NEUROPSYCHOLOGIA

S Sles
ELSEVIER Neuropsychologia 42 (2004) 1435-1446

www elsevier.com/locate/neuropsychologia

A region of right posterior superior temporal sulcus responds
to observed intentional actions

R. Saxé*, D.-K. Xiao®, G. Kovac$, D. I. Perretf, N. Kanwishef*?

aBCS, MIT, 3 Cambridge Center, 77 Massachussetts Avenue NE20-464 Cambridge, MA 02139 USA
b MIBR, MIT, Cambridge, MA USA
¢ Department of Psychology, S. Andrews University, Scotland, UK

Received 24 December 2003; received in revised form 19 April 2004 ; accepted 21 April 2004

Abstract

Human adults and infants identify the actions of another agent based not only on its intrinsic perceptual features, but critically on the
contingent relationship between its motion path and the environmental context [Trends Cogn. Sci. 7 (1995) 287; Cognition 72 (2003)
237]. Functional neuroimaging studies of the perception of agents and intentional actions, on the other hand, have mostly focussed on the
perception of intrinsic cues to agency, like a face or articulated body motion (e.g. [J. Neurosci. 17 (1997) 4302; Neuroimage 8 (1998) 221;
Trends Cogn. Sci. 4 (2000) 267; Nat. Neurosci. 3 (2000) 80; Neuroimage 13 (2001) 775; Proc. Natl. Acad. Sci. U.S.A. 98 (2001) 11656;
Neuron 35 (2002) 1167; Neuron 34 (2002) 149, Neuroscience 15 (2003) 991; J. Neurosci. 23 (2003) 6819; Philos. Trans. R Soc. Lond.
B. Biol. Sci. 358 (2003) 435]. Here we describe a region of the right posterior superior temporal sulcus that is sensitive not to articulated
body motion per se, but to the relationship between the observed motion and the structure of the surrounding environment. From this and
other aspects of the region’s response, we hypothesize that this region is involved in the representation of observed intentional actions.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction Neuroimaging studies have tried to characterise the neu-
ral substrate for representing human action. Many of these
Both adults and infants can perceive complex social in- studies have followed a different tradition in psychophysics
teractions, including emotions, goals, and personality traits, and developmental psychology of investigating the percep-
in the motions of simple geometrical shapeseider & tion of “biological motion” —that is, the characteristic articu-
Simmel, 1944 However, motion cues alone are poor predic- lated motion of chordate animal bodies (&/gina, Solomon,
tors of such perceived agency. In particular, so-called “viola- Chowdhury, Sinha, & Belliveau, 200Grossman & Blake,
tions of Newtonian mechanics”, such as a spontaneous start2002 Beauchamp, Lee, Haxby, & Martin, 200Relphrey,
stop, or change in acceleration, receive intentional explana-Mitchell, McKeown, Goldstein, Allison, & McCarthy, 2003
tions from fewer than half of observer&é€lman, Durgin, & or body and face parts (elgoffman & Haxby, 2000Hooker
Kaufman, 1995 see alsoTremoulet & Feldman, 2000 et al. 2003; Kilts et al. 200Felphrey et al., 20Q3Biologi-
Rather, subjects ascribe agenthood if the motion is contin- cal motion can also be perceived from the relative motion of
gent on the environment (e.g. apparently avoiding an ob- just a few dots (“point-light walkers”, Johansson, 1973); if
stacle) or on the motion of another object (e.g. two objects the dots are spatially or temporally rearranged, the percept
change acceleration [almost] simultaneously). Similarly, is destroyed. These neuroimaging studies suggest that one
9-month-old infants treat the inverted-U motion path of a brain region, the posterior superior temporal sulcus, is par-
circle as an intentional action (with the goal “to get to the ticularly involved in the representation of biological motion.
other side”) only if there is a block underneath the U; that  Two sets of recent neuroimaging data suggest that the
is, if the U-shaped path can be interpreted as the circle role of the posterior superior temporal sulcus (pSTS) may
“jumping over” an obstacle (Csibra et al., 1997). extend beyond a response to biological motion, to more ab-
stract representations of intentional action. FiGstelli,
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reported that a region of the pSTS showed a significantly pends particularly on the contingency between the agent’s
higher response to animations of moving geometric shapesmotion and the environment.
that depicted complex social interactions than to anima- To disentangle the role of the pSTS in representing the
tions depicting inanimate motion. Second, using movies intentional action of an agent from its response to biological
of human actors engaged in structured goal-directed ac-motion per se, we designed novel stimuli in which the visible
tions (e.g. cleaning the kitchenfacks, Braver, Sheridan, biological motion was exactly matched, but the observed ac-
Donaldson, Snyder, Ollinger, Buckner, & Raichle, (2001) tion varied. Subjects watched short movies in which a target
found that activity in the pSTS was enhanced when the agentperson traversed a room, passing behind a central occluding
switched from one action to another, suggesting that this object (e.g. bookcase). In the critical comparison, we varied
region encodes the goal-structure of actions. Both of thesehow long the person remained invisible (occluded): either
results are consistent with a role for a region of pSTS cor- the person re-emerged immediately (Short Occlusion), with
tex in representing intentional action, and not just biological apparently no chance in velocity, or else the person remained
motion. hidden for a few seconds before re-emerging (Long Occlu-
However, in all of these studies, a difference in the ob- sion). The visible biological motion was exactly matched
served intentional action corresponded to a substantial dif- (Fig. 1). However, in the Long Occlusion movies, the action
ference in the visible motion of the agent. The motion paths was different, in a way that was strongly contingent on the
of the geometric shapes in the Heider and Simmel—style an-local environmental context—the walking person stopped
imations were considerably more complex, and non-linear, just when he/she was behind the bookcase. (We consider
in the social interaction stimuli than in the control condi- two other interpretations of the difference between Long and
tion. Similarly, the boundaries between intentional actions Short Occlusion, both related to the perception of intentional
in the movies used b¥acks, Braver, Sheridan, Donaldson, action, inSection 3.
Snyder, Ollinger, Buckner, & Raichle, (200dyrrespond to To foreshadow our results, a region of right posterior STS
changes in the biological motion of the actor. Whé&ski, produced a reliable increased BOLD response to the Long
Wohlischlager, Bekkering, Woods, Dubeau, Mazziotta, & (versus Short) Occlusion of a walking person. In subsequent
lacoboni, (2002presented exactly the same biological (fin- manipulations, we further established that this differential
ger) motion either with a target dot or with no target dot, the activity did not reflect other differences between Long and
pSTS response was not higher in the goal-directed motion Short Occlusion movies, such as the extended presence of
condition. Finally, none of these studies tested whether thean occluded person or a break in a smooth motion. The same
response of the pSTS, like the percept of intentionality, de- region was also more strongly engaged by simple geometric

Long Occlusion

8 seconds

Fig. 1. Experiment 1: Schematic illustration of a movie from each of the two critical conditions, ‘Short Occlusion’, and ‘Long Occlusion’. In e&@ch mov

a person walked across the scene, passing behind a large bookcase. Movies in the ‘Short Occlusion’ and ‘Long Occlusion’ conditions were constructe
from identical movie fragments. The five components of each movie are illustrated: (1) an empty room before the actor emerged, (2) the actor walked
to the bookcase, (3) an empty room while the actor was occluded, (4) the actor walked from the bookcase to offstage, and (5) the empty room again

‘Long Occlusion’ and ‘Short Occlusion’ movies differed only in the relative duration of the empty scene in (1) and (3). In Short Occlusion movies,

the room was empty only briefly while the actor passed behind the bookcase. The actor appeared not to stop at all behind the bookcase. In the Lon
Occlusion movies, the occlusion was extended in time (the actor appeared to stop), and the duration of the empty room at the start of the movie wa:

brief. Each movie lasted 8s; three movies from the same condition presented consecutively made up each block.
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animations depicting goal-directed action than by control editing the Short Occlusion movies, so that the observed

animations. We therefore hypothesised that this human brainbiological motion in these two conditions (Short and Long

region is involved in the perception of agents’ intentional Occlusion) was identical.

actions. Movies were presented in blocks of three movies from a
single condition, producing blocks of 24.0 s. Each run lasted
464 s and contained four blocks of each condition, and five

2. Experiment 1 periods of fixation lasting 16.0 s. The order of conditions was
counterbalanced within and across runs. Subjects viewed
21. Methods 2-5 runs of these stimuli. Each movie appeared between one

and three times over the course of the experiment.

Subjects were instructed to press a button when the actor
first appeared on the stage, and when the actor left the stage,
in each movie. These responses were monitored during the
scanning, to ensure that the subjects were awake and attend-
ing. However, due to technical limitations of QT. mex, the
timing of the responses could not be recorded for off-line
analysis.

2.1.1. Participants

Sixteen healthy right-handed adults volunteered or partic-
ipated in this study for payment. All subjects (Experiments
1-4) had normal or corrected to normal vision and gave in-
formed consent to participate in the study.

2.1.2. Equipment
Subjects were scanned in the Siemens 1.5T scanner a .
the MGH-NMR center in Charlestown, MA, using a head E'1'4' FMRI data analysis

coil. Standard echoplanar imaging procedures were used. MRI data were analysed using SPM ggtp:/www. il
(TR = 25, TE= 30ms, flip angle 90). Twenty 5mm thick ion.ucl.ag.uk/spm/spm99.htjrand in-house software. Each

axial slices covered the whole brain, excluding the cerebel- subject’s data were motion corrected and then normalized
lum. onto a common brain space (the MNI template). Date were

then smoothed using a Gaussian filter (full width half maxi-
mum = 8 mm), and high-pass filtered during analysis. Every
experiment used a blocked design, and was modelled using

using the Matlab PsychToolb®%>® in Quicktime format a bo>_<c_:ar regressor. Thus, the reported response to a given
condition was the average response across a whole block of

(QT. mex, 30 frames per second). Each movie began with that dition (th ° .
an empty room, containing a large bookcase. Then, a human at condition (three consecu ve movies).
We carried out a whole brain random-effect analysis (

actor or target object crossed the room, from one side to 0.0001 ted). for tw : - No Occlusi
the other (left to right in 50% of movies) leaving the room D uncorrecte ), for VO comparisons. Ivo cciusion
versus Short Occlusion movies, and Short Occlusion versus

empty once agairFg. 1. . )
Subjects saw 18 movies from each of three conditions Lo_ng Occlu_3|on MOVIES. Further analyses were con_ducted
using a region of interest (ROI) approach. The region of

seeTable J). A fourth condition was not analysed here). No . . L2
( ) y ) interest was defined as all voxels that showed a significantly

Occlusion movies began with 4 s of the empty room. Then . . . .
an actor emerged, walked across the room for 3.5s passing{mgher response during Long than Short Occlusion movies
' ' P < 0.0001 uncorrected).

in front of the bookcase, and then leaving the room empty - .
. : : Within the ROI, the average percent signal change (PSC)
for the final 0.5s of the movie. The long period of empty relative to fixation baseline (PSC = 160raw BOLD mag-

room was placed at the beginning of the trial (rather than . o .

at the end) to ensure that subjects remained equally vigilant?'tutqe . (condlltlc:nt— (;Df(atlon)/r:aw IZ?.LD magnltqde for

throughout the 8.0 s of movie in all three conditions. Short Ixation) was calcuratea for each condition (averaging across
all voxels in the ROI, all TRs in the block, and all blocks of

Occlusion movies used the same timing parameters as Noth dit Thi lculati ielded a singl d
Occlusion movies, except that the actor passed behind the e same condition). This calculation yielded a single gran

bookcase, rendering him/her very briefly invisible. Finally, average PSC value_ per ROI for each condition. These values
in the Long Occlusion movies, the room began empty for were then entered in a repeated measures ANOVA. Because

the data defining the ROIs were independent from the data

1s, and then the actor appeared and walked to behind the din th ted tatistics. T |
bookcase. Here the actor paused for 3 s, and then emergedJse In Ihe repealed measures statistics, Type 1 errors were

and walked off stage. These movies were created by digitally drastically reduced.

2.1.3. Materials
Stimuli consisted of 8.0 s long movies, presented in colour

Table 1

Summary of movie conditions from Experiment 1 3. Results and discussion

Conditi Target object M f moti Occlusi . . .

onditon arget objece anner of mofion celusion A single region, in right posterior superior temporal sulcus
No Occlusion Person Walking None (pSTS), showed a significantly higher BOLD response to
Short Occlusion  Person Walking Brief a simple walking motion when the target person stopped
Long Occlusion Person Walking Long

behind the bookcase (Long Occlusion > Short Occlusion
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SPM{T,c}

Fig. 2. Experiment 1: The pSTS-A. (a) Saggital slices show the group pSTS-A ROI overlaid on the anatomy of a single subject. The ROI was defined
as all voxels that responded more during Long Occlusion than Short Occlusion movies, in Experiment 1 (Random effectsnandl§siz,< 0.0001).
(b) Glass brain showing the same ROI. Slices covered the whole brain.

random effects = 16,P < 0.0001 uncorrected, peak voxel: the (much larger) entire STS, we will refer to this region as
[54-42 9],Z = 5.197,Fig. 2 the differential activity in this the pSTS-A (A for action).
region remained significanP(< 0.05) after a correction for The pSTS-A showed a robust response to the observed
multiple comparisons over the whole brainyoxels in this action—walking across the room—in all three conditions.
region were significantly more active during Long Occlusion An analysis of the BOLD time-course revealed no difference
compared to Short Occlusion movies in twelve out of sixteen in the pSTS-A response to Long, Short and No Occlusion
individual subjectsP < 0.0001 uncorrected in each). There conditions during the portion of the display when the ac-
was no significant difference in the response of the pSTS tor was visible, walking Fig. 3g. The enhancement of the
region, or of any other region, to a walking person who was response in Long Occlusion movies occurred in the period
briefly occluded (Short Occlusion) versus never occluded when no person was visible on the screen (interaddion
(No Occlusion), suggesting that this pSTS region does not 0.001, repeated measures ANOMA= 16, Fig. 33. In the
respond to the occlusion itself (@Baker, Keysers, Jellema, No Occlusion and Short Occlusion conditions, each movie
Wicker, & Perrett, 200)L For convenience of exposition, and began with a long pause before the target person entered the
to distinguish the current functional region of interest from room. In these periods, with no person present, the response

of the pSTS-A droppedHig. 3k note the pronounced dips

in the response to these two conditions). In the Long Oc-
"1 Lesion studies have implicated parietal cortex, rather than superior ClUSION movies, on the other hand, during the corresponding
temporal cortex, in perception of (e.Gchenk & zihl, 1997 Sirigu, long period in each movie when a person was not visible
Daprati, Pradat-Diehl, Franck, & Jeannerod, 1988d reasoning about in the room, the person was still present, standing behind
(Godbout & Doyon, 199}5inter_1tionzf\l a(_:t_ion. Howevgr, lesion studies the bookcase. In this case, the response of the pSTS-A re-
have not yet f?cqssed.on patlgnts ability to perceive the §tructurg of mained high throughout the blockig. 3k note the rela-
another person’s intentional action. The current results predict that right . ) "
superior temporal damage should impair subjects’ ability to form, or at tVely flat profile of the response to this condition across three
least to revise, representations of others’ intentional actions. movies).
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Fig. 3. Experiment 1: Visible versus Invisible. Response of the pSTS-A (group ROI) for phases of each trial when the actor was visible, or invisible but
anticipated (n = 16). (a) The averaged response of the pSTS-A to the visible biological motion (walking, before being occluded) in the No Occlusion, Short
Occlusion and Long Occlusion movies did not differ. When the person was invisible, the pSTS-A responded significantly more to the occluded person
in the Long Occlusion movies than to the anticipated but not yet present person in the No Occlusion and Short Occlusion movies (both paired-samples
t-test P < 0.001; interaction of Visibility by Occlusion Duration P < 0.002, repeated measures ANOVA). Note that the visual displays were identical
across conditions, for both visible and invisible phases. Bars indicate standard error. (b) Time series of the BOLD response in the pSTS-A. Each block
consisted of three consecutive movies. In both Short Occlusion and No Occlusion conditions, the response is noticeably lower to the empty room at the
beginning of each movie, producing three troughs and three pronounced peaks in the response to the whole block. The response did not decrease when
the subject saw an empty room for an equal duration, if there was a person occluded in the room (i.e. the Long Occlusion condition).

The posterior STS response to intentional action did ap-
pear to be right lateralised. Whole brain analyses reveaed
no effects in the left STS, even at a lower threshold of P <
0.001. To confirm this laterality, we created an ROI in left
ST, the symmetric position in MNI coordinates ([—54 —42
9]) to that of the pSTS-A, with aradius of 6 mm. There was
no hint of an effect of Long versus Short Occlusion in this
left STS ROI.

4. Experiment 2
What does the increased response in the pSTS-A dur-

ing Long Occlusion movies reflect? Since the movies in the
Long Occlusion and Short Occlusion conditions were vi-

sually matched, the differential response of the pSTS-A to
these two conditions cannot be explained by low-level phys-
ical differences in the stimuli, nor by a categorical response
to biological motion or moving people. We hypothesised
that pSTS-A was involved in the representation of agency
(or intentional action). The pSTS-A may treat “ stopping be-
hind the bookcase” as an extra action in the Long Occlusion
movies. But there remained at |east two alternative features
of the Long Occlusion movies that could be responsible for
the pSTS-A response that we observed: (1) the extended
presence of an occluded person or (2) the break in a smooth
motion trgjectory. We addressed these possibilities in two
subsequent experiments.

Experiment 2 allowed usto replicate the results of Exper-
iment 1 in an independent group of subjects, and to further
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characterise the function of the pSTS-A. In Experiment 2,
we compared movies in which the intentional appearance of
the action was disrupted by having the target person glide
passively across the scene, with moviesto a person walking.
If the high response to the L ong Occlusion moviesin Exper-
iment 1 reflect aresponse to an intentional action, we would
predict no effect of occlusion duration for the gliding peo-
ple. On the other hand, if the pSTS-A responded to a break
in velocity or the presence of a person per se, then we pre-
dicted that the effect of occlusion for gliding people would
be equivalent to that for walking people. In fact, we had ini-
tially believed that the pSTS-A responded to the presence
of another person (a more abstract representation than the
visual appearance of a person), and designed Experiment 2
to test this hypothesis.

4.1. Methods

4.1.1. Participants
Fourteen new healthy right-handed adults participated in
this study.

4.1.2. Equipment
Asin Experiment 1.

4.1.3. Materials

Stimulus parameters were similar to those used in Exper-
iment 1. Subjects saw six moviesin each of eight conditions
(Table 2): No Occlusion movies were constructed as in the
No Occlusion condition above. Two sets of No Occlusion
movies were included to decrease the overall proportion of
movies containing an occlusion event. Walk Long Occlusion
and Walk Short Occlusion were designed to match the Long
Occlusion and Short Occlusion conditions of Experiment
1, respectively. However, these movies used dightly lower
velocities and different actors than original movies, to test
the generality of brain response beyond a particular set of
stimuli.

In the Glide Short Occlusion movies, a still cut-out of
the actor in profile, facing the direction of maotion, moved
smoothly across the room with the same velocity and timing
asthewalking actor in the Walk Short Occlusion movies, and
undergoing apparent occlusion (gradual occlusion and accre-
tion) at the bookcase edges. Glide Long Occlusion movies

Table 2

Summary of movie conditions from Experiment 2

Condition Target object Manner of  Occlusion
motion

No Occlusion (2x) Person Walking None

Walk Short Occlusion Person
Walk Long Occlusion Person

Walking Brief
Walking Long

Glide Short Occlusion Person Gliding Brief
Glide Long Occlusion Person Gliding Long
Object Short Occlusion  Inanimate Object  Gliding Brief
Object Long Occlusion  Inanimate Object  Gliding Long

were created to match the timing parameters of the Walk
Long Occlusion condition, with the same gliding motion.
Finally Object Short Occlusion and Object Long Occlusion
movies were created, as in the Glide movies, but replacing
the cut-out of a person with a non-human object of similar
aspect ratio to the human targets.

Each movie appeared once in each run; each subject saw
two runs of these stimuli. The blocked design used the same
parameters as in Experiment 1. Subjects were instructed to
press a button when the target actor/object first appeared on
the stage, and when the target reappeared from occlusion (a
dight variation from the task in Experiment 1). Thistask was
designed to demand similar spatia attention to the empty
room, at the beginning of the Short occlusion movies, and
in the middle of the Long occlusion movies, since in each
case the subject would be monitoring in order to make a
response.

4.1.4. FMRI data analysis

Was conducted asin Experiment 1. We carried out awhole
brain random-effect analysis (P < 0.0001 uncorrected) for
Walk Long Occlusion versus Walk Short Occlusion. For
consistency, all other analyses used the same independent
group ROI used in Experiment 1.

5. Results and discussion

We replicated the basic finding of the pSTS-A in asecond
group of 14 subjects with new stimuli. The BOLD response
in the pSTS-A was higher to Walk Long Occlusion (aver-
age percent signal change from fixation (PSC) =0.33), than
to Walk Short Occlusion movies (PSC: 0.22, P < 0.005,

0.4
OShort
ELong
0.3
]
[=2)
c
: |
<
o
= 0.2 1 l —
c
=y
(%]
K
0.1 1+ —
0

Walk Glide No Occlusion

Fig. 4. Experiment 2: Walking versus Gliding. Percent signal change from
fixation of the pSTS-A (independent group ROl from Experiment 1), to
five new conditions in Experiment 2 (n = 14). Dark bars indicate a long
occlusion; light grey bars indicate an uninterrupted walking path (short or
no occlusion). Two different motions were observed: Walking and Gliding
people (static cut-out human bodies moving passively across the room).
The pSTS-A response was significantly higher for the Long occlusion
only for Walking people (P < 0.005, interaction between motion (Walk
versus Glide) and occlusion duration (Long versus Short) P < 0.05). Bars
indicate standard error.
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STIMULUS LONG > SHORT
OCCLUSION

Person walking YES

Person gliding NO

Person - NO
observer motion

Object gliding NO

Plant - observer NO

motion

Fig. 5. Experiments 1-3: Summary of conditions. The pSTS-A responded significantly more to the Long than Short occlusion movies for walking people
in all three groups of subjects. The pSTS-A did not respond more to the Long Occlusion of gliding people or objects (Experiment 2) or the observer

motion of people or plants (Experiment 3).

paired samples t-test, Fig. 4). The results of the first experi-
ment were also independently confirmed by an independent
whole brain analysis of the activity in the second group of
subjects (Random Effects n = 14, P < 0.0001 uncorrected,
local maximum: [51 —42 18], Z = 6.01).

Long Occlusion movies with both Walking and Gliding
people contained the same break in a smooth motion path,
and an occluded person of equal duration. In spite of these
similarities, the pSTS-A did not distinguish between Glide
Long (PSC: 0.25) and Glide Short Occlusion movies (0.26; P
> 0.5, paired-samplest-test, Figs. 4 and 5). Theinteractionin
PSTS-A response between occlusion duration (Long versus
Short) and motion type (Walk versus Glide) in a repeated
measures ANOVA was significant (P < 0.05). The absence
of any occlusion effect for the gliding people suggests that
the occlusion effect observed for walking people did not

reflect a response to any break in a smooth motion path,
or the extended duration that a person was present in the
scene. The pSTS-A did respond significantly more to the
gliding people than to the gliding objects (repeated measures
ANOVA, main effect of Person > Object, P < 0.05), but there
was not a significant effect of Long versus Short Occlusion
for the gliding objects (Fig. 6). Still, the gliding stimuli are
very unnatural-looking, so we aso included another more
naturalistic control condition in Experiment 3.

6. Experiment 3

The advantage of the gliding motion used in Experiment
2 was that the stimulus was visually similar to the origi-
nal movies showing walking people. The disadvantage of
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pSTS-A response to non-human

objects
O Short
0.3 1 .
- Occlusion
0.25 T HLong
Occlusion
0.2 — 4+ —F
0.15
0.1 B
0.05
0 T
Object Gliding Plant O.M.
(Exp. 2) (Exp. 3)

Fig. 6. Non-human objects (Experiments 2 and 3). The response of
the pSTS-A to Long Occlusion was not significantly higher than the
response to Short Occlusion in either of the pairs of conditions us-
ing non-human objects. In the Object Glide conditions, Long Occlusion
elicited a non-significantly higher response than the Short Occlusion (p
=0.1), while in the Observer Motion conditions, the direction of the trend
was reversed. Plant O.M.: Plant Observer Motion. Bars indicate standard
error.

the gliding motion was that it looked unnatural. Therefore,
we tested the occlusion effect for both people and inani-
mate objects in a third set of stimuli. In Experiment 3, we
measured the response of the pSTS-A to natural passive
occlusion events produced by apparent observer motion
(i.e. the camera panned across the scene with a central
occluding panel attached, like the view from a train win-
dow with a center divider, as the train drives out of the
station). The person remained completely stationary within
higher environment throughout. In Observer Motion Short
Occlusion movies, the camera was still at the beginning
of the movie, and then panned continuously across the
person. In the Observer Motion Long Occlusion movies,
the camera panned until the person was completely oc-
cluded, and then paused. Again, if the pSTS-A response
reflected a break in visible motion or the extended pres-
ence of a person, then we predicted that the Long Oc-
clusion effect for the Observer Motion condition should
be equivalent to that observed for the walking people in
Experiments 1 and 2. If, on the other hand, the pSTS-A
responded to an intentional action of “stopping behind the
bookcase’, then we predicted no increase in the response
for Long versus Short Occlusion in the Observer Motion
movies.

Also, in Experiment 3, we sought to discriminate the
pSTS-A from brain regions that respond simply to the visual
appearance of a person, such as the nearby extrastriate body
area (EBA, Downing, Jiang, Shuman, & Kanwisher, 2001).

6.1. Methods
6.1.1. Participants

Twelve new healthy right-handed adults participated in
this study.

Table 3
Summary of movie conditions from Experiment 3

Condition Target  Manner of motion  Occlusion
object

New Walk Short Occlusion  Person  Walking Brief

Observer Motion Short Person  Observer Motion  Brief
Occlusion

Observer Motion Long Person  Observer Motion ~ Long
Occlusion

Plant Short Occlusion Plant Observer Motion ~ Brief

Plant Long Occlusion Plant Observer Motion ~ Long

6.1.2. Equipment
Asin Experiment 1.

6.1.3. Materials

Stimulus parameters were similar to those used in Exper-
iment 1. Subjects saw 8 movies in each of five conditions
(Table 3). In these movies, the scenes themselves did not
include an occluding object. Instead, throughout all of the
stimuli a black panel (1/4 the width of the movie) blocked
the subject’s view of the centre of the scene, like a frame
running down the centre of atrain window. In Observer Mo-
tion Short Occlusion and Observer Motion Long Occlusion
movies, the target was a person standing still, facing the
camera. At the start of the film, the camera pointed off to one
side (50% left, 50% right), showing an empty scene. Then,
the camera panned past the target person so that the person
moved smoothly across the screen but remained visibly sta-
tionary with respect to his’/her environment. The mation of
the camera paused at the centre of the scene, occluding the
target, for 0.5s (Short Occlusion) or 3s (Long Occlusion).
Plant Short Occlusion and Plant Long Occlusion were ex-
actly matched to Observer Motion Short and Long movies,
except that the person was replaced by a potted plant with
approximately the same aspect ratio. Plants were chosen be-
cause they are familiar and definitely inanimate. We also in-
cluded matched New Walk Short Occlusion movies, in order
to establish the magnitude of response to intentional action
in these subjects.

Movies were presented in blocks of three movies from a
single condition, producing blocks of 24.0s. The run lasted
368s and contained two blocks of each condition, inter-
leaved with five periods of fixation lasting 16.0s. The order
of conditions was counterbalanced within and across runs.
Subjects were instructed as in group 2, except that a brief
asterisk at the start of each movie cued the subject to the
side of appearance of the target, to further reduce confounds
with spatial attention.

Then, in two separate runs subjects in Experiment 3 saw
the Long Occlusion and Short Occlusion movies from group
1. These movieswere presented in alternating blocks of three
movies from a single condition, interleaved with a fixation
of 16.0s. Each run lasted 228s. Eleven subjects saw two
runs of these stimuli; for one subject, the session had to be
terminated before these runs.
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6.1.4. FMRI data analysis

All ROI analyses used the same independent group ROI
asin Experiments 1 and 2. We also carried out awhole brain
random-effect analysis (P < 0.0001 uncorrected) for Person
Observer Motion versus Plant Observer Motion.

7. Results and discussion

Theincreased response of the pSTS-A to the Long Occlu-
sion of walking people was replicated in the new subjectsin
Experiment 3 (Long Occlusion PSC: 0.27; Short Occlusion
PSC: 0.22, P < 0.04, paired-samplest-test, n = 11). Aswith
the gliding people, the pSTS ROI did not respond more to
long than short occlusion events caused by camera motion
(Observer Motion Long Occlusion PSC: 0.26, P > 0.5, Ob-
server Mation Short Occlusion PSC: 0.25 paired-samples
t-test, n = 12, see also Fig. 5). The pSTS-A also did not re-
spond more to the Long Occlusion than to the Short Occlu-
sion of a Plant, in the Observer Motion condition (Fig. 6).

There was no main effect of Person > Plant in the Ob-
server Motion condition, when the target (person or plant)
was stationary with respect to its environment. A different
response profile would be expected in the EBA (Downing,
Jiang, Shuman, & Kanwisher, 2001), which responds to the
visual appearance of a human body, whether moving or sta-
tionary, and indeed a different cluster of voxelsin the vicin-
ity of the EBA in right extrastriate cortex (peak: [57 —60
15]) was significantly more active (Random Effects analy-
sis, n = 12, P < 0.0001 uncorrected) in the Observer Mo-
tion Short Occlusion condition for a stationary person (PSC:
0.25) than a stationary plant (PSC: 0.12). These conditions
did not differ in the pSTS-A (repeated measures ANOVA
interaction of Target [Person > Plant] by Region [putative
EBA versus pSTS-A] P < 0.006). Thus, the EBA appearsto
make a categorical discrimination between people and inan-
imate objects for both moving and stationary stimuli, while
the pSTS region does so only for moving stimuli.

8. General discussion

We identified a region of human right pSTS that appears
to be involved in the representation of intentional action, re-
ferred to here as the pSTS-A (group peak from the current
study: [54 —42 9]). In three groups of subjects, the response
of the pSTS-A to the same visible mation increased signifi-
cantly, if aperson observed walking across a room appeared
to stop for a few seconds behind an occluding object (the
Long Occlusion condition). The differential response to the
Long Occlusion condition was eliminated when the percep-
tion of intentional action was disrupted (Fig. 5). We aso
found that the pSTS-A response was higher for amoving hu-
man body than for a moving object, but did not distinguish
between bodies and objects when the target was stationary
with respect to its own environment. This response profileis

consistent with arole for the pSTS-A in the representation
of the observed actions of other agents.

To check our hypothesis, in a separate group of subjects
(Saxe, 2004) we used a direct comparison of goal-directed
versus non-goal-directed motion, using animations of
two-dimensional geometric shapes. In the “goal directed”
motion condition, one shape appeared to be an actor mov-
ing other inanimate objects to achieve a ssmple goa (e.g.
putting aball in abox). Inthe“rotation” condition, adisplay
of the same shapes underwent fast rigid rotation, chang-
ing direction of rotation unpredictably. Consistent with our
prediction, the pSTS-A responded robustly to goal-directed
motion (PSC: 0.88) compared with rotation (PSC: 0.25,
repeated measures t-test P < 0.002, n = 8, 3T). Converging
results from the tightly matched conditions in Experiments
1-3, and the robust though imprecise effect in the anima-
tions (Saxe, 2004) led us to conclude that the pSTS-A is
indeed involved in the representation of intentional action.

Next we consider aternative accounts of the pSTS-A.

8.1. Biological motion

Brain regionsin the posterior superior temporal sulcus are
most commonly implicated in the perception of biological
motion (Vainaet a., 2001; Grossman & Blake, 2001, 2002;
Beauchamp, Lee, Haxby, & Martin, 2002, 2003; Pelphrey
et al., 2003). Did the pSTS-A response reported here simply
reflect the perception of the characteristic articulated motion
of human and chordate animal bodies?

We found no evidence that the pSTS-A responded prefer-
entially to articulated body motion. First, the Long and Short
Occlusion movies, the contrast used to defined the pSTS-A
above, differed only in the duration of an invisible cessa-
tion of motion: the visible biological motion wasidentical in
these two conditions. Second, the pSTS-A responded more
to the samerigid gliding motion (with no articulation) if the
target object was aperson, thanif it was an object. Third, an-
imations of rigid geometric (non-human) objects licited a
high response in the pSTS-A, only when these motions con-
stituted goal-directed actions. Previousreportsthat the pSTS
isinvolved in the perception of articulated biological motion
may be reconciled with our findings in one of two ways: (1)
the current results apply to aparticular region of interest, the
pSTS-A, and are consistent with the claim that a different
(perhaps more anterior) region of the pSTS has a particular
role in the representation of articulated biological motion;
but (2) many of the previous contrasts used to study biolog-
ical motion perception aso included an intentional action
in the experimental condition (e.g. point-light or full-body
walking, kicking and jumping) and no intentional action in
the control condition (e.g. scrambled point-lights, tool mo-
tion, Vaina et al., 2001; Beauchamp et a., 2002; Grossman
& Blake, 2002). Therefore, some of the differential response
to biological motion observed in the pSTSin previous stud-
ies may actually reflect the perception of intentional action,
and not just of articulated body motion.
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8.2. Unexpected target detection

The second aternative hypothesis that must be addressed
is that the pSTS-A is involved in detecting unexpected tar-
gets. According to this hypothesis, in the Long Occlusion
movies the pSTS-A responded simply to the unexpected ap-
pearance (or non-reappearance) of the target person from
behind the bookcase. Prior reports indicate that the response
of anearby region in the right temporo-parietal junction in-
creases following detection of simple geometric targets, es-
pecially when spatially or temporally unpredicted (e.g. the
‘invalid’ trialsin a standard Posner spatial cueing paradigm,
Posner & Walker, 1984; Corbetta, Kincade, & Shulman,
2000). The anatomical vicinity of regionsinvolved in social
cognition and target detection may reflect a true functional
relationship (Ledlie, 2000), and will be investigated in future
work.

However, it is already clear that a simple response to an
unexpected target cannot account for the full profile of re-
sponse in the pSTS-A. Firgt, in four sets of control condi-
tions there was no increased response in the pSTS-A when
a target object made an unexpected stop and reappearance.
This was true even in the relatively natural and familiar
Person Observer Motion control condition. The unexpected
stop was significant only when it was perceived as part of
an intentional action. Second, the pSTS-A showed a higher
response to a person walking across a room than to a sta-
tionary person with a camera pan (observer motion), neither
of which involved an unexpected event. Third, the pSTS-A
responded more to gliding people than to gliding objects,
when the trajectories of the targets were identical. These
latter two patterns are consistent with a role in analysis of
human action, but are not predicted by a response to an un-
expected target per se.

8.3. Theory of mind

A final aternative hypothesisis that the pSTS-A was en-
gaged when subjects reasoned about the mental states that
caused the observed action; that is, when the subject consid-
ered what the actor wanted and believed that made him/her
stop behind the bookcase. Previous studies have found that
aregion in the nearby temporo-parietal junction is more ac-
tive when subjects read stories that involved a character’s
mental states, than stories about physical transformations
(e.g. Fletcher, Happe, Frith, Baker, Dolan, Frackowiak, &
Frith, 1995; Gallagher, Happe, Brunswick, Fletcher, Frith,
& Frith, 2000; Saxe & Kanwisher, 2003). This is an un-
likely explanation of the pSTS-A, though. Saxe, Perrett, &
Kanwisher (in preparation) found that the pSTS-A was func-
tionally and anatomically distinct from the TPJ region, and
did not respond at all when subjects read stories that dlicit
mental-state attribution.

In al, the pSTS-A appears to be involved in constructing
abstract visual descriptions of another agent’ sintentional ac-
tions. The Long Occlusion movies €licit an enhanced and

extended response in the pSTS-A compared with the Short
Occlusion movies that cannot be explained in terms of bi-
ological motion perception, or unexpected target detection,
or the known presence of a person, per se. Nevertheless, at
least three distinct interpretations of this result are possible,
each consistent with a role for the pSTS-A in the represen-
tation of agents' actions.

First, in the Long Occlusion movies, the walk-stop-walk
action was aligned with the structure of the environment.
Results from both adult psychophysics (e.g. Gelman et al.,
1995; Durgin & Kaufman, 1995; Tremoulet & Feldman,
2000) and developmental psychology (Gergely & Csibra,
2003) suggest that the contingent relationship between the
pattern of motion and the environmental context is a partic-
ularly important perceptual cue for perceiving an agent or
an intentional action. For instance, a dot that travels across
a screen in a V-shaped path, changing direction and speed
only once, is more likely to be perceived as an agent if
the change of direction appears contingent on the structure
of the environment—e.g. as if the dot changed direction to
avoid an obstacle. Similarly, in the Long Occlusion movie,
a single change in the motion path (stopping) is correlated
with the structure of the environment (the bookcase). The
presence of this extra cue to intentional action may account
for the enhanced response of the pSTS-A during the Long
Occlusion movies.

A second possibility is that the pSTS-A is involved in
representing the goal-structure of observed actions (Zacks,
Braver, Sheridan, Donaldson, Snyder, Ollinger, Buckner, &
Raichle, 2001). When subjects watched a movie of a se-
guence of actions, Zacks et a. found that the response of a
region in the pSTS increased at the junctions between ac-
tion components; i.e. when the target had completed one
sub-goal. The Long Occlusion moviesinclude ajunction be-
tween two action components (i.e. walking to the bookcase,
and then walking out of the room), while the Short Occlu-
sion movies include only a single goal (i.e. walking across
the room). The more complex goal structure of the Long Oc-
clusion movies would also explain the increased response of
the pSTS-A in this condition. Note though that this response
to action structure is selective: it does not apply to motions
of inanimate objects, or even to passively gliding people.

Finally, the pSTS-A may have been recruited for revision
of the original action representation, when the action did not
unfold as expected. At the beginning of the Long Occlusion
movies, the target person did not slow down as he/she ap-
proached the bookcase, or look towards the bookcase. These
behaviours are consistent with walking straight across the
room, and are incongruent with a stop behind the bookcase.
When the person did in fact stop, subjects may therefore have
had to revise their action prediction/expectation. Consistent
with this hypothesis for the pSTS-A, Pelphrey et al. (2003)
reported that when subjects saw a person look left immedi-
ately after the presentation of agrating on the person’ sright,
the response of aregion of right pSTS was enhanced and ex-
tended, relative to the response of the same region to more
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predictable gaze shifts (towards the grating, or after a con-
Siderable delay). Also, Decety & Chaminade (2003) found a
higher response in a nearby region when an actor recounted
a negative personal experience using positive emotional fa-
cial and vocal expression compared with a congruent nega-
tive facial expression. Finally, Grezes, Frith, & Passingham
(2004) found that increased activation in superior temporal
sulcus when subjects watched an actor lifting a box that was
heavier than he or she expected. The authors suggest that
the actor may have made sudden postural adjustmentsto ac-
commodate the unexpected weight, and that the increased
STS response may reflect a corresponding adjustment in the
subjects’ action representation. In each of these three stud-
ies, and in our own, reformulation of expectations following
an unexpected or incongruent action may have extended ac-
tivity in a brain region involved in representing intentional
actions, the pSTS-A.

In the context of previous findings, the current results sug-
gest that sub-regions of the pSTS may play distinct roles
in the detection of agency and the representation of inten-
tional actions. At least one of these sub-regions, called here
the pSTS-A, appears to be involved in the representation of
agent’s intentional actions and not just their biological mo-
tions, perhaps including sensitivity to the contingent relation
between the action and the local environmental context.
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