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Grasping the Intentions of Others: The Perceived
Intentionality of an Action Influences Activity in the
Superior Temporal Sulcus during Social Perception

Kevin A. Pelphrey"?, James P. Morris', and Gregory McCarthy"'?>

Abstract

W An explication of the neural substrates for social perception
is an important component in the emerging field of social
cognitive neuroscience and is relevant to the field of cogni-
tive neuroscience as a whole. Prior studies from our laboratory
have demonstrated that passive viewing of biological motion
(Pelphrey, Mitchell, et al., 2003; Puce et al., 1998) activates the
posterior superior temporal sulcus (STS) region. Furthermore,
recent evidence has shown that the perceived context of
observed gaze shifts (Pelphrey, Singerman, et al., 2003; Pelphrey
et al., 2004) modulates STS activity. Here, using event-related
functional magnetic resonance imaging at 4 T, we investigated
brain activity in response to passive viewing of goal- and non-
goal-directed reaching-to-grasp movements. Participants
viewed an animated character making reaching-to-grasp move-
ments either toward (correct) or away (incorrect) from a
blinking dial. Both conditions evoked significant posterior STS

INTRODUCTION

The term social cognition refers to our abilities to
recognize, manipulate, and behave with respect to so-
cially relevant information, including the ability to con-
struct representations of relations between self and
others and to use those representations flexibly to
guide our own actions and to predict and interpret
others’ actions (Adolphs, 2003). Different disciplines
emphasize different aspects of social cognition. For
example, in social psychology, social cognition de-
scribes a range of phenomena including reasoning,
stereotyping, and related topics (Kunda, 1999). In neu-
robiology, Brothers (1990) defines social cognition
more narrowly “as the human ability to perceive the
intentions and dispositions of others.” Definitions of
social cognition commonly link it to social behavior and
include concepts such as social perception, theory of
mind (the ability to make inferences about the mental
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activity that was strongly right lateralized. By examining the time
course of the blood oxygenation level-dependent response
from areas of activation, we observed a functional dissociation.
Incorrect trials evoked significantly greater activity in the STS
than did correct trials, while an area posterior and inferior to the
STS (likely corresponding to the MT/V5 complex) responded
equally to correct and incorrect movements. Parietal cortical
regions, including the superior parietal lobule and the anterior
intraparietal sulcus, also responded equally to correct and
incorrect movements, but showed evidence for differential
responding based on the hand and arm (left or right) of the
animated character used to make the reaching-to-grasp move-
ment. The results of this study further suggest that a region of
the right posterior STS is involved in analyzing the intentions of
other people’s actions and that activity in this region is sensitive
to the context of observed biological motions. Hl

states of others), and attributional style (the way one
tends to explain others’ behavior).

Cognitive neuroscientists are beginning to elucidate
the neural structures and circuits involved in human
social cognition and the social brain. Work within
our own laboratory has focused on the role of the
superior temporal sulcus (STS) region in social percep-
tion (Pelphrey, Mitchell, et al., 2003; Pelphrey, Singer-
man, Allison, & McCarthy, 2003; Pelphrey, Viola, &
McCarthy, 2004; Puce, Allison, Bentin, Gore, & Mc-
Carthy, 1998). As defined by Allison, Puce, and Mc-
Carthy (2000), social perception refers to the initial
stages of evaluating the social communicative intentions
of others by analysis of eye-gaze direction, facial ex-
pressions, body movements, and other types of biolog-
ical motion. An explication of the neural substrates for
social perception is an important component in the
emerging field of social cognitive neuroscience.

Contemporary thought suggests that the human pos-
terior STS region serves as a critical interface between the
dorsal and ventral visual streams, thus, supporting the
integration of object and spatial information (Karnath,
2001; Perrett et al., 1989). The functional organization of
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the STS region has been studied extensively in both
human and nonhuman primates. Employing single-cell
recordings, Perrett and his colleagues identified cells in
the macaque STS that selectively respond to cues from
head and gaze direction (Perrett et al., 1989; Perrett,
Smith, Potter, et al., 1985) as well as different kinds of
biological motion including observation of goal-directed
reaching-to-grasp action sequences (Perrett et al., 1989;
Perrett, Smith, Mistlin, et al., 1985). Functional neuro-
imaging work in humans has identified a region in the
posterior STS, which is thought to be the human homo-
logue for monkey STS (reviewed by Karnath, 2001).

It is now generally accepted that the human posterior
STS is involved in processing viewed biological motion
(e.g., Beauchamp, Lee, Haxby, & Martin, 2003; Pelphrey,
Mitchell, et al., 2003; Grossman & Blake, 2001, 2002;
Vaina, Solomon, Chowdhury, Sinha, & Belliveau, 2001;
Grezes et al., 2001; for reviews, see Allison et al., 2000;
Decety & Grezes, 1999; Bonda, Petrides, Ostry, & Evans,
1996). This region is functionally and anatomically dis-
tinct from the more posterior and inferior region MT or
V5 complex (MT/V5), which is more generally sensitive
to both nonbiological and biological motion (McCarthy
et al., 1995; Tootell et al., 1995; Watson et al., 1993; Zeki,
1991). In addition to its role in the perception of
biological motion, there is more recent evidence that
similar to the STS in the macaque, the posterior STS in
humans is involved in the analysis and interpretation of
the intentions of others’ goal-directed movements and
actions (e.g., Blakemore et al., 2003; Pelphrey, Singer-
man, et al., 2003; Pelphrey et al., 2004; for a review, see
Allison et al., 2000).

In an early functional magnetic resonance imaging
(fMRI) study, our laboratory first demonstrated the role
of the STS in eye-gaze processing (Puce et al., 1998).
Subsequently, we investigated the degree to which eye-
gaze-evoked activity in the STS is modulated by the
context of the perceived eye movement, that is, when
the gaze shift correctly or incorrectly acquires a visual
target. In that study, a strong effect of context was
observed in the right posterior STS in which observation
of gaze shifts away from the target evoked a hemody-
namic response (HDR) with extended duration and
greater amplitude compared to gaze shifts toward the
target (see Pelphrey, Singerman, et al., 2003: Figure 06).
Thus, we made the novel observation that the perceived
context or intentionality of a specific biological motion
influences activity in the human STS.

Since then, we have examined whether the STS par-
ticipates in the visual analysis of social information con-
veyed by gaze shifts in a more overtly social encounter—a
stranger walking toward and past the subject in a virtual
hallway. Subjects viewed an animated figure that walked
toward them and shifted his neutral gaze either toward
(mutual gaze) or away (averted gaze) from them. We
found that mutual gaze evoked greater activity in the
STS compared to averted gaze (Pelphrey et al., 2004,

Figure 3). We reasoned that if eye-gaze-related STS
activity reflects the operation of a simple eye-movement
detector (or more generally, a biological motion detec-
tor), the region should not respond differentially to
mutual and averted gaze or to target- versus non-target-
directed movements.

In summary, our work to date suggests that activity in
the STS evoked during observation and interpretation of
others’ eye movements is exquisitely sensitive to the
context within which those actions are embedded (i.e.,
approach vs. avoidance or goal- vs. non-goal-directed). It
is not yet clear whether this sensitivity extends beyond
eye gaze to other categories of biological motion such as
walking, reaching, or grasping movements.

Here, using event-related fMRI at 4 T, we investigated
brain activity in response to passive viewing of reaching-
to-grasp movements. Participants viewed an animated
male character making reaching movements either
toward (correct) or away (incorrect) from a blinking
dial. To ensure that activation differences were not sim-
ply due to motion per se, incorrect and correct trials
contained the same amount of motion. Based on pri-
or findings from our laboratory (Pelphrey et al., 2004;
Pelphrey, Mitchell, et al., 2003), we hypothesized that
the STS region would differentiate correct and incorrect
trials while other motion-sensitive regions (e.g., the MT/
V5 complex, parietal cortex) would respond equally to
our two conditions.

Correct

Incorrect

Figure 1. Experimental conditions. Both conditions began with the
dial flashing between light and dark blue for 1 sec. During correct
trials (right panels), the animated figure made a reaching-to-grasp
movement toward the blinking dial. During incorrect trials (left panels),
the animated character made the same reaching-to-grasp movement
to empty space.
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RESULTS

The reaching-to-grasp sequence (Figure 1) strongly ac-
tivated eight regions of interest (ROI) comprising four
anatomical locations and two hemispheres. Statistics for
these ROI, including peak activity stereotaxic coordi-
nates, laterality indices, and voxel counts, are listed in
Table 1. As illustrated in Figure 2, bilateral activity was
localized to the posterior STS (panels 1, 3, 4, 6, and 9),
the occipito-temporal sulcus/fusiform gyrus (OTS, pan-
els 4 and 9-10), the parieto-temporo-occipital fossa
(PTOF, panels 1-2 and 6-8), and the anterior intra-
parietal sulcus (AIPS, panels 4-5 and 9).

Within the posterior STS, the average peak amplitude
in the right hemisphere (M = 0.42%; SE = 0.08%) was
greater than that in the left hemisphere (M = 0.27%;
SE = 0.03%) regardless of experimental condition,
F(1,11) = 5.88, p = .034. This finding, combined with
an observed laterality index (LI) of 2.41 for the STS
(Table 1), confirms previous reports of strong right
hemisphere laterality for processing biological motion in
the STS (Pelphrey et al., 2004; Pelphrey, Mitchell,
et al., 2003; Pelphrey, Singerman, 2003; Wright, Pelphrey,
Allison, McKeown, & McCarthy, 2003; Puce et al., 1998).

The location of the right posterior STS activity ob-
served in this study (Figure 2, panel 6, peak coordinates:
X = 54,y = —47,z = 11) is consistent with the area of
STS identified by Iacoboni et al. (2001) in their study of
observed and/or imitated finger movements (see their
Figure 1, peak coordinates: x = 57,y = —50, z = 16).
This region corresponds to the posterior portion of the
main branch of the STS complex and its ascending limb.
The current STS activity can also be compared to a

Table 1. Summary of Observed Regions of Activation

Region Side X y z Nvox LI

STS R 57 —47 11 65 2.41
L —47 —80 11 27

OTsS R 43 —62 -13 21 0.53
L -30 —63 —13 40

PTOF R 60 —64 03 19 0.58
L —37 —84 03 33

AIPS R 33 =53 55 05 0.20
L —24 -53 58 25

MFG* R 55 11 45 23 3.29
L =55 —02 49 07

Nvox = number of voxels in the ROL x, y, and z = stereotaxic
coordinates of the peak of activation with an ROL; R = right
hemisphere; L = left hemisphere; LI = laterality index (calculated as
the Nvox R / Nvox L).

*This region was identified at a lower statistical threshold of p < .001.
Other regions were identified with a threshold of p < .0001.
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previous report by our laboratory of activity evoked by
observed mouth (peak coordinates: x = 50, y = —49,
z = 3) and eye (peak coordinates: x = 49,y = —49,z = 3)
movements (see Puce et al., 1998, Figure 9).

The average time courses from the ROI are given in
Figure 3. Notably, in the STS, the two waveforms di-
verged a few seconds after the onset of the trials, and
the blood oxygenation level-dependent (BOLD) signal
change was substantially greater for incorrect move-
ments (red line with circles) relative to correct move-
ments (black line with diamonds), F(1,11) = 16.20, p =
.002. The Hemisphere x Condition interaction was not
significant, indicating a similar pattern of effects for the
left and right STS. The other three ROI did not show
differential activity by hemisphere or condition. Indeed,
the BOLD percent signal change time courses for cor-
rect and incorrect movements in these ROI fully over-
lapped (Figure 3, panels 2—4), and this pattern did not
differ by hemisphere.

The PTOF peak activation coordinates (right: x = 60,
y = —64, z = 3; left: x = =37,y = —84, z = 3) ob-
served are consistent with those published by our group
(McCarthy et al., 1995) and others (Tootell et al., 1995;
Watson et al., 1993; Zeki et al., 1991) for the more
general and functionally defined motion-sensitive region
MT/V5. Moreover, we have consistently observed this
region, which is posterior and inferior to the STS and
located close to the top of the ascending limb of the
inferior temporal sulcus, to be activated by biological
and nonbiological motion (Pelphrey et al., 2004; Pel-
phrey, Mitchell, et al., 2003; Pelphrey, Singerman, et al.,
2003; Puce et al., 1998; McCarthy et al., 1995).1

Similarly, the AIPS appeared to be localized to a
region near the human anterior intraparietal area often
reported to be engaged during motor execution of
grasping movements of the hand (Culham, 2004; Cul-
ham et al., 2003; Culham & Kanwisher, 2001; Binkofski
et al., 1998) and appeared to be close to the parietal
cortex activity observed by Buccino et al. (2001) and
Tacoboni et al. (1999, 2001) in fMRI studies of individuals
viewing and executing hand and finger movements.
Given these similarities and the finding of “mirror”
properties in these parietal regions (e.g., Buccino et al.,
2001), we performed an exploratory analysis of this ROI
after re-epoching the data with respect to the hand (left
or right) used by the animated character to make the
reaching-to-grasp movement, while collapsing across
correct and incorrect movements (i.e., collapsing across
correct and incorrect trials).

An interesting pattern of effects emerged from this
exploratory analysis. As shown in Figure 4, activity in the
left AIPS was greater for observed movements of the left
hand. Activity in the right AIPS was greater for observed
movements of the right hand. Supporting this pattern of
results, a 2 (hemisphere: right, left) x 2 (hand: right, left)
repeated measures analysis of variance (ANOVA) re-
vealed a significant Hemisphere x Hand interaction,

Volume 16, Number 10



Figure 2. Activation maps
reflecting the intersection
of correct and incorrect
trials. The maps show the
intersection containing
voxels with significant
positive response to both
correct and incorrect trials.
Significant activation was
localized to the posterior
STS (panels 1, 3, 4, 6, and 9),
the OTS (panels 4-5 and
9-10), the PTOF (panels
1-2 and 6-8), and the AIPS
region (panels 4-5 and 9).

F(1,11) = 9.04, p = .012. No other RO, including the STS
and MT/V5 complex, exhibited this pattern of effects.
To identify potentially important regions of activation
missed in our initial analysis of the data, we lowered
our statistical threshold to a voxelwise uncorrected
p < .001 (two-tailed) and a spatial extent of three con-
tiguous uninterpolated voxels. The top two panels of
Figure 5 show a region of activation localized to the

posterior middle frontal gyrus (MFG) that emerged
from this exploratory analysis. Inspection of the wave-
forms from this ROI (Figure 5, lower panel) revealed
that much like the STS, the MFG responded more
strongly to incorrect than to correct reaching-to-grasp
movements, F(1,11) = 6.58, p = .028. The effect of
hemisphere and the Hemisphere x Condition interac-
tion were not significant, although more voxels were
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active in the right MFG than in the left as indicated by a
laterality index (LI) of 3.29 (Table 1).

DISCUSSION

Prior work from our laboratory demonstrated a func-
tional dissociation between a specialized region of the
STS that differentiates biological from nonbiological
motion and a region more posterior and inferior (likely
corresponding to the MT/V5 complex), which responds
equally to biological and nonbiological motion (Pel-
phrey, Mitchell, et al., 2003; Puce et al.,, 1998). We
subsequently demonstrated that this STS region is also
sensitive to at least two aspects of the context within
which the biological motion is perceived: goal- versus
non-goal-directed (Pelphrey, Singerman, et al., 2003)
and approach versus avoidance (Pelphrey et al., 2004).
The current study is unique in that we have extended
our initial findings from paradigms featuring dynamic
gaze shifts to a paradigm that features the passive
viewing of naturalistic reaching-to-grasp movements that
are either goal- or non-goal-directed. Our current re-
sults, combined with our previous findings in this area,
further suggest that the posterior STS is an important
component of the neural architecture supporting social
perception; allowing for effortless perception, consoli-
dation, and revision of information regarding the inten-
tions, goals, and actions of agents in our environment.

Social perception incorporates what Dennett (1987)
described as the human tendency to take an “intentional
stance” in predicting and interpreting the behaviors
of others:

Here is how it works: first you decide to treat the
object whose behavior is to be predicted as a rational
agent; then you figure out what beliefs that agent
ought to have, given its place in the world and its
purpose. Then you figure out what desires it ought
to have, on the same considerations, and finally you
predict that this rational agent will act to further its
goals in the light of its beliefs. A little practical
reasoning from the chosen set of beliefs and desires
will in many—but not all—instances yield a decision
about what the agent ought to do; that is what you
predict the agent will do.

(The Intentional Stance, p. 17)

Figure 3. Average BOLD signal change time courses from the
activated voxels in the STS, OTS, PTOF, and AIPS regions. The red
waveforms with circles as point markers represent the average BOLD
signal change evoked by incorrect trials, whereas the black waveforms
with diamonds as point markers represent the average BOLD signal
change evoked by correct trials. Although the STS showed significant
activation differences between correct and incorrect trials, other
motion-sensitive areas of the brain, including OTS, PTOF, and AIPS, did
not show any significant difference in BOLD signal change for correct
and incorrect trials.
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Figure 4. Average BOLD signal change time courses from the activated voxels in the right and left AIPS, in response to left- and right-handed
reaching-to-grasp movements. The left AIPS showed greater activation to left hand and arm reaching-to-grasp movements relative to the right hand
and arm reaching-to-grasp movements, while the right AIPS showed greater activation to reaching-to-grasp movements performed with the right
hand and arm relative to those movements performed with the left hand and arm. This interaction was significant.

The ubiquity (e.g., Heider & Simmel, 1944), early
emergence in development (e.g., Astington & Gopnik,
1991; Gelman & Spelke, 1981), and disruption in autism
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Figure 5. Activation map and average BOLD signal change time
courses from the activated voxels in the MFG in response to correct
and incorrect movements. The activation map reflects the intersection
of correct and incorrect trials (i.e., voxels with a significant response to
both correct and incorrect trials). The red waveform with circles as
point markers represents the average BOLD signal change evoked by
incorrect trials, while the black waveform with diamonds as point
markers represents the average BOLD signal change evoked by correct
trials (bottom panel). The MFG responded more strongly to incorrect
than to correct reaching-to-grasp movements.

(e.g., Klin, 2000; Baron-Cohen, 1995) of the human
propensity to adopt an intentional stance support the
notion that it is a fundamental aspect of human social
perception and social cognition.

The term intentionality has traditionally been used
by philosophers (e.g., Brentano, Husserl) to refer to a
state about or directed toward another state (e.g., the
belief that the market is about to rise is a belief about
the current state of the New York Stock Exchange).
More recently, this term has come to be used more
narrowly as a derivative of the verb intend and implies
doing something on purpose (Feldman & Reznick,
1996). Anscombe (1957) used intentional action to
describe an act directed at bringing about some state of
affairs, and Goschke and Kuhl (1993) used intention to
denote that an individual is committed to performing
an activity. In this article, we adopt this more “folk
psychological” usage and apply the quality intentional
to an agent’s actions when an observer believes that
the actions are based on some degree of awareness and
are executed deliberately.

In the current study, we tested the hypothesis that
the posterior STS would differentiate between observed
goal- (correct) and non-goal-directed (incorrect) action
sequences. We found that the passive viewing of non-
goal-directed reaching-to-grasp movements evoked sig-
nificantly stronger activity in the posterior STS than did
goal-directed movements. This finding is consistent
with a similar finding in the context of target- and
non-target-directed gaze shifts (Pelphrey, Singerman,
et al., 2003). We interpret this finding to suggest that
this region of the STS is sensitive to the intentionality
and appropriateness of biological motion. In this inter-
pretation, we propose that the blinking dial serves as a
target stimulus capable of eliciting a specific action
(reaching-to-grasp the dial) from the animated charac-
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ter. This establishes an expectation for the character’s
subsequent reaching behavior based on the subject’s
implicit predictions concerning the rationality of the
actor. When the character makes a non-goal-directed
action toward empty space, processing demands are
increased due to a violation of the subject’s expecta-
tion. In essence, this violation requires the subject to re-
vise his or her initial expectation and thus demands
greater perceptual processing of the action sequence.
In Dennett’s (1987) framework: A non-goal-directed
action sequence violates the subjects’ “intentional
stance” and therefore their expectations about what
the actor “ought to do” given the demands of the ac-
tion context.

Whereas the theoretical impetus for our current
methodology was to test an a priori hypothesis regard-
ing the role of the posterior STS in social perception, the
fact that we acquired whole-brain fMRI data afforded us
the opportunity to look for interesting differences in
other brain regions. Our analyses revealed only one
other brain region that differentiated correct and incor-
rect trials. We found significant activation differences in
the MFG, where incorrect trials evoked a significantly
larger BOLD response than did correct trials. Activity was
greater in the right than in the left MFG for correct and
incorrect trials. While these activation differences were
not predicted, they are consistent with other fMRI
studies that have probed the function of the right
MFG. For example, Blakemore et al. (2003) found
significant right MFG activation when participants at-
tended to both the contingency and animacy of simple
geometric shapes moving on the screen in coordinated
motion, but not when subjects attend to contingency or
animacy alone. The authors interpreted their results as
implicating the right MFG in a neural circuit supporting
theory of mind. The current study did not feature
manipulations of attention to contingency; but it seems
plausible that our stimuli created for the subject a
natural contingency between the agent and the target.
From this perspective, significant activity in the right
MFG is not surprising, given current thought on the role
of this region in processes of social perception and
social cognition.

The finding of activity in regions of the parietal cortex
evoked by observation of an actor’s reaching-to-grasp
movements is consistent with prior work by Rizzolatti
and colleagues concerning neurons (in monkeys) and
brain regions (in humans) that respond when the
subject both executes an action and when they view
an agent performing the same action (Buccino et al.,
2001; Binkofski et al., 1999; Iacoboni et al., 1999;
Rizzolatti & Arbib, 1998; see also Grezes et al., 2002).
These “mirror neurons” have been identified in area F5
of the monkey (e.g., Rizzolatti & Arbib, 1998; Rizzolatti
et al.,, 1996) and “mirror regions” have been localized
to premotor, parietal, and posterior temporal areas in
humans (e.g., Grezes et al., 2002; Iacoboni et al., 1999,
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2001). Grezes et al. (2002) have proposed a “mirror cir-
cuit” consisting of the intraparietal sulcus, dorsal pre-
motor cortex, bilateral STS, and the right parietal
operculum.

Prior studies have not, however, reported differential
activity as a function of which hand and arm are
observed to make a reaching-to-grasp action. Move-
ments of the actor’s left hand and arm evoked signif-
icantly greater activity in the left AIPS relative to activity
evoked by right hand and arm movements. By contrast,
right hand and arm movements evoked significantly
greater activity in the right AIPS relative to the activa-
tion evoked by left hand and arm movements. Others
have suggested that mirror regions of the human brain
are involved in imitation (e.g., Arbib et al., 2000;
Iacoboni et al., 1999). Our findings appear to support
the proposed role of the AIPS in imitation when one
considers the results of behavioral research showing
that when two individuals face one another and one is
asked to imitate the movement of the other, the result-
ant imitation appears to be a “mirror” image of the imi-
tated action as opposed to imitation of the anatomically
correct movement (Avikainen et al., 2003; Bekkering
et al., 2000; Wapner & Cirillo, 1968), and provision of
mirror-image-like movements facilitates performance in
simple learning tasks (Brass et al., 2000).

The parietal region of activity identified in this study
responded equally to correct and incorrect reaching-to-
grasp movements. This appears to be in contrast to
Buccino et al. (2001), who found that the parietal
cortex was active in response to viewing videotaped
object-related actions (e.g., biting an apple and chew-
ing) but did not respond to the same videotaped
actions in the absence of the object (e.g., grasping a
ball in the absence of the ball). A critical design
difference between that study and ours is that in our
study, the object was always in view. So, in spite of the
fact that the reaching-to-grasp movement sometimes
brought the hand in contact with the dial and some-
times not, the movement was always object-related in
the sense that the blinking dial signified the onset of
the trial and the subject always saw a movement that
conformed to the affordances of the dial’s shape, size,
and function. Indeed, the differential pattern of incor-
rect versus correct effects for the STS and the AIPS
suggests a functional dissociation for these two re-
gions with regard to their roles in social perception.
The STS participates in the visual analysis of others’
actions via perceptual analysis of biological motion
and sensitivity to the intentionality and appropriate-
ness of an action in a given context. The AIPS is in-
volved in processing biological motion via analysis of
an action in relation to objects in the visual field. It
remains to be determined whether the separate anal-
yses performed in these regions would look the same
for other people in the visual field as compared to
objects.
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METHODS
Subjects

Twelve healthy young adults (7 women and 5 men),
ranging in age from 19 to 28 years (M = 23 years),
participated in this study. All participants were right
handed, had normal or corrected-to-normal vision, and
were screened for medical, neurological, and psychiat-
ric illnesses and use of psychotropic medications. All
subjects gave informed consent prior to participation,
as per the guidelines of the Duke University Medical
Center Institutional Review Board.

Experimental Design

Two experimental conditions were created using the
Poser 4.0 software program (Curious Labs, Santa Cruz,
CA) (Figure 1). In each condition, subjects viewed an
animated male character seated at a virtual wooden
workbench. Positioned on either side (side varied
across runs) of the workbench, out of the character’s
direct line of sight, was a dark blue dial (Figure 1, upper
left panel). To avoid confounding reaching-to-grasp
movements with direction of eye gaze, the animated
character’s gaze was fixated on the center of the table
and not on the flashing dial. The dial began to flash
rapidly from dark blue to light blue (to convey the
impression of a lighted dial requiring action) at the
beginning of each trial. After flashing for 1 sec, the dial
remained light blue and the animated character made a
fluid reaching movement toward the dial with his
contralateral arm (Figure 1, upper right panel) or away
from the dial with his ipsilateral arm (Figure 1, lower
left panel). This reach was followed by a grasping and
turning movement toward the inside thumb on either
hand (Figure 1, lower right panel). Correct trials were
defined as those where the figure made movements
toward the dial (Figure 1, lower right panel), and
incorrect trials were those where the figure made the
same movement toward empty space (Figure 1, lower
left panel). After making the turning motion, the char-
acter immediately moved his arm and hand back to the
initial resting position. Overall, the impression was one
of a realistic, fluid, and purposeful reaching-to-grasp
and twisting motion. We emphasize that the mechanical
aspects of the reaching movements were identical
across correct and incorrect trials.

Using the program CIGAL (Voyvodic, 1999), stimuli
were presented at XGA resolution via LCD goggles.
Subjects were instructed only to pay attention to the
stimuli at all times. Each vignette lasted 3 sec, and trials
were separated by a 15-sec intertrial interval, during
which the subject viewed the scene with the character’s
hands at rest (upper left panel of Figure 1). It should be
noted that trials appeared to be seamless to the subject
in that each trial began with the character’s hands at rest
and each trial ended in the exact same manner, without

any visual cues signaling the next trial. Trials were
randomized within 7.75-min runs containing 24 trials
and each subject viewed 8 runs for 192 trials (96 correct,
96 incorrect). In four blocks, the dial was positioned on
the left side of workbench relative to the animated
character so that correct trials occurred when the char-
acter reached with his right hand toward the dial. This
pattern was reversed for the other four experimental
runs.

Imaging

Scanning was performed on a General Electric 4-T 1X
NVi MRI scanner system (General Electric, Milwaukee,
WI) equipped with 41 mT/m gradients and using a
quadrature birdcage radio frequency (RF) head coil for
transmit and receive. The subject’s head was immobi-
lized using a vacuum cushion and tape. Sixty-eight axial
images were acquired using a 3-D fast spoiled gradient-
recalled pulse sequence (TR = 500 msec; TE = 20 msec;
FOV = 24 cm; image matrix = 256%; voxel size = 0.9375 x
0.9375 x 1.9 mm) and used for coregistration with the
functional data. Functional images were acquired using a
gradient-recalled inward spiral pulse sequence (Guo &
Song, 2003; Glover & Law, 2001) sensitive to BOLD
contrast (TR = 1500 msec; TE = 35 msec; FOV = 24 c¢m,;
image matrix, 64 a = 62°; voxel size = 3.75 x 3.75 x
3.8 mm; 34 axial slices) that allowed whole-brain cover-
age. The anterior and posterior commissures were
identified in the midsagittal slice and used as landmarks
for the prescription of BOLD contrast images. A semi-
automated high-order shimming program ensured glob-
al field homogeneity. Runs consisted of 310 time points
and began with four discarded RF excitations to allow for
steady state equilibrium.

Data Analysis

Image preprocessing was performed using SPM99 (Well-
come Department of Cognitive Neurology, UK). Motion
was detected by center of mass measurements. No
volunteer had greater than a 3-mm deviation in the
center of mass in the x-, y-, or z-dimensions. Images
were temporally adjusted for interleaved slice acquisi-
tion and realigned to the tenth image to correct for head
movements between scans. The realigned scans were
then normalized to the Montréal Neurologic Institute
(MNI) Template found in SPM99 (www. fil.ion.ucl.ac.uk/
spm) by applying a 12-parameter affine transformation
with nonlinear deformations routine (Friston et al.,
1995). This template conforms to the MNI’s standard-
ized brain space and closely approximates Talairach and
Tournoux’s (1988) stereotaxic atlas. The functional data
were high-pass-filtered and spatially smoothed with an
8-mm isotropic Gaussian kernel before statistical anal-
ysis. These normalized and smoothed data were used
in the analysis procedures described below.
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Epochs synchronized to the onsets of the reaching-to-
grasp movements and containing two images preceding
and nine images following events were extracted from
the continuous time series of image volumes. Epochs
were segregated and averaged by correct and incorrect
trials. The average BOLD intensity signal values were
converted to percent signal change relative to the 3-sec
prestimulus baseline. Voxel-based analyses identified
activity associated with correct and incorrect reaching-
to-grasp movements through correlational analyses with
a canonical reference waveform. We specified a refer-
ence waveform that increased after the onset of the
reaching-to-grasp movement. On a subject-by-subject
basis, the 18-sec raw signal change time courses from
each voxel were correlated with the reference waveform
and ¢ statistics were calculated for the correlation coef-
ficients. This process, performed separately for the
correct and incorrect conditions, provided two whole-
brain normalized ¢ maps for each subject.

The individual subject £ maps were used as the basis of
random-effects analysis across subjects. For each voxel in
the Talairach space (Talairach & Tournoux, 1988), each
group of ¢ values (two derived from each subject) were
tested for a significant difference from zero. The thresh-
old for significance was set at a voxelwise uncorrected
p < .0001 (two-tailed) and a spatial extent of three
contiguous uninterpolated voxels for most analyses.
The result was two whole-brain Talairach-normalized
maps (one for correct and the other for incorrect move-
ments) of significance values from the random-effects
analysis. Lower significance values indicated a higher
positive correlation between a voxel’s waveform and
the reference waveform.

For the final activation map, we were primarily inter-
ested in the intersection of the Talairach-normalized
statistical maps for the correct and incorrect conditions.
This intersection contained voxels that showed a signif-
icant (as defined above) positive response to both
correct and incorrect trials (i.e., correct N incorrect).
We report activation locations from this map that
reached a minimum cluster size of three contiguous
uninterpolated voxels. We visualized these activations
on the single subject T1 image available in SPM99. Aided
by human brain atlases, we localized each cluster of
activation and we report the anatomical label and MNI
coordinates of the peak activation in Table 1. Eight (four
anatomical locations by two hemispheres) ROI were
identified. We then counted the number of activated
uninterpolated voxels in each ROI by hemisphere. These
counts were used to calculate the LI (LI = number of
right hemisphere voxels / number of left hemisphere
voxels) for each ROI Increasing numbers in this index
indicated greater right hemisphere laterality.

We conducted waveform analyses using the ROI iden-
tified as described above. The average signal from all
voxels within each ROI was computed for each of the
12 time points and plotted to visualize the time course
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of the HDR during correct versus incorrect trials. Within
each ROI averages of the percent change in signal
intensity from baseline to 4.5-9 sec after stimulus onset
(four time points) were calculated for each condition as
measures of waveform peak amplitude. A set of four 2
(hemisphere: right, left) x 2 (condition: incorrect, cor-
rect) repeated measures ANOVAs was conducted, one
analysis for each anatomical location, to evaluate differ-
ences in this amplitude measure as a function of stim-
ulus condition. These analyses, which allowed us to test
an a priori defined set of hypotheses concerning ampli-
tude differences as a function of stimulus condition and
ROI, constituted the primary analysis of the data.
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Note

1. For illustration of the STS-MT/V5 complex localization,
compare Figure 2 (panels 1-2 and 6-8) of this article to the
lower right inset of Figure 4 of Wright et al. (2003), Figure 7 of
Puce et al. (1998), and Figure 1 of McCarthy et al. (1995).
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