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Abstract: Converging evidence from neuroimaging as well as lesion and transcranial magnetic stimulation (TMS) studies has been obtained for the involvement of right ventral posterior parietal cortex
(PPC) in exogenous orienting. However, the contribution of dorsal PPC to attentional orienting, particularly endogenous orienting, is still under debate. In an informative peripheral cueing paradigm, in
which the exogenous and endogenous orienting can be studied in relative isolation within a single
task, we applied TMS over sub-regions of dorsal PPC to explore their possible distinct involvement in
exogenous and endogenous processes. We found that disruption of the left posterior intraparietal sulcus (pIPS) weakened the attentional effects of endogenous orienting, but did not affect exogenous processes. In addition, TMS applied over the right superior parietal lobule (SPL) resulted in an overall
increase in reaction times. The present study provides the causal evidence that the left pIPS plays a
crucial role in voluntary orienting of visual attention, while right SPL is involved in the processing of
arousal and/or vigilance. Hum Brain Mapp 33:2477–2486, 2012. VC 2011 Wiley Periodicals, Inc.
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Directing attention in a voluntary way is referred to as
top-down or endogenous orienting, and directing attention
in a reflexive way irrespective of current goals is referred to
as bottom-up or exogenous orienting. The relevant neuronal
mechanisms have been widely studied, and a growing
body of evidence supports a dissociation of the neural networks involved in the two types of orienting. Recent neuroimaging studies have shown that endogenous orienting
mainly activates a bilateral dorsal frontoparietal network
including the frontal eye field (FEF) and dorsal posterior
parietal cortex (PPC), particularly the intraparietal sulcus
(IPS) and superior parietal lobule (SPL) [Bressler et al.,
2008; Carlson et al., 1998; Corbetta et al., 1993, 2000; Corbetta and Shulman, 2002; Hannula et al., 2010; Hopfinger
et al., 2000; Kastner et al., 1999; Kincade et al., 2005; Nobre
et al., 1997; Shulman et al., 2010; Sylvester et al., 2007;
Wang et al., 1999; Woldorff et al., 2004], whereas exogenous
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orienting employs not only part of the bilateral dorsal network involved in endogenous orienting but also a right lateralized ventral frontoparietal network, including the
ventral frontal cortex (IFG) and temporoparietal junction
(TPJ) [Arrington et al., 2000; Corbetta et al., 2000; Kincade
et al., 2005; Macaluso et al., 2002; Mayer et al., 2004; Rao
et al., 2003]. Neuropsychological studies of patients with
left unilateral neglect also support this view, showing that
patients with right ventral parietal cortex lesions, particularly those with damage at the TPJ, often had impaired performance when they were required to exogenously orient
towards the left visual field [Driver and Vuilleumier, 2001;
Mort et al., 2003; Posner et al., 1984, 1987; Vallar, 2001; Vallar and Perani, 1986]. Furthermore, recent transcranial magnetic stimulation (TMS) studies have found that application
of TMS to the right PPC in normal human subjects induced
exogenous deficits as seen in neglect patients [Bjoertomt
et al., 2002; Brighina et al., 2002; Fierro et al., 2000, 2001;
Hilgetag et al., 2001; Muri et al., 2002; Pascual-Leone et al.,
1994; Walsh and Rushworth, 1999].
Therefore, converging evidence from neuroimaging,
lesion, and TMS studies have suggested a crucial role of the
right ventral PPC in exogenous orienting. However, with
regard to endogenous orienting, neuroimaging and lesion
studies yielded inconsistent results. While many neuroimaging studies have observed that the dorsal PPC is
involved in endogenous orienting [e.g., Corbetta et al., 1993,
2000; Hopfinger et al., 2000; Kastner et al., 1999; Nobre
et al., 1997], patients with lesions in PPC have shown relatively unimpaired endogenous processes [Bartolomeo and
Chokron, 2001, 2002; Bartolomeo et al., 2001; Friedrich et al.,
1998; Han et al., 2004; Ladavas et al., 1994; Posner et al.,
1984; Smania et al., 1998]. Thus, it remains unknown
whether dorsal PPC sub-regions (e.g., SPL, IPS) differentially contribute to attentional orienting, particularly endogenous orienting [e.g., Corbetta and Shulman, 2002; Thut
et al., 2005]. In the present study, we combined repetitive
TMS and an informative peripheral cueing paradigm to
directly explore the different possible roles of the dorsal
PPC sub-regions in endogenous and exogenous orienting.
Attentional orienting is commonly studied through a cueing paradigm, in which a cue provides relevant information
about the location of a following target [Posner, 1980]. In a
typical cueing experiment, subjects are asked to fixate on
the central fixation point and to respond upon detection of a
target appearing in one of two laterally placed boxes. Each
target is preceded by a cue that indicates which of the two
boxes is likely to hold the upcoming stimulus. Cues can be
either central (e.g., an arrow presented to the fovea) or peripheral (e.g., a flash or an abrupt onset in the periphery).
Reaction times (RTs) have been found to be shorter for targets appearing at the cued location (valid trials) than for
those appearing at the uncued location (invalid trials), suggesting that cues activate an orienting response and facilitate the subsequent processing at that cued location
[Abrams and Law, 2000; Briand, 1998; Cheal and Lyon,
1994; Posner, 1980]. Endogenous and exogenous orienting
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are often studied using central and peripheral cues, respectively. However, these approaches for dissociating endogenous and exogenous orienting may introduce potential
confounds because recent evidence has shown that central
cues could also elicit reflexive attention orientation, even
when the cues carry no predictive information concerning
target location and are to be ignored [Hommel et al., 2001;
Pratt and Hommel, 2003]. In addition, peripheral cues have
been found to trigger both a fast-acting exogenous and a
slow-acting endogenous orienting process [Muller and Findlay, 1988; Muller and Rabbitt, 1989]. Therefore, central and
peripheral cueing cannot simply correspond to endogenous
and exogenous orienting, respectively. In light of this concern regarding the separation of endogenous and exogenous
processes, in the current study, we adopted an informative
peripheral cueing paradigm designed by Egly et al. (1994),
in which two rectangles with equal length and distance
from each other were presented in the background. After an
informative (70% of the time) peripheral cue flashed at one
end of one of the rectangles, subjects were asked to detect a
target that appeared 300 ms later either at the cued location
(valid condition), at the uncued location within the same
rectangle (intra condition), or at the equally distant uncued
location within the uncued rectangle (inter condition). RTs
for the valid condition were shorter than those for the intra
and inter conditions, reflecting a space-based attentional
effect (SAE). RTs for the intra condition were shorter than
those for the inter condition, which has been referred to as
an object-based attentional effect (OAE). By manipulating
cue validity (the percentage of valid trials in the total targetpresent trials), which affects only the voluntary mechanism
but not the reflexive one, previous studies have found that
the magnitude of SAE is affected by cue validity, suggesting
that SAE reflects an endogenous orienting mechanism
which requires spatial expectancy based on the information
of most probable target onset location. However, the magnitude of OAE is not affected by cue validity, suggesting that
OAE reflects an exogenous orienting mechanism triggered
by the abrupt onset of the cue [He et al., 2004, 2008]. Hence,
by adopting this double-rectangle peripheral cueing design,
attentional effects of both endogenous and exogenous processing, reflected by the magnitudes of SAE and OAE respectively, can be simultaneously studied in relative isolation
from one another within a single task.
First, in Experiment 1, we further confirmed that SAE
and OAE can reflect, respectively, the endogenous and exogenous processing. Then in Experiment 2, by applying
left or right parietal stimulations, we explored the possible
role of left and right parietal regions in endogenous processes, as compared to exogenous processes.

EXPERIMENT 1
Previous study [He et al., 2004] has shown that SAE and
OAE were both present under high cue validity, whereas
under low cue validity, SAE was absent but OAE still existed.
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Figure 1.
Schematic depiction of the stimuli and procedure
They inferred that SAE, and not OAE, reflected the endogenous orienting mechanism. However, there was a lack of
direct comparisons between the high and low cue validity for
both SAE and OAE in their analysis, leaving open the possibility that target detectability may vary across the two cue validity conditions. Thus, the purpose of Experiment 1 was to
confirm whether SAE and OAE could be used to reflect the
endogenous and exogenous processing correspondingly, by
comparing the cue validity effects on the magnitudes of SAE
and OAE, within a same group of subjects.

MATERIALS AND METHODS
Subjects
Thirteen subjects (6 males and 7 females aged 19–27
years; all right-handed) participated in Experiment 1. All
subjects had normal or corrected-to-normal vision and
were naı̈ve to the purpose of the experiment.

Stimuli and Procedure
All stimuli were white drawn on a black background,
except for the fixation point. The fixation point was a
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green plus sign (þ) subtending 0.5  0.5 . Two outlined,
rounded rectangles (8.3  1.4 , 0.2 line width) appeared
either above/below or to the left/right of the fixation
point. Each of the rounded rectangles (4 cd/m2) was 3.55
away from the fixation point (center-to-center). The cue
was a light gray (14 cd/m2) solid bar (1.2  0.3 ) placed
at one of the four ends of the two rounded rectangles. The
target was a gray (4 cd/m2) solid disk (1.2  1.2 ). The
rectangles were horizontally placed in half of the trials
and vertically placed in the other half.
As illustrated in Figure 1, each trial began with a background containing the fixation point and two rounded rectangles. Subjects were instructed to focus their gaze on the
fixation point. The trial continued after the subject signaled
readiness to proceed. The cue was presented for 100 ms
and then disappeared. After a 200 ms cue-target interval,
the target was presented (not shown in catch trials) and
remained visible until the subjects responded by pressing
one button, or for 2,000 ms if there was no response. Subjects were instructed to maintain fixation throughout the
trial and to make responses with their right hand as rapidly as possible. All of the stimuli were presented on a
19-inch computer screen at a viewing distance of 90 cm.
Each subject was first given a set of practice trials, which
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Figure 2.
Results of Experiment 1. A: Mean reaction times for valid, intra, and inter conditions under both
high and low cue validity. B: SAE and OAE under different cue validity conditions. Error bars
indicate SEMs. ‘‘*’’ indicates P < 0.05 and ‘‘n.s.’’ indicates P > 0.05.
were randomly selected from the experimental conditions,
and began the formal experiments after making 20 consecutive correct responses during the training. In Experiment
1, each subject completed two sessions with different cue
validities (high or low) on separate days. Subjects were
encouraged to use the information of cue validity to direct
their attention covertly. The order of two sessions was
counterbalanced across subjects. In the high-cue-validity
session, there were 640 trials in six blocks. Of all 544 target-present trials, the target appeared at three possible
locations: the cued end of the rounded rectangle (valid
condition), the other end of the cued rounded rectangle
(intra condition), and the equidistant end of the other
rounded rectangle (inter condition), with percentages of
65%, 17.5%, and 17.5%, respectively. The remaining 96 trials were catch trials in which no target appeared. In the
low-cue-validity condition, there were 480 trials in four
blocks. Of all 384 target-present trials, the percentages of
the valid, intra, and inter were 50%, 25%, and 25%, respectively. The remaining 96 trials were catch trials.

RESULTS AND DISCUSSION
Mean RTs were analyzed for each condition. RTs of less
than 150 ms or 3 standard deviations from the mean of
each condition for each individual were removed from the
analysis (< 3%). The mean hit rate on target-present trials
was 97% ( 3%), and the mean false-alarm rate was 2%
( 2%).
We first carried out a two-way repeated measures analysis
of variance (ANOVA) with cue validity (high or low) and
target type (valid, intra or inter) as within-subject factors.
The main effect of target type was significant (F(2,24) ¼ 20.21,
P ¼ 0.0001). Importantly, there was a significant interaction
between cue validity and target type (F(2,24) ¼ 8.04;
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P ¼ 0.009) (Fig. 2A), suggesting that cue validity affected
target detection across conditions. Further analysis was
conducted to test whether cue validity affects the magnitudes of SAE and OAE. As in previous study, SAE was
defined by subtracting RTs in the valid condition from
those in the intra condition, and OAE was characterized
by differences in RTs between the intra and inter conditions. As shown in Figure 2B, the magnitude of SAE was
significantly larger under high cue validity compared to
low cue validity (T(12) ¼ 2.99, P ¼ 0.011). Actually, under
low cue validity, SAE disappeared (T(12) ¼ 0.24, P > 0.05).
In contrast, robust OAEs were found for both high- and
low-cue-validity conditions (all P’s < 0.05), and the magnitude of OAE were not affected by the different levels of
cue validity (T(12) ¼ 1.37, P > 0.05) (Fig. 2B).
Thus, consistent with previous findings, when cue
validity was high, a significantly larger SAE was observed,
corresponding to the endogenous modulation, whereas
low cue validity resulted in a decrease in endogenous
modulation and correspondingly an SAE decrease. The
present data, therefore, confirmed that SAE and OAE in
an informative peripheral cueing paradigm reflect the endogenous and exogenous processes, respectively.

EXPERIMENT 2
In Experiment 2, to examine the role of dorsal PPC in
endogenous orienting, we applied rTMS over right and
left PPC sub-regions immediately before participants had
to perform the same task as that in Experiment 1. Only the
high cue validity was adopted to make sure that robust
SAE and OAE can be achieved in Experiment 2. After
TMS, a decrease in the magnitude of SAE or OAE would
be interpreted as the consequence of the disruption of endogenous or exogenous processing, respectively.
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Figure 3.
TMS sites relative to individual magnetic resonance images of one subject as extrapolated using a
frameless stereotaxic system.
number of stimulations in the intra and inter conditions.
This TMS protocol maintained the TMS effect during the
entire block while keeping the stimulations to a minimum.

MATERIALS AND METHODS
Subjects
Seventeen right-handed subjects (3 males and 14 females;
aged 19–26 years; all right-handed) who had normal or corrected-to-normal vision took part in Experiment 2. Written
informed consents were obtained from all subjects in accordance with requirements of the Institutional Review
Board of Beijing MRI Center for Brain Research and were
treated in accordance with the Declaration of Helsinki. Nine
subjects received left parietal stimulation, and eight subjects
received right parietal stimulation. One subject who
received left parietal stimulation was excluded from further
analysis because of a high false-alarm rate (>10%).

Stimuli and Procedure
The visual stimuli and procedure were identical to those
in Experiment 1. There were three sessions in Experiment 2,
including two TMS sessions and one no-TMS (baseline condition) session. There was at least one week between each
TMS session. To minimize the possible sound induced spatial cueing effects [Spence and Santangelo, 2009] or/and
sound induced visual illusion [Shams et al., 2000] resulted
from the TMS stimulation, a train of five-pulse TMS (pulse
gap 100 ms) was applied at the onset of each trial, followed
by a delay of 500–1,000 ms before the cue onset (see Fig. 1).
A long interval between TMS stimulation and the cue
onset was used to minimize the possible auditory and
somatosensory influences of TMS that might lead to an artificial hemisphere asymmetry. In TMS sessions, 27% of
the valid trials were given TMS stimulations to match the
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Transcranial Magnetic Stimulation
The stimulator was a Magstim Super Rapid stimulator
(Magstim Company, UK), delivering current to a 70 mm
figure-of-eight coil. Pulses were delivered at an intensity
of 65% of maximum output of the stimulator at 10 Hz for
500 ms [Beck et al., 2006; Campana et al., 2002; Muggleton
et al., 2006; Stewart et al., 2001].
TMS was applied over four sites of the PPC: left and
right SPL, and left and right posterior intraparietal sulcus
(pIPS). They were localized in each subject on the basis of
sulcal landmarks from individual MRI scans and projected
to the scalp surface using TMS-MRI co-registration. Prior to
testing, a T1-weighted MRI scan was obtained from each
subject using a 3 Tesla Siemens MRI scanner. As illustrated
in Figure 3, the pIPS was defined as the posterior region of
the intraparietal sulcus (adjacent to the posterior part of the
angular gyrus), and the SPL was defined as the medial
mid-point of the superior parietal gyrus, between the anterior IPS and the longitudinal fissure [Chambers et al., 2006;
Muggleton et al., 2003, 2008; Schenkluhn et al., 2008]. The
pIPS sites were located slightly lateral to the angular gyrus;
therefore, the posterior SPL would not be affected by pIPS
stimulation. The mean Montreal Neurological Institute
(MNI) coordinates of the bilateral pIPS and SPL were 28
70 37 (SD ¼ 4.5 4.0 9.6, left pIPS), 25 61 55 (SD ¼ 6.1
7.3 5.9, left SPL), 38 68 32 (SD ¼ 6.3 2.6 8.4, right pIPS),
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Figure 4.
Results of Experiment 2. A: Mean reaction times for valid, intra, and inter conditions in left-parietal stimulation group. B, C: SAE and OAE for left SPL stimulation, left pIPS stimulation, and noTMS condition. D: Mean reaction times for valid, intra, and inter conditions in right-parietal stimulation group. E, F: SAE and OAE for right SPL stimulation, right pIPS stimulation, and no-TMS
condition. Error bars indicate SEMs. ‘‘*’’ indicates P < 0.05 and ‘‘n.s.’’ indicates P > 0.05.
and 25 57 57 (SD ¼ 3.5 6.0 6.0, right SPL), respectively
[see also Driver et al., 2010; Gobel et al., 2006; Morris et al.,
2007; Ruff et al., 2008; Schenkluhn et al., 2008]. We used a
frameless stereotaxy system (BrainSight, Rogue Research,
Montreal, Canada) to position the coil over the location of
these sites marked on each subject’s MRI. For each site, the
coil was placed tangential to the scalp surface, with the virtual cathode over the region of interest.

RESULTS AND DISCUSSION
Mean RTs were analyzed for each condition. RTs of less
than 150 ms or those out of 3 standard deviations from the
mean of each condition for each individual were removed
from the analysis (<4%). In the left parietal stimulation
group, the hit rates for the no-TMS condition, SPL stimulation, and pIPS stimulation were 97.01% (0.91%), 97.40%
(0.61%), and 96.63% (1.02%), respectively. The false alarm
rate for the no-TMS condition, SPL stimulation, and pIPS
stimulation were 2.34% (1.74%), 2.08% (1.08%), and 2.60%
(1.67%), respectively. In the right parietal stimulation
group, the hit rates for the no-TMS condition, SPL stimulation, and pIPS stimulation were 97.37% (1.23%), 97.63%
(1.15%), and 97.50% (1.35%), respectively. The false alarm
rates for the no-TMS condition, SPL stimulation, and pIPS
stimulation were 2.34% (2.14%), 0.78% (0.48%), and 0.91%
(1.17%), respectively. The hit rates and false alarm rates did
not significantly differ across all conditions (all P’s > 0.05).
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In subsequent analyses, data were pooled for the valid
conditions with and without TMS, which made our analyses more comparable to previous pre-cueing studies that
had more trials in the valid condition than in the invalid
condition. Any effects of TMS here could not be explained
by this operation, because the combination of these two
conditions should only weaken the impact of TMS rather
than increase it.
The mean RTs for correct responses were initially analyzed in a three-way mixed ANOVA. The within-subject
factors were target type (valid, intra, or inter) and TMS site
(no-TMS, SPL, or pIPS). Side of parietal lobule stimulated
(left or right) was a between-subject factor. We found significant main effects of target type (F(2,28) ¼ 54.40, P < 0.0001)
and TMS site (F(2,28) ¼ 3.92, P ¼ 0.033). Importantly, there
was a significant three-way interaction (F(4,56) ¼ 3.18, P ¼
0.045). To unravel this interaction, separate analyses were
performed for left- and right-parietal stimulation.

Left Parietal Stimulation Group
A two way repeated measures ANOVA was conducted
with TMS condition (no-TMS or SPL stimulation) and
target type (valid, intra, or inter) as within-subject factors.
The results showed a significant main effect of target type
(F(2,14) ¼ 22.04, P ¼ 0.001). The interaction was not significant (F < 1) (Fig. 4A). Further analysis revealed that,
compared with no-TMS condition, TMS over left SPL had
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no effects on either exogenous or endogenous processes
(T(7) ¼ 0.10, P > 0.05; T(7) ¼ 0.31, P > 0.05) (Fig. 4B).
Similar analysis was used for the comparison between
left pIPS stimulation and no-TMS condition. The main
effect of target type was significant (F(2,14) ¼ 17.77, P ¼
0.002). Importantly, the interaction was also significant
(F(2,14) ¼ 5.25, P ¼ 0.021) (Fig. 4A). Analysis of simple
interaction effects revealed that left pIPS stimulation, as
compared with no-TMS condition, reduced and even eliminated the magnitude of SAE (T(7) ¼ 3.44, P ¼ 0.011),
whereas the magnitude of OAE was not affected (T(7) ¼
1.70, P > 0.05) (Fig. 4C), suggesting that endogenous processes, but not exogenous processes, were severely interrupted by left pIPS stimulation. The decrease of SAE
observed with the left pIPS disruption was not due to the
possible non-specific effects of TMS on following cue-target sequences, because the left SPL disruption shared the
similar TMS-related discomfort, noise, or muscle twitches,
but showed no decrease of SAE.

Right Parietal Stimulation Group
A two-way repeated measures ANOVA was conducted
with TMS condition (no-TMS or right SPL stimulation)
and target type (valid, intra or inter) as within-subject factors. The results revealed a significant main effect of target
type (F(2,14) ¼ 34.24, P ¼ 0.0003). The main effect of TMS
condition was also significant (F(1,7) ¼ 5.70, P ¼ 0.048),
showing that the right SPL stimulation, as compared with
no-TMS condition, produced an overall increase in RTs for
target detection (P < 0.05) (Fig. 4D). No significant interaction was found (F(2,14) ¼ 2.53, P > 0.05). Similar analysis
was used for the comparison between right pIPS stimulation and no-TMS condition. Only a main effect of target
type was significant (F(2,14) ¼ 37.80, P ¼ 0.0002). The interaction was not significant (F(2,14) ¼ 1.61, P > 0.05) (Fig.
4D). Further analysis revealed that right parietal stimulation (SPL or pIPS), as compared with no-TMS condition,
has no effect on either SAE or OAE (all P’s > 0.05) (Fig.
4E,F). Hence, these results suggest that right SPL stimulation might interfere with task-related arousal or vigilance
rather than with specific voluntary or reflexive processes.

CONCLUSION
To summarize, in the present study, we found that
(i) disruption of left pIPS diminished and even eliminated
SAE, but did not affect OAE, suggesting that left pIPS has
a pivotal role in endogenous spatial orienting, but not in
exogenous processing; (ii) disruption of right SPL resulted
in an overall increase in RTs across conditions, but had no
effects on either SAE or OAE, indicating the right SPL
involvement in arousal and/or vigilance; and (iii) disruption of left SPL or right pIPS has no reliable effects on target detection in the present study.

r

r

The present study provides support for the hypothesis
that two functionally distinct neural systems mediate endogenous (voluntary) and exogenous (involuntary) orienting [Corbetta and Shulman, 2002; Fu et al., 2005a,b; Mayer
et al., 2004]. As found in the present study, applying TMS
over dorsal PPC did not affect the attentional effects of exogenous orienting, but disrupted endogenous processes.
The results are thus in line with the findings of previous
neuroimaging, electrophysiological and lesion studies [Bisley and Goldberg, 2003; Bressler et al., 2008; Corbetta and
Shulman, 2002; Driver and Vuilleumier, 2001; Hopfinger
et al., 2000; Mort et al., 2003; Posner et al., 1987; Sylvester
et al., 2007; Szczepanski et al., 2010], suggesting that the dorsal PPC controls the voluntary deployment of attention, but
is not engaged in exogenous orienting. However, several
lines of neuroimaging studies have reported common activations when the two modes of orienting are directly compared [Corbetta et al., 1993; Kim et al., 1999; Nobre et al.,
1997; Rosen et al., 1999]. One possibility is that these studies
often utilized different behavioral paradigms to elicit endogenous and exogenous orienting component, which may
introduce other confounding effects (e.g., attentional set,
arousal, or alerting state) into these neuroimaging results. In
the present study, by studying the endogenous and exogenous processes within a single task, these confounding factors are controlled as far as possible. The current results
therefore provide direct evidence suggesting that endogenous and exogenous processing recruited separate cortical
areas.
The present data reveal previously unseen functional
dissociations between dorsal PPC sub-regions. The left
pIPS is necessary for deploying attention orienting in an
endogenous way, whereas the right SPL appears to be crucial for arousal. On the other hand, the present data also
strengthen the notion that there is lateralized functionality
of the parietal cortex for endogenous orienting. Previous
studies suggested that a left-hemispheric network (including the IPS) displayed activity in response to cues that
increased linearly with increased cue validity [Hahn et al.,
2006; Vossel et al., 2006]. Here, by using TMS, the present
study provides direct evidence to establish such causal
relationships.
In the present study, we did not observe a significant
impairment of visual orienting after the right PPC stimulation as did some early studies for right-hemispheric rTMS
[e.g., Ashbridge et al., 1997; Hilgetag et al., 2001]. This
divergence may be due to the different experimental protocol used in current study, which prevents direct comparison and reconcilement with these studies. First, the
experimental paradigm used here was different from those
used in previous studies, which may introduce differences
as well as similarities in the attentional mechanisms in
these paradigms. Further investigations are still needed to
explore the contributions of PPC sub-regions to different
attentional protocols. Second, it should be noted that current TMS protocol, in which the TMS pulses were delivered 500–1,000 ms before the onset of cue, was carefully
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designed to avoid the interference from the auditory artifact from TMS. It might be argued that the current pattern
of results could be specifically originated from the timing
of TMS delivery, since the physiological basis of the aftereffects of current TMS protocol remains unknown and further studies using combined TMS-EEG technology would
be necessary to evaluate the validity of this protocol.
Nevertheless, it can be ruled out by the fact that the same
TMS protocol was used for all conditions, and different
response patterns have been observed after TMS stimulations over different cortical sites. However, future TMS
experiments using theta burst stimulation or 1 Hz stimulation, which has better theoretical and neurophysiological
foundation, would help to confirm the differential contributions of PPC sub-regions to visual orienting.
The left parietal areas, particularly the supramarginal
gyrus (SMG), also play a direct role in motor attention
[Rushworth et al., 1997, 2001a,b, 2003], the current pattern
of results, however, could not be originated from the disruption of motor attention. The Euclidean distance
between the left SMG site reported by Rushworth et al.
(2001a) (Talairach and Tournoux coordinates: 52, 36,
56) and the left pIPS site in current study (Talairach and
Tournoux coordinates: 28, 66, 38) was approximately
4.2 cm, which was within the resolution of TMS [Paus
et al., 1997, 1998; Walsh and Cowey, 1998]. In addition,
SMG and pIPS are not anatomically interconnected [Catani
et al., 2002, 2005; Cavada and Goldman-Rakic, 1989a,b].
The left pIPS stimulation in our study, therefore, was
unlikely to affect motor attention.
The right SPL involvement in arousal and/or vigilance
is in agreement with the findings that non-lateralized
attentional impairments are associated with right parietal
damage. For example, neglect patients need more time
than normal individuals to respond to visual targets, even
in their ipsilesional, non-neglected space, which represents
arousal or vigilance deficits. A recent study on perceptual
rivalry, using TMS in combination with highly sensitive
correlational methods such as voxel-based morphometry
(VBM) and the fractional anisotropy (FA) analyses, also
confirmed that SPL regions play a causal role in generating consciously perceptual switches between competing
interpretations [Kanai et al., 2010]. Thus, the interpretation
that the right SPL is engaged in arousal or vigilance fits
well with the assumption of the right-hemisphere arousal
system postulated by Posner et al. [Posner, 1987; Posner
and Petersen, 1990].
Taken together, the present data extend the understanding of the functions of the PPC in voluntary modulation
and attentional control processes, especially addressing the
role of the left PPC in the voluntary control of attention
orienting.

ACKNOWLEDGMENTS
Authors thank Huan Luo for helpful comments on earlier drafts of the manuscript.

r

r

REFERENCES
Abrams RA, Law MB (2000): Object-based visual attention with
endogenous orienting. Percept Psychophys 62:818–833.
Arrington CM, Carr TH, Mayer AR, Rao SM (2000): Neural mechanisms of visual attention: Object-based selection of a region in
space. J Cogn Neurosci 12:106–117.
Ashbridge E, Walsh V, Cowey A (1997): Temporal aspects of visual search studied by transcranial magnetic stimulation. Neuropsychologia 35:1121–1131.
Bartolomeo P, Chokron S (2001): Unilateral neglect: The effect of
competing stimuli on estimated line length. Brain Cogn 46:34–
38.
Bartolomeo P, Chokron S (2002): Orienting of attention in left unilateral neglect. Neurosci Biobehav Rev 26:217–234.
Bartolomeo P, Sieroff E, Decaix C, Chokron S (2001): Modulating
the attentional bias in unilateral neglect: The effects of the strategic set. Exp Brain Res 137:432–444.
Beck DM, Muggleton N, Walsh V, Lavie N (2006): Right parietal
cortex plays a critical role in change blindness. Cereb Cortex
16:712–717.
Bisley JW, Goldberg ME (2003): Neuronal activity in the lateral
intraparietal area and spatial attention. Science 299:81–86.
Bjoertomt O, Cowey A, Walsh V (2002): Spatial neglect in near
and far space investigated by repetitive transcranial magnetic
stimulation. Brain 125:2012–2022.
Bressler SL, Tang W, Sylvester CM, Shulman GL, Corbetta M
(2008): Top-down control of human visual cortex by frontal
and parietal cortex in anticipatory visual spatial attention.
J Neurosci 28:10056–10061.
Briand KA (1998): Feature integration and spatial attention: More
evidence of a dissociation between endogenous and exogenous
orienting. J Exp Psychol Hum Percept Perform 24:1243–1256.
Brighina F, Bisiach E, Piazza A, Oliveri M, La Bua V, Daniele O,
Fierro B (2002): Perceptual and response bias in visuospatial
neglect due to frontal and parietal repetitive transcranial magnetic stimulation in normal subjects. Neuroreport 13:2571–2575.
Campana G, Cowey A, Walsh V (2002): Priming of motion direction and area V5/MT: A test of perceptual memory. Cereb
Cortex 12:663–669.
Carlson S, Martinkauppi S, Rama P, Salli E, Korvenoja A, Aronen
HJ (1998): Distribution of cortical activation during visuospatial n-back tasks as revealed by functional magnetic resonance
imaging. Cereb Cortex 8:743–752.
Catani M, Howard RJ, Pajevic S, Jones DK (2002): Virtual in vivo
interactive dissection of white matter fasciculi in the human
brain. Neuroimage 17:77–94.
Catani M, Jones DK, ffytche DH (2005): Perisylvian language networks of the human brain. Ann Neurol 57:8–16.
Cavada C, Goldman-Rakic PS (1989a): Posterior parietal cortex in
rhesus monkey. I. Parcellation of areas based on distinctive
limbic and sensory corticocortical connections. J Comp Neurol
287:393–421.
Cavada C, Goldman-Rakic PS (1989b): Posterior parietal cortex in
rhesus monkey. II. Evidence for segregated corticocortical networks linking sensory and limbic areas with the frontal lobe.
J Comp Neurol 287:422–445.
Chambers CD, Stokes MG, Janko NE, Mattingley JB (2006):
Enhancement of visual selection during transient disruption of
parietal cortex. Brain Res 1097:149–155.
Cheal M, Lyon DR (1994): Allocation of attention in texture segregation, visual search, and location-precuing paradigms. Q J
Exp Psychol A 47:49–70.

2484

r

r

The Role of Left pIPS in Voluntary Orienting

Corbetta M, Shulman GL (2002): Control of goal-directed and
stimulus-driven attention in the brain. Nat Rev Neurosci
3:201–215.
Corbetta M, Miezin FM, Shulman GL, Petersen SE (1993): A PET
study of visuospatial attention. J Neurosci 13:1202–1226.
Corbetta M, Kincade JM, Ollinger JM, McAvoy MP, Shulman GL
(2000): Voluntary orienting is dissociated from target detection
in human posterior parietal cortex. Nat Neurosci 3:292–297.
Driver J, Vuilleumier P (2001): Perceptual awareness and its loss
in unilateral neglect and extinction. Cognition 79:39–88.
Driver J, Blankenburg F, Bestmann S, Ruff CC (2010): New
approaches to the study of human brain networks underlying spatial attention and related processes. Exp Brain Res 206:153–162.
Egly R, Driver J, Rafal RD (1994): Shifting visual attention
between objects and locations: Evidence from normal and parietal lesion participants. J Exp Psychol Gen 123:161–177.
Fierro B, Brighina F, Oliveri M, Piazza A, La Bua V, Buffa D, Bisiach
E (2000): Contralateral neglect induced by right posterior parietal rTMS in healthy subjects. Neuroreport 11:1519–1521.
Fierro B, Brighina F, Piazza A, Oliveri M, Bisiach E (2001): Timing
of right parietal and frontal cortex activity in visuo-spatial perception: A TMS study in normal individuals. Neuroreport
12:2605–2607.
Friedrich FJ, Egly R, Rafal RD, Beck D (1998): Spatial attention
deficits in humans: A comparison of superior parietal and temporal-parietal junction lesions. Neuropsychology 12:193–207.
Fu S, Caggiano DM, Greenwood PM, Parasuraman R (2005a):
Event-related potentials reveal dissociable mechanisms for orienting and focusing visuospatial attention. Cogn Brain Res
23:341–353.
Fu S, Greenwood PM, Parasuraman R (2005b): Brain mechanisms
of involuntary visuospatial attention: An event-related potential study. Hum Brain Mapp 25:378–390.
Gobel SM, Calabria M, Farne A, Rossetti Y (2006): Parietal rTMS
distorts the mental number line: Simulating ‘spatial’ neglect in
healthy subjects. Neuropsychologia 44:860–868.
Hahn B, Ross TJ, Stein EA (2006): Neuroanatomical dissociation
between bottom-up and top-down processes of visuospatial
selective attention. NeuroImage 32:842–853.
Han S, Jiang Y, Gu H, Rao H, Mao L, Cui Y, Zhai R (2004): The
role of human parietal cortex in attention networks. Brain
127:650–659.
Hannula H, Neuvonen T, Savolainen P, Hiltunen J, Ma YY, Antila
H, Salonen O, Carlson S, Pertovaara A (2010): Increasing topdown suppression from prefrontal cortex facilitates tactile
working memory. NeuroImage 49:1091–1098.
He X, Fan S, Zhou K, Chen L (2004): Cue validity and objectbased attention. J Cogn Neurosci 16:1085–1097.
He X, Humphreys G, Fan S, Chen L, Han S (2008): Differentiating
spatial and object-based effects on attention: An event-related
brain potential study with peripheral cueing. Brain Res
1245:116–125.
Hilgetag CC, Theoret H, Pascual-Leone A (2001): Enhanced visual
spatial attention ipsilateral to rTMS-induced ‘virtual lesions’ of
human parietal cortex. Nat Neurosci 4:953–957.
Hommel B, Pratt J, Colzato L, Godijn R (2001): Symbolic control
of visual attention. Psychol Sci 12:360–365.
Hopfinger JB, Buonocore MH, Mangun GR (2000): The neural
mechanisms of top-down attentional control. Nat Neurosci
3:284–291.
Kanai R, Bahrami B, Rees G (2010): Human parietal cortex structure predicts individual differences in perceptual rivalry. Curr
Biol 20:1626–1630.

r

r

Kastner S, Pinsk MA, De Weerd P, Desimone R, Ungerleider LG
(1999): Increased activity in human visual cortex during
directed attention in the absence of visual stimulation. Neuron
22:751–761.
Kim YH, Gitelman DR, Nobre AC, Parrish TB, LaBar KS, Mesulam MM (1999): The large-scale neural network for spatial
attention displays multifunctional overlap but differential
asymmetry. NeuroImage 9:269–277.
Kincade JM, Abrams RA, Astafiev SV, Shulman GL, Corbetta M
(2005): An event-related functional magnetic resonance imaging study of voluntary and stimulus-driven orienting of attention. J Neurosci 25:4593–4604.
Ladavas E, Carletti M, Gori G (1994): Automatic and voluntary
orienting of attention in patients with visual neglect: Horizontal and vertical dimensions. Neuropsychologia 32:1195–1208.
Macaluso E, Frith CD, Driver J (2002): Directing attention to locations and to sensory modalities: Multiple levels of selective
processing revealed with PET. Cereb Cortex 12:357–368.
Mayer AR, Dorflinger JM, Rao SM, Seidenberg M (2004): Neural
networks underlying endogenous and exogenous visual-spatial
orienting. NeuroImage 23:534–541.
Morris AP, Chambers CD, Mattingley JB (2007): Parietal stimulation destabilizes spatial updating across saccadic eye movements. Proc Natl Acad Sci USA 104:9069–9074.
Mort DJ, Malhotra P, Mannan SK, Rorden C, Pambakian A, Kennard C, Husain M (2003): The anatomy of visual neglect. Brain
126:1986–1997.
Muggleton NG, Juan CH, Cowey A, Walsh V (2003): Human frontal eye fields and visual search. J Neurophysiol 89:3340–3343.
Muggleton NG, Postma P, Moutsopoulou K, Nimmo-Smith I,
Marcel A, Walsh V (2006): TMS over right posterior parietal
cortex induces neglect in a scene-based frame of reference.
Neuropsychologia 44:1222–1229.
Muggleton NG, Cowey A, Walsh V (2008): The role of the angular
gyrus in visual conjunction search investigated using signal
detection analysis and transcranial magnetic stimulation. Neuropsychologia 46:2198–2202.
Muller HJ, Findlay JM (1988): The effect of visual attention on peripheral discrimination thresholds in single and multiple element displays. Acta Psychol (Amst) 69:129–155.
Muller HJ, Rabbitt PM (1989): Reflexive and voluntary orienting
of visual attention: Time course of activation and resistance to
interruption. J Exp Psychol Hum Percept Perform 15:315–330.
Muri RM, Buhler R, Heinemann D, Mosimann UP, Felblinger J,
Schlaepfer TE, Hess CW (2002): Hemispheric asymmetry in
visuospatial attention assessed with transcranial magnetic
stimulation. Exp Brain Res 143:426–430.
Nobre AC, Sebestyen GN, Gitelman DR, Mesulam MM, Frackowiak RS, Frith CD (1997): Functional localization of the system
for visuospatial attention using positron emission tomography.
Brain 120 (Part 3):515–533.
Pascual-Leone A, Gomez-Tortosa E, Grafman J, Alway D, Nichelli
P, Hallett M (1994): Induction of visual extinction by rapid-rate
transcranial magnetic stimulation of parietal lobe. Neurology
44:494–498.
Paus T, Jech R, Thompson CJ, Comeau R, Peters T, Evans AC
(1997): Transcranial magnetic stimulation during positron
emission tomography: A new method for studying connectivity of the human cerebral cortex. J Neurosci 17:3178–3184.
Paus T, Jech R, Thompson CJ, Comeau R, Peters T, Evans AC
(1998): Dose-dependent reduction of cerebral blood flow during rapid-rate transcranial magnetic stimulation of the human
sensorimotor cortex. J Neurophysiol 79:1102–1107.

2485

r

r

Du et al.

Posner MI (1980): Orienting of attention. Q J Exp Psychol 32:3–25.
Posner MI (1987): Cognitive neuropsychology and the problem of
selective attention. Electroencephalogr Clin Neurophysiol
39:313–316.
Posner MI, Petersen SE (1990): The attention system of the human
brain. Annu Rev Neurosci 13:25–42.
Posner MI, Walker JA, Friedrich FJ, Rafal RD (1984): Effects of
parietal injury on covert orienting of attention. J Neurosci
4:1863–1874.
Posner MI, Walker JA, Friedrich FA, Rafal RD (1987): How do the
parietal lobes direct covert attention? Neuropsychologia
25:135–145.
Pratt J, Hommel B (2003): Symbolic control of visual attention:
The role of working memory and attentional control settings.
J Exp Psychol Hum Percept Perform 29:835–845.
Rao H, Zhou T, Zhuo Y, Fan S, Chen L (2003): Spatiotemporal
activation of the two visual pathways in form discrimination
and spatial location: A brain mapping study. Hum Brain
Mapp 18:79–89.
Rosen AC, Rao SM, Caffarra P, Scaglioni A, Bobholz JA, Woodley
SJ, Hammeke TA, Cunningham JM, Prieto TE, Binder JR
(1999): Neural basis of endogenous and exogenous spatial orienting. A functional MRI study. J Cogn Neurosci 11:135–152.
Ruff CC, Bestmann S, Blankenburg F, Bjoertomt O, Josephs O,
Weiskopf N, Deichmann R, Driver J (2008): Distinct causal
influences of parietal versus frontal areas on human visual cortex: Evidence from concurrent TMS-fMRI. Cereb Cortex
18:817–827.
Rushworth MF, Nixon PD, Renowden S, Wade DT, Passingham
RE (1997): The left parietal cortex and motor attention. Neuropsychologia 35:1261–1273.
Rushworth MF, Ellison A, Walsh V (2001a). Complementary localization and lateralization of orienting and motor attention. Nat
Neurosci 4:656–661.
Rushworth MF, Krams M, Passingham RE (2001b). The attentional
role of the left parietal cortex: The distinct lateralization and
localization of motor attention in the human brain. J Cogn
Neurosci 13:698–710.
Rushworth MF, Johansen-Berg H, Gobel SM, Devlin JT (2003): The
left parietal and premotor cortices: Motor attention and selection. Neuroimage 20 (Suppl 1):S89–S100.
Schenkluhn B, Ruff CC, Heinen K, Chambers CD (2008): Parietal
stimulation decouples spatial and feature-based attention.
J Neurosci 28:11106–11110.

r

r

Shams L, Kamitani Y, Shimojo S (2000): Illusions—What you see
is what you hear. Nature 408:788–788.
Shulman GL, Pope DL, Astafiev SV, McAvoy MP, Snyder AZ,
Corbetta M (2010): Right hemisphere dominance during spatial
selective attention and target detection occurs outside the dorsal frontoparietal network. J Neurosci 30:3640–3651.
Smania N, Martini MC, Gambina G, Tomelleri G, Palamara A,
Natale E, Marzi CA (1998): The spatial distribution of visual
attention in hemineglect and extinction patients. Brain
121:1759–1770.
Spence C, Santangelo V (2009): Capturing spatial attention with
multisensory cues: A review. Hear Res 258:134–142.
Stewart L, Ellison A, Walsh V, Cowey A (2001): The role of transcranial magnetic stimulation (TMS) in studies of vision, attention and cognition. Acta Psychol (Amst) 107:275–291.
Sylvester CM, Shulman GL, Jack AI, Corbetta M (2007): Asymmetry of anticipatory activity in visual cortex predicts the locus of
attention and perception. J Neurosci 27:14424–14433.
Szczepanski SM, Konen CS, Kastner S (2010): Mechanisms of spatial attention control in frontal and parietal cortex. J Neurosci
30:148–160.
Thut G, Nietzel A, Pascual-Leone A (2005): Dorsal posterior parietal rTMS affects voluntary orienting of visuospatial attention.
Cereb Cortex 15:628–638.
Vallar G (2001): Extrapersonal visual unilateral spatial neglect and
its neuroanatomy. NeuroImage 14:S52–S58.
Vallar G, Perani D (1986): The anatomy of unilateral neglect after
right-hemisphere stroke lesions. A clinical/CT-scan correlation
study in man. Neuropsychologia 24:609–622.
Vossel S, Thiel CM, Fink GR (2006): Cue validity modulates the
neural correlates of covert endogenous orienting of attention in
parietal and frontal cortex. NeuroImage 32:1257–1264.
Walsh V, Cowey A (1998): Magnetic stimulation studies of visual
cognition. Trends Cogn Sci 2:103–110.
Walsh V, Rushworth M (1999): A primer of magnetic stimulation
as a tool for neuropsychology. Neuropsychologia 37:125–135.
Wang JJ, Zhou TG, Qiu ML, Du AT, Cai K, Wang ZL, Zhou C,
Meng M, Zhuo Y, Fan SL, Chen L (1999): Relationship between
ventral stream for object vision and dorsal stream for spatial
vision: An fMRIERP study. Hum Brain Mapp 8:170–181.
Woldorff MG, Hazlett CJ, Fichtenholtz HM, Weissman DH,
Dale AM, Song AW (2004): Functional parcellation of
attentional control regions of the brain. J Cogn Neurosci
16:149–165.

2486

r

