middle frontal gyrus −36 48 20 5.68 36 44 16 7.20
Insula −30 20 2 28 20 −4 5.85
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have been put forward suggesting that attention-related factors may
affect brain activation when viewing two consecutive stimuli that
differ from one another (Bartels et al., 2008). To control for
attention-related confounds, we introduced, alongside the arm and
the arrow stimuli, videos showing a reaching colored arm changing
color, instead of velocity, in the conditions different. The lack of RS
effect in the parietal and frontal sites for the colored arm allows us
to further rule out the possibility that attention-related factors
affected the RS results observed for the arm movement velocity.

In conclusion, in line with the more general mirror mechanism
hypothesis, the results obtained in the present study suggest that
the joint activation of SPL and PMd could represent the neural

substrate underpinning the processing of reaching movement
performed by others. The processing of reaching velocity of the bio-
logical shape could represent a functional property of these sites that
enables one to understand how an action is performed when observ-
ing another individual.
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