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Abstract

Physiological studies in humans and monkeys indicate that the posterior temporal cortex is active when viewing the movements of others.
Here we tested the premise that this region integrates form and motion information by presenting both natural and line-drawn displays of
moving faces and motion controls where motion was continuously presented in the same part of the visual field. The cortex in and near the
STS and on the fusiform gyrus (FG) responded to both types of face stimuli, but not to the controls, in a functional magnetic resonance
imaging study in 10 normal subjects. The response in the STS to both types of facial motion was equal in magnitude, whereas in the FG
the natural image of the face produced a significantly greater response than that of the line-drawn face. In a subsequent recording session,
the electrical activity of the brain was recorded in the same subjects to the same activation task. Significantly larger event-related potentials
(ERPs) to both types of moving faces were observed over the posterior temporal scalp compared to the motion controls at around 200 ms
postmotion onset. Taken together, these data suggest that regions of temporal cortex actively integrate form and motion information—a

process largely independent of low-level visual processes such as changes in local luminance and contrast.

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

Introduction

Despite the popularity of mobile phones and e-mail to
aid communication, face-to-face contact is still favored
when unambiguity is necessary. What makes us prefer face-
to-face interaction over methods of so-called “impoverished
communication”? In a face-to-face interaction we can see if
our message is being received from nonverbal signals sent
by the other person. From these intended, and unintended,
nonverbal messages we make informed judgments about
another’s emotional state and their future course of action.
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Physiological studies in monkeys and humans suggest
that the interpretation of the movements and actions of
others recruit specialized neural pathways (Allison et al.,
2000; Blakemore and Decety, 2001). Specifically, the per-
ception of animate motion activates the cortex of the supe-
rior temporal sulcus (STS) in monkeys (Perrett et al., 1985;
Oram and Perrett, 1994) and humans (Bonda et al., 1996;
Puce et al., 1998), as well as the frontal cortex (Gallese et
al., 1996; Rizzolatti et al., 1996a). In monkeys, it has been
proposed that the STS response is a result of the integration
of form and motion information by the cortex of the anterior
superior temporal polysensory area (STPa) (Oram and Per-
rett, 1996). The frontal cortex (monkey F5) has been pro-
posed to contain “mirror neurons” that respond to both
observing and executing grasping movements of the hand.
Human neuroimaging studies using point-light Johannson
displays of human motion have shown activation in motion
sensitive regions in posterior temporal/inferior parietal cor-
tex (Bonda et al., 1996; Grossman et al., 2000). Addition-
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Fig. 1. Task timing and the four viewing conditions. Each viewing condition had a 12-s duration and consisted of the alternation of the two images depicted
below the time line. The REAL CNTL condition consists of apparent motion of a checkerboard pattern to simulate a mouth opening and closing movement
depicted in the REAL FACE condition. A similar correspondence exists for the LINE CNTL and LINE FACE conditions, where line-drawn images are
alternated to display apparent motion in a control and face stimulus. In all conditions, nonlinear motion in the same part of the visual field is always depicted.
The four viewing condition cycle was repeated a total of 10 times in each imaging run. Split hemispheric EPI volume acquisition at a TR of 2 was performed

while the subject viewed the visual stimuli.

ally, these regions have been shown to respond to motion
involving natural images of faces (Puce et al., 1998), as well
as to natural images of implied motion (Kourtzi and Kan-
wisher et al., 2000).

What is not clear is whether the same regions in the
human brain respond to both natural and Johannson-like
(Johannson, 1973) displays of biological motion, that is, as
does area STPa in the monkey. For this to be the case, these
regions would have to integrate form and motion. If this
were so, then these regions could be regarded as potential
human STPa analogs. Previously, we have demonstrated
that a discrete region of cortex centered on the posterior
STS was active when human subjects viewed the motion of
natural face images (Puce et al., 1998). Here, we investi-
gated the functional significance of this activation by com-
paring brain activation to both natural and visually im-
poverished line drawn facial displays. We used two
physiological assessment techniques. First, using high-field
strength functional magnetic resonance imaging (fMRI)—a
neuroimaging technique with superior spatial resolution (in
millimeters)—we tested to what degree the STS was active
in response to the motion types. Second, we recorded scalp
event-related potentials (ERPs)—a technique with superior
temporal resolution (in milliseconds)—so as to accurately
determine when these processes occurred. We consider two
possibilities that could produce the human STS activation,
namely integration of visual form and motion information

or activity due simply to luminance/contrast changes in the
local visual field.

We studied 10 normal right-handed subjects using fMRI
while they passively viewed visual displays alternating be-
tween natural images of facial motion (REAL FACE) and a
respective motion control (REAL CNTL) and a line-drawn
facial motion display (LINE FACE) with a respective mo-
tion control (LINE CNTL). Motion of the face consisted of
mouth opening and closing movements, whereas the motion
controls also had nonlinear motion components of compa-
rable amplitudes (Fig. 1). All motion stimuli were presented
in the same part of the visual field and subjects were asked
to focus their gaze on the bridge of the nose in the facial
stimuli and on a comparable spatial landmark in the control
stimuli. All subjects participated in a second recording ses-
sion in which scalp ERPs were recorded in response to
exactly the same activation task, so as to characterize the
time course of the neural activity elicited in response to
viewing the facial motion and the motion controls.

Material and methods

Subjects

Ten neurologically normal subjects (ages: 21-46 years,
mean 27.5) consented to participate as subjects in a study
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approved by the Human Research Ethics Committee of
Swinburne University of Technology. All subjects had ei-
ther normal or corrected-to-normal vision and were strongly
right-handed (LQ: mean = 82.5) as assessed by the Edin-
burgh Handedness Inventory (Oldfield, 1970) and were
equally distributed in gender.

JMRI activation task

Subjects passively viewed a screen where stimuli sub-
tended 4 X 4 degrees through a mirror mounted on the
standard quadrature birdcage headcoil. The display was
back-projected onto a screen in the scanner room while
fMRI scans were performed. Four stimulus conditions were
presented in an alternating block design experiment (Fig. 1)
as follows

1. REAL FACE consists of a colored image of a natural
face in which the mouth alternately opened and closed 7
times over a 12-s stimulus block. A single exemplar face
was presented with two possible configurations, mouth open
and mouth closed (depicted in Fig. 1), which were alter-
nated in an apparent motion display (e.g., Puce et al., 1998).

2. REAL CNTL consists of a colored checkerboard pat-
tern with similar overall color, luminance, and contrast to
the natural face (Fig. 1). A group of alternating checks
produced a motion stimulus in the same part of the visual
field as the mouth in the REAL FACE, using identical
timing for motion and block duration (e.g., Puce et al.,
1998).

3. LINE FACE consists of a white line-drawn face on a
black background. The mouth alternately opened and closed
7 times over a 12-s stimulus block as for the REAL FACE
condition. A single exemplar face was presented with two
possible configurations (mouth open and mouth closed, de-
picted in Fig. 1) that were alternated in an apparent motion
display. The face was created from a multimarker recording
of facial expressions using specialized biological motion
creation software [Elite Motion Analysis System (BTS,
Milan, Italy)].

4. LINE CNTL consists of a spatially “scrambled” ver-
sion of the LINE FACE, with spatially rearranged features
presenting with two possible configurations (depicted in
Fig. 1) and identical spatial frequency and luminance/con-
trast as LINE FACE. The apparent motion stimulus was
presented in the same part of the visual field as the mouth in
LINE FACE.

Identical timing for motion and block duration was used
for all conditions. Motion was presented in the same part of
the visual field for all conditions. The activation task was
stored on videotape. Subjects viewed the stimulus display
and attempted to maintain fixation on the bridge of the nose
on the face and on a similar region of space on the control.

The stimulus conditions occurred in a sequence of AB-
CDABCD ... over 10 cycles totaling a viewing period of
around 8 min ([ABCD] = 48 X 10 cycles = 480 s). There
was also a “front-end” and “tail-end” to visual stimulation,

allowing initially for steady-state magnetization to occur
following commencement of scanning and subsequently for
the hemodynamic response to tail-off following the com-
pletion of the imaging run. The whole experiment consisted
of two imaging runs of 8 min each, with counterbalanced
starting order (i.e., RUN1 = ABCD...and RUN2 =
CDAB .. .).

Data acquisition

Functional MRI scans

Fourteen sagittal slices of fMRI data were acquired in
two parasagittal blocks of 7 slices each (Fig. 1), designed to
sample the STS along its entirety. This acquisition plane
was chosen to minimize susceptibility artifacts in the supe-
rior temporal lobes. A series of 240 gradient echo echopla-
nar volumes were acquired over the 8 min stimulation
period using the following parameters: TE = 40, TR =
2000, ¢ = 40°, NEX = 1, FOV = 25 mm, matrix =
128X 128 (in-plane resolution of 1.95 mm), slice thickness
= 5 mm, gap = 1 mm.

Structural MRI scans

Additionally, three sets of structural images were ac-
quired as follows:

1. A sagittal T1 series, consisting of the same 14 slices
that were sampled in the fMRI sequence, were acquired to
provide a structural template onto which activation images
could be overlayed (TE = 14, TR = 500, NEX = 1, FOV
= 25, matrix = 256 X 256, slice thickness = 5 mm, gap =
1 mm).

2. A sagittal MRA series of the same 14 slices that were
sampled in the fMRI sequence were acquired so as to
identify potential sources of false fMRI activation (TE =
6.9, TR = 16, NEX = 1, FOV = 25, matrix = 256 X 256,
slice thickness = 5 mm, gap = 1 mm).

3. A high-resolution anatomical 3D (IR SPGR) sagittal
series (TE = 1.9, TR = 9, TI = 500, NEX = 1, FOV = 25,
matrix = 256 X 256 (in-plane resolution of 0.977 mm),
slice thickness = 2 mm, no gap) consisting of a total of 80
images.

Data analysis

Motion detection

All fMRI data were screened for head movement (de-
fined by a center of mass change >0.3 voxel) and other
artifacts. There were no detectable head movements during
the imaging runs in any of the subjects. In three subjects,
spatial misregistration occurred between the two imaging
runs. In these subjects, all volumes of the second imaging
run were realigned to the first volume of the first imaging
run using the automatic image registration (AIR) algorithm
(Woods et al., 1998) running under MEDx 3.2 (Sensor
systems), using the linear algorithm, rigid body (Six-param-
eter estimation), and trilinear interpolation approach.
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False-positive “activated” voxel determination

An uncorrected statistical threshold of P < 0.001 was
chosen based on an analysis of expected false-positive rates
generated from randomly time “scrambled” EPI volumes
across both imaging runs. The volumes within each hemi-
sphere of two subjects (the two strongest activators) were
scrambled in time and an unpaired 7 test was performed on
the time-scrambled data. The ¢ test maps were then thresh-
olded at a number of different probability levels and the
number of false-positive voxels in the brain were counted
for both the positive and negative tails of the ¢ test. This
procedure (scrambling of volumes in time, performing un-
paired ¢ test, thresholding, counting false-positive voxels)
was repeated a total of three times. The average false-
positive voxel rate was 0.63 for P < 0.001. This low
false-positive voxel rate was selected given the focal nature
of the activations and relatively small number of voxels that
made up the cluster of activation.

Statistical analysis

We sought to explicitly identify brain regions responding
to both types of facial motion, that is (REAL FACE + LINE
FACE) versus motion controls (REAL CNTL + LINE
CNTL) by using unpaired 7 tests on the fMRI data of each
hemisphere. Thresholded  maps (P < 0.001 uncorrected)
showing activated voxels were overlayed on T1 anatomical
images. Activated voxels were classified by anatomical lo-
cation and counted using orthogonally viewed high-resolu-
tion anatomical T1 images.

Time courses of activated voxels

Time-course data were obtained from two regions of
interest (ROIs) in the superior temporal sulcus (STS) and
fusiform gyrus (FG). Previous studies (Puce et al., 1996;
McCarthy et al., 1997) indicate that the presence of faces
would activate the FG, hence this formed a control ROI in
this study. An averaged single-cycle time course (over 20
cycles for the four stimulus conditions) was generated for
the STS and FG in individual subjects. The time-course data
were expressed as a percentage of signal change values.
Group activation time courses were generated across sub-
jects for each ROL

Mean percentage signal change values for each condition
were generated from each subject’s activated voxels by
calculating the mean signal change of the latter half of the
viewing epoch for both the STS and FG ROIs. Repeated-
measures ANOVAs were performed to determine whether
there were significant differences in mean signal strength as
a function of viewing condition for each of the ROIs. Next,
a planned within-subjects contrast was performed using the
general linear model to specifically test for differences in
activation strength between the (1) REAL FACE and the
LINE FACE, (2) the REAL FACE and the REAL CNTL,
and (3) the LINE FACE and the LINE CNTL.

Finally, Talairach coordinates of activated voxels were
calculated.

ERP study

In a subsequent recording session the 10 subjects viewed
the same activation task while 64 channels of continuous
EEG were recorded using a band pass of 0.1-100 Hz and a
gain of 5000 with respect to the nose. An Electrocap with tin
electrodes based at 1020 system sites and at points equi-
distant from 10-20 sites was used. The vertical and hori-
zontal electro-oculogram was also recorded from electrodes
placed below and above the left eye and on the outer
canthus of each eye. Event markers identifying motion
onset for each movement had been recorded on the audio
channel of the stimulus videotape. The event markers were
digitized and stored with the continuous EEG file and then
used to subsequently identify and extract the ERP epochs.
Prior to averaging, the EEG file was screened for EOG and
EMG artifacts (criterion: =50 wV). Trials with artifacts
were excluded from subsequent analysis. ERPs were aver-
aged according to stimulus type for each subject. The ERP
to the first stimulus in each block was not included in the
average, so as to minimize exogenous ERP components.
ERP component amplitudes and latencies were measured
for each subject at bilateral temporoparietal sites. A grand-
average ERP was also generated for all subjects and topo-
graphical maps of voltage across the scalp were generated at
time points corresponding to ERP peak latencies.

Statistical analysis

Differences in temporoparietal N170 peak amplitude and
latency were evaluated using repeated-measures four-way
ANOVAs for Condition (Face vs Control) X Type (Real vs
Line) X Hemisphere (Left vs Right) X Electrode (T5/6,
T501/T602) using SPSS for Windows Release 9.0.1 (SPSS
Inc).

Results and discussion
JMRI study

Unpaired ¢ tests were performed on the combined facial
motion conditions (REAL FACE + LINE FACE) versus
the motion controls (REAL CNTL + LINE CNTL). Acti-
vation was observed in both the posterior STS and the FG.
Example of such activation in three individual subjects is
illustrated in Fig. 2a. The MR signal increased during the
conditions where the facial motion was presented and sub-
sided during the corresponding control conditions in both
the STS and the FG (Fig. 2b and 2c).

Overall 9 of the 10 subjects activated the STS. Of these
9 subjects, 7 activated the right STS only, 1 subject acti-
vated the left STS only, and 1 subject showed bilateral STS
activation. The mean Talairach coordinates for the STS
activation were (R) +44, —47, 0; (L) —30, —58, +7. Ten
subjects showed FG activation, which was bilateral in 6
subjects and right-sided in 4 subjects. The mean Talairach
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Fig. 3. Group activation time courses where voxels activating to both types
of facial motion were identified. (A) STS; (B) FG. The error bars indicate
SEM.

coordinates for the FG activation were (R) +33, —58, —26;
(L) —33, —55, —24. The group activation time courses
(Fig. 3) for the STS and the FG were generated across both
hemispheres, as there were no systematic differences in
response across hemispheres. The STS group activation
time course shows robust activity to both facial motion
conditions (Fig. 3a), whereas that in the FG appears to be
strongest to the natural image of the face (Fig. 3b). These
differences were verified statistically using a repeated-mea-
sures ANOVA for a main effect of Condition (REAL
FACE, LINE FACE, REAL CNTL, LINE CNTL): STS
[F(3,9) = 33.63, P < 0.001] and the FG [F(3, 12) = 57.25,
P < 0.001]. Importantly, when within subjects contrasts

were performed across the conditions, in the STS there was
no significant difference in MR signal between the two
facial motion conditions [F(1,9) = 1.37, P > 0.1]. This was
in contrast to the FG, where the MR signal was significantly
larger to the natural image of the face relative to the line
drawn face [F(1, 15) = 22.71, P < 0.001]. Additionally, for
both the STS and the FG significant differences were seen
between each face condition relative to their respective
controls [REAL FACE vs REAL CNTL: STS, F(1, 9) =
41.51, P < 0.005; FG, F(1, 15) = 86.21, P < 0.001; LINE
FACE vs LINE CNTL: STS, F(1, 9) = 14.66, P < 0.005;
FG, F(1, 15) = 14.43, P < 0.005].

ERP study

All stimulus categories elicited clear ERP activity within
250 ms of the motion transient in 8 of the 10 subjects.
Technical difficulties prevented the analysis of ERP data in
one subject of the two remaining subjects. In the other, clear
ERPs could not be discerned in an otherwise technically
adequate recording session. Hence, the data from 8 subjects
were pooled and analyzed. The most prominent feature was
a negative potential peaking at around 170 ms (N170; Fig.
4a) over the bilateral temporal scalp, which appeared to be
larger in the right hemisphere (Fig. 4b). N170s to both types
of faces were larger than those seen to control stimuli;
however, control motion stimuli elicited N170s with a sim-
ilar topography to that seen to facial motion. Group mean
N170 amplitudes and latencies as a function of stimulus
condition and electrode site are shown in Tables 1 and 2,
respectively.

The repeated-measures ANOVA for N170 amplitude dif-
ferences revealed a significant main effect for stimulus type
for Condition (Face vs Control) [F(1, 7) = 15.39, P <
0.01]. Interestingly, there were no other significant main
effects for N170 amplitude, that is, the apparent difference
in N170 amplitude across hemisphere (Fig. 4b) was not
significant [F(1, 7) = 1.96, P > 0.05], nor were there
differences as a function of facial image type [F(1, 7) =
1.32, P > 0.05]. There was also no difference between
N170 amplitude at the two electrode sites within each hemi-
sphere [F(1, 7) = 1.38, P > 0.05]. No significant main
effects were observed in an analogous repeated-measures
ANOVA for N170 latency [Condition: F(1,7) = 0.17, P >
0.05; Stimulus Type: F(1, 7) = 0.06, P > 0.05; Hemi-

Table 1
Group mean N170 peak amplitude values and their standard errors as a function of condition and electrode
STIM T5 T501 T6 T602

Peak amplitude SE Peak amplitude SE Peak amplitude SE Peak amplitude SE
REAL FACE —2.09 0.54 —3.28 0.90 —3.15 0.48 —3.36 0.75
LINE FACE —2.67 0.34 —3.02 0.68 —3.24 1.15 —3.29 0.53
REAL CNTL —1.10 0.39 —0.99 0.40 —1.55 0.58 —1.63 0.65
LINE CNTL —1.86 0.54 —2.42 0.61 —2.28 0.65 —2.41 0.50
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Fig. 2. Right hemisphere activation (data from three individual subjects depicted in three columns). (A) Sagittal slices showing the activation of both the right
STS and the FG (yellow voxels enclosed by white circle and white square, respectively). (B) Averaged single-cycle time courses from activated STS voxels.

(C) Average single-cycle time courses from activated FG voxels.

sphere: F(1,7) = 0.58, P > 0.05; Electrode: F(1,7) = 1.54,
P > 0.05].

To summarize the major finding of this study was that
human posterior temporal cortex responds to the movement
from facial displays independent of whether they are natural
facial images or impoverished representations devoid of
standard color and shading cues. Our fMRI data indicate
that the STS is the central locus for this neural activity. The
robust STS response elicited to the line-drawn facial motion

stimuli indicates that this region indeed integrates visual
form and motion information. Color and luminance/contrast
cues, however, do also contribute to the blood flow response
observed in this region, as indicated by significantly larger
fMRI percentage of signal changes to real face images
relative to line drawn faces in the FG. Both the fMRI and
ERP data suggest that bilateral temporal regions were in-
volved; however, the extent of the neural activity was larg-
est in the right hemisphere (Fig. 4b) and more subjects

Table 2
Group mean N170 peak latency values and their standard errors as a function of condition and electrode
STIM T5 T501 T6 T602

Peak latency SE Peak latency SE Peak latency SE Peak latency SE
REAL FACE 176 6 176 5 175 5 174 5
LINE FACE 167 7 168 8 179 7 174 6
REAL CNTL 171 8 171 8 168 7 167 6
LINE CNTL 182 7 181 7 167 3 168 3
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Fig. 4. Group-averaged ERP data from eight subjects. (a) ERP waveforms
from left (T5) and right (T6) temporal sites as a function of stimulus type.
Note that all stimulus conditions elicit an N170 ERP. N170s to both types
of facial motion are larger than the N170s elicited to the motion controls.
Calibration markers apply to both ERP waveforms. Vertical black bar on
ERP waveforms denotes motion transition. (b) Topographic voltage maps
displaying neural activity occuring at the peak of the N170, as viewed in
a top-down view, for all four stimulus types. Maps to the two facial motion
stimuli are shown on the left half of the panel, whereas maps to control
motion stimuli appear on the right half of the panel. Faces elicit a substan-
tial focal negativity on the posterior temporal regions, which is also seen to
a lesser extent to the motion controls. A schematic nose appears at the top
of the map, and the left ear is displayed on the left side. Black dots
superimposed on maps denote electrode locations, as sampled by an elec-
tromagnetic electrode digitizer (Polhemus Fastrak). Calibration scale at
right applies to all maps.

showed right-sided fMRI activation in the STS. Our scalp
electrophysiological recordings in the same subjects indi-
cate that this bitemporal activity peaks at around 170 ms
postmotion onset.

Previous ERPs elicited to static isolated faces appear to
have two generator sources, as indicated by intracranial

recordings made from the surface of temporo-occipital cor-
tex (e.g., Allison et al., 1999; McCarthy et al., 1999; Puce et
al., 1999). One generator lies on the FG and would produce
an effective dipole that would point downward into the
neck. This would be consistent with a scalp positive going
ERP around the vertex at around 170 ms poststimulus onset
(Jeffreys, 1989) and minimal activity at the lateral temporal
scalp. The second generator lies on the lateral temporo-
occipital cortex (e.g., Allison et al., 1999; McCarthy et al.,
1999; Puce et al., 1999) and would most likely be seen as a
negative going peak at the temporal scalp (e.g., Bentin et al.,
1996). Hence, the bilateral temporal N170s reported in this
study would most likely be sampling activity from the
lateral temporal cortex and not the FG, although both re-
gions produced fMRI activity to the face stimuli. Since this
study’s focus was neural activity elicited to facial motion,
we did not include ERP activity recorded to the first stim-
ulus in each block in the overall ERP average, so eliminat-
ing any facial onset related ERP activity. This procedure
would have also minimized any positive activity seen at the
vertex at around the same latency. The N170s elicited to
mouth motion from real face images and line-drawn faces in
the present study were similar to those elicited to viewing
mouth or eye movements presented on natural face images
(Puce et al., 2000).

The STS activation seen in this study in response to
facial motion, and not motion in general, replicates results
from a previous fMRI study (Puce et al., 1998). In the
previous study MT/V5 was nonspecifically activated by the
motion controls, as well as facial motion. The experimental
design in the present study focused specifically on the STS.
Given the previous study, we assumed that activation of
MT/VS5 would occur to all conditions and that the statistical
comparisons would highlight activity seen only to facial
motion. The ERP activity indicates significant neural activ-
ity occurred to both the facial motion and control conditions
at a similar latency, replicating an earlier ERP study (Puce
et al., 2000). Given our previous fMRI study (Puce et al.,
1998), it is likely that the ERP activity generated by the
motion controls may have come from MT/V5—effectively
a gyrus away from the facial motion responses in the STS.
ERP (and also magnetoencephalographic) recordings typi-
cally have poor spatial resolution relative to fMRI, with
sources of neural activity from two regions that are close to
one another, for example, STS and MT/VS5 being potentially
impossible to resolve (see Watanabe et al., 2001).

To our knowledge, this is the first study examining the
timing and location of neural activity elicited to both natural
human motion and line-drawn images of human motion,
and our data indicate that both motion types evoked re-
sponses in the same cortical region at around the same
latency.

We do not claim that the activation seen here is neces-
sarily specific to facial motion. Instead, this region of cortex
probably responds to motion of the human body in general,
as suggested by ERP studies using natural images of con-
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tinuous motion (Wheaton et al., 2001) and fMRI studies
using natural human motion stimuli (Beauchamp et al.,
2002), Johansson-like displays (Bonda et al., 1996; Gross-
man et al., 2000; Grossman and Blake 2001, Vaina et al.,
2001), as well as static natural images of implied body
motion (Kourtzi and Kanwisher, 2000; Downing et al.,
2001) (for reviews see Blakemore and Decety, 2001; Puce
and Perrett, 2003). Interestingly, fMRI activation to viewing
human motion relative to the motion of tools shows a
dorsal/ventral segregation, with human motion preferen-
tially activating STS cortex and the tool motion activating a
region centered on the middle temporal gyrus (MTG). More
importantly, when articulated versus nonarticulated human
motion was viewed this dorsal/ventral STS-MTG activation
gradient was also observed, suggesting that STS cortex
processes complex types of human motion, where the
spatial relationships between body parts is changing
(Beauchamp et al., 2002). Similarly, a comparison of non-
rigid versus rigid motion elicits differential activation in an
anterior—posterior gradient in the STS (Grezes et al., 2001).
However, the size of the activation in the STS has been
shown to be modulated by task requirements and the atten-
tion that the observer places on the “human” quality of the
motion (Vaina et al., 2001).

The STS, together with the orbitofrontal cortex and the
amygdala, are thought to make up a cortical network re-
sponsive to social stimuli (Allison et al., 2000; Baron-
Cohen, 1995; Brothers, 1997). The STS probably acts as a
high-level perceptual processor, sending vital information
to the other structures in the network, which enables them to
evaluate and interpret affective and social information. In-
deed, preliminary fMRI data indicate that activation in these
regions can occur when social meaning is gleaned from
stimuli that do not involve human (or animal) form (Weis-
berg and Martin, 2001; Castelli et al., 2000, 2002). Earlier
studies in monkeys have identified neurons within the STS,
in area STPa, that integrate form and motion (Oram and
Perrett, 1994, 1996). For example, neurons that responded
to walking motion represented by either natural images or
Johansson-like displays were observed (Oram and Perrett,
1994). No response was observed to inversion of the same
displays or to other types of motion. Additionally, neurons
in the amygdala have also been reported to respond to
complex body motion in a social context (Brothers et al.,
1990).

The STS/orbitofrontal/amygdala circuit is not the only
cortical network that is active during the interpretations of
the actions of others. The so-called mirror system (Rizzo-
latti et al., 2001) of the premotor cortex was first shown to
be selectively active in monkeys irrespective of whether
they observed acts of grasping or performed these acts
themselves (Gallese et al., 1996; Rizzolatti et al., 1996a).
Parallel activation in humans has also now been observed in
PET (Rizzolatti et al., 1996b), fMRI (Iacoboni et al., 1999),
and MEG (Nishitani and Hari, 2000) studies to both the
observation and imitation of grasping movements. The ac-

tivation is usually centered close to or on Broca’s area.
Interestingly, scalp ERP recordings have indicated that ob-
servation of not only hand movements but also movements
of the body produces neural activity from centrofrontal
regions (Wheaton et al., 2001).

In sum, there appear to be multiple cortical networks in
the primate brain that are specialized for the processing of
the actions of others. One network, involving the STS (mon-
key STPa), orbitofrontal cortex, and amygdala might be
biased more toward processing social and affective infor-
mation from the actions of other primates. The other net-
work, centered on the prefrontal cortex (monkey F5) might
be biased for the interpretation of actions, including object
manipulation of other primates and includes responses to
actions such as grasping behaviors of the hand and mouth.
Other behaviors, based on the interpretation of potential
threats, may well activate more than one of these networks.
What is still unknown is how these systems relate to one
another and what if any other structures are involved in
monitoring or coordinating their activity.
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