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Abstract: Predictability in the visual environment provides a powerful cue for efficient processing of
scenes and objects. Recently, studies have suggested that the directionality and magnitude of saccade
curvature can be informative as to how the visual system processes predictive information. The pres-
ent study investigated the role of the right posterior parietal cortex (rPPC) in shaping saccade curva-
tures in the context of predictive and non-predictive visual cues. We used an orienting paradigm
that incorporated manipulation of target location predictability and delivered transcranial magnetic
stimulation (TMS) over rPPC. Participants were presented with either an informative or uninforma-
tive cue to upcoming target locations. Our results showed that rPPC TMS generally increased sac-
cade latency and saccade error rates. Intriguingly, rPPC TMS increased curvatures away from the
distractor only when the target location was unpredictable and decreased saccadic errors towards
the distractor. These effects on curvature and accuracy were not present when the target location
was predictable. These results dissociate the strong contingency between saccade latency and saccade
curvature and also indicate that rPPC plays an important role in allocating and suppressing attention
to distractors when the target demands visual disambiguation. Furthermore, the present study sug-
gests that, like the frontal eye fields, rPPC is critically involved in determining saccade curvature
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INTRODUCTION

Predictabilities in the visual environment provide a
powerful cue for efficient processing of scenes and objects.
For example, when walking into a familiar living room, there
is no need to visually inspect every object. The gist, as well as
the identities of seen objects, predicts the locations and iden-
tities of other objects. Behavioral studies have shown that
these predictive cues can efficiently guide attention explicitly
or implicitly and also facilitate visual search [Brockmole
et al., 2006; Chun and Jiang, 1998; Peterson and Kramer,
2001]. Visual recognition also benefits from such predictabil-
ity as objects are recognized more accurately in their familiar
and semantically coherent context [Davenport and Potter,
2004], presumably because visual predictability limits the
number of perceptual interpretations on the basis of prior
likelihood. Indeed, utilizing predictive information is advan-
tageous as it offsets the computational load for the visual sys-
tem [for a review see Summerfield and Egner, 2009].

One way to study how the visual system takes advantage
of the predictive information is to look at the intervening
path that the eyes travel to reach its destination. These eye
movement trajectories are often not straight, never like fast-
balls that shoot straight to the target; instead, these trajecto-
ries are found to be curved. The directionality and
magnitude of these curvatures are useful here because
many researchers have suggested that they reveal the
dynamic competition between target selection and distrac-
tor suppression that the visual system must resolve [van der
Stigchel et al., 2006; Walker and McSorley, 2008]. Specifi-
cally, the directionality of these curvatures to the target can
often be determined by the presence and location of a dis-
tractor so that the trajectories either curve towards [McPeek
et al., 2003; McPeek, 2006] or away [Doyle and Walker, 2001;
McSorley et al., 2004; Sheliga et al., 1994; Tipper et al., 2001]
from the distractor. McPeek [2003] explained deviation ‘‘to-
ward’’ as a result of unresolved competition between ele-
ments in a visual scene. When two possible targets are
positioned in close proximity, the neural populations of
these targets are combined into one mean population,
resulting in an averaged vector that travels between the dis-
tractor and the intended target [McPeek et al., 2003; Port
and Wurtz, 2003; Tipper, 1997; Tipper et al., 2001]. Sheliga
[1994] explained the ‘‘away’’ curvatures with a suppression
hypothesis that treats the opposite saccade direction as a
result of one’s effort to inhibit an eye movement to the dis-
tractor location. Thus, the saccade trajectory would deviate
away from the distractors due to over-inhibition.

Recently, studies have shown that predictability in the vis-
ual environment can also interact with saccade curvature.

For example, Walker et al. [2006] used a predictive (direc-
tionally specific arrow) or uninformative (directionally neu-
tral hourglass) cue to make target locations either
predictable or unpredictable, respectively. They found that
saccades curved toward the distractor when target location
was unpredictable and away from the distractor when target
location was predictable. This finding revealed a qualitative
difference between two patterns of eye movements that was
determined solely by the presence of a predictive cue. This
provides insights into the competing processes between tar-
get selection and distractor suppression. Presumably, when
target location was predictable, the distractor location was
suppressed and did not capture attention. In contrast, when
target location was unpredictable, the target and distractor
competed to capture attentional resources.

The Frontal Eye Field

The neural substrates of these behaviors are less clear.
Many studies have shown that FEF and PPC are critical
for visual attention and eye movements [e.g., Chambers
and Heinen, 2010; Chambers et al., 2004; Juan et al., 2004,
2008; Morris et al., 2007; Muggleton et al., 2003; Prime
et al., 2008, 2009; Rushworth and Taylor, 2006; Schenkluhn
et al., 2008; Taylor et al., 2007]. Recently, Walker and col-
leagues [2009] used TMS to probe the causal relationship
between FEF and saccade curvature. The authors applied
single-pulse TMS during a left- or rightward saccade and
found that TMS to the right FEF increased saccadic curva-
ture away from the distractor location. This finding is sim-
ilar to those of McPeek et al. [2006], who suggested that
higher FEF activity on distractor would lead to saccades
curving towards the distractor, and vice versa. Walker and
colleagues provided convincing evidence showing that
TMS interference with FEF indeed led to greater away cur-
vatures. These studies suggested a role of FEF in the rep-
resentation of salience.

The Posterior Parietal Cortex

In addition to the mounting evidence that points to FEF
involvement as an important factor in saccade curvatures,
it is likely that these curvatures are determined by multi-
ple brain regions [Ellison et al., 2007]. Specifically, the pos-
terior parietal cortex (PPC) is likely to play an important
role in saccade curvatures due to its functions in visuomo-
tor control [Ellison and Cowey, 2006; Morris et al., 2007;
Nobre et al., 1997], updating spatial mapping [Andersen
et al., 1985; Merriam et al., 2003; Morris et al., 2007], and
shifting spatial attention [Ashbridge et al., 1997; Chambers

r Chao et al. r

r 1962 r



et al., 2004; Constantinidis and Steinmetz, 2005; Ellison
et al., 2003; Heilman and Van Den Abell, 1980; Mesulam,
1981; Mevorach et al., 2006; Rushworth and Taylor, 2006;
Schenkluhn et al., 2008; Tseng et al., 2010]. Konen and Kle-
iser [2004] also pointed out that target predictability and
unpredictability can effectively modulate rPPC activation,
which led them to hypothesize that rPPC is critically
involved in the switching of spatial attention [Heilman
and Van Den Abell, 1980; Mesulam, 1981]. Recently, a
TMS study by Hodsoll and colleagues [2009] tested rPPC’s
role in attentional capture tasks [Ellison et al., 2003; Ellison
and Cowey, 2007] and found that disrupted rPPC activity
lessened the magnitude of attentional capture.

The Current Study

The present study sought to investigate the role of rPPC
in terms of distractor-modulation. It has been shown that
neural activity in monkey LIP (the area homologous to
human PPC) can represent predictive information such as
the weighted likelihood of certain shape-combinations that
can lead to reward [Yang and Shadlen, 2007]. Therefore,
given PPC’s crucial role in processing predictive informa-
tion and in attentional capture, it is plausible to assume
that it is also critically involved in processing meaningful
information that is predictive of future events. According
to Hodsoll et al. [2009], when rPPC activation is low or
disrupted, attentional capture decreases. Since attentional
capture is the main source of distractor effects, if we com-
bine this with the Walker et al. [2006] findings on curva-
ture, it can be predicted that interference with rPPC
activity should decrease the salience of a distractor,
thereby pushing saccade curvature further away from the
distractor [as predicted by Walker et al., 2006; c.f., McSor-
ley et al., 2009]. In other words, decreased rPPC activity
should restrict attention mostly to the target by preventing
attentional capture from the distractor, thereby pushing
curvatures further away from the distractor. To test this
hypothesis, we employed theta burst TMS (theta TMS)
over rPPC and used the same paradigm as Walker et al.
[2006]. If rPPC is critical in allocating attention to distrac-
tors, then rPPC TMS should have an impact in two ways.
First, in the unpredictable condition, it should drive sac-
cade curvature further from the distractor location so that
the overall pattern mimics that of the predictable condi-
tion. Second, it should improve accuracy in the unpredict-
able condition by decreasing the salience of the distractors.
Conversely, saccade curvatures and performance should
not deviate as much in the predictable condition as the
distractors in this condition are already largely ignored.

METHODS

Participants

The experiment used a within-subject design. Eleven
participants (four male and seven female; 20–26 years old;

mean age ¼ 21.6) took part in the experiment across three
conditions (rPPC TMS, M1 TMS, no TMS). All participants
were randomly chosen from a pool of undergraduate stu-
dents from the National Central University. All had nor-
mal or corrected to normal vision and gave informed
consent form prior to the experiment. Participants received
monetary reward upon the completion of the experiment.
The experiments were approved by Institutional Review
Board of the Chang-Gung Memorial Hospital, Taoyuan,
Taiwan.

Apparatus and Stimuli

Stimuli were presented on a 19-inch CRT monitor with
resolution of 1024 * 768 pixels and vertical refresh rate of
100 Hz. Participants sat 85 cm in front of the monitor,
which was positioned at eye level. The position of the left
eye was recorded using an EyeLink II tracker (SR
Research, Mississauga, Ontario, Canada) with a 500 Hz
sampling rate. A 9-point calibration was carried out in ev-
ery participant prior to the formal collection of data. Sac-
cades were defined by a significant elevation in eye
movement velocity (>30�/s) and acceleration (>8000�/s2).
The direction of saccades and saccadic curvature were
recorded throughout the experiment.

The stimuli used in the experiment are illustrated in Fig-
ure 1. There were four possible positions for targets and
distractors [c.f., 8 positions in Walker et al., 2006]. Target
positions were 10� away from the fixation, and were
arranged circularly with 45� between locations. The target
(a cross), distractor (unfilled circle), and the fixation (dia-
mond) were all 1� in size. Target positions were con-
strained to four locations on the diagonal (oblique) axes

Figure 1.

Experimental paradigm. The experiment consisted of two

blocks, where block 1 provided a neutral cue (hourglass; unpre-

dictable) to target location (the ‘‘X’’) and block 2 provided a

directionally specific cue (arrow; predictable) to the upcoming

target location.
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because the oblique saccade trajectory is greater than that
for horizontal and vertical saccades [Viviani and Swens-
son, 1982]. In addition, Walker et al. [2006] also observed
that oblique saccades showed greater saccade trajectories
in predictable and unpredictable conditions. When a dis-
tractor was present, it appeared either in the clockwise or
counterclockwise immediately adjacent to the target
location.

Experiment Design and Procedure

The entire experiment consisted of three conditions:
rPPC TMS, no TMS, and M1 TMS. All conditions were
within-subject, and were run on three different days. The
materials, stimuli, and procedures were identical across all
conditions. Thus, the only difference between these three
conditions was the TMS site. The orders of the rPPC TMS
and no TMS conditions were counterbalanced between ev-
ery participant. The M1 TMS condition was added as
another control to ensure the specific TMS effects over the
PPC, and was always run after the other two conditions.

Within each condition (rPPC TMS, no TMS, and M1
TMS), there were two blocks of trials: one block for the
predictive condition and one for the non-predictive condi-
tion. The sequence of these blocks was counterbalanced
across subjects. In the rPPC and M1 TMS conditions, theta
burst TMS was applied at the beginning of both blocks.
Participants then rested for 5 min [Hubl et al., 2008] before
participating in the formal experiment. The two blocks
were also separated by 1 h of rest for the participants.
Each block lasted �13 min. This ensured that the experi-
ment length did not exceed the duration of the theta burst
TMS effect [Huang et al., 2005].

Each block began with 40 practice trials, followed by
120 formal trials. The 120 formal trials consisted of 40 no-
distractor trials and 80 distractor trials. The saccade curva-
tures from the no-distractor trials served as baseline for
determining whether the curvatures from the distractor tri-
als were ‘‘toward’’ or ‘‘away’’ curvatures. In other word, a
distractor-induced curvature that traces between the base-
line curvature and the distractor location would be catego-
rized as a ‘‘toward’’ curvature because it curved towards
the distractor more in comparison to when the distractor
was absent. The reverse is true for ‘‘away’’ curvatures.
This subtraction method was adopted from Walker et al.’s
original study [2006].

Each trial started with a fixation (a diamond in block 1
and a complex diamond in block 2) for 300 ms, followed
either by a directionless cue (hourglass, Condition 1), or a
directional cue (arrow, Condition 2). The directional cue
was 100% valid [Walker et al., 2006]. After a random delay
ranging from 800 to 1300 ms, the target and distractor
appeared simultaneously while the cue was still present.
Participants were instructed to fixate at the center fixation
until target onset and make a saccade to the target
within 1 s.

TMS Parameters

In all TMS conditions (rPPC TMS and M1 TMS), we
applied theta TMS before the formal experiment. It has
been shown that theta TMS can suppress motor evoked
potentials in the primary motor cortex for more than 20
min [Huang et al., 2005]. Theta TMS can also selectively
excite or inhibit neural activities of different brain regions
[Silvanto et al., 2007], making it a suitable method for
studying higher cognitive functions [e.g., Nyffeler et al.,
2006; Silvanto et al., 2007]. We used a Magstim Super-
Rapid Stimulator and a figure-of-8 coil to deliver rPPC
TMS. The site of theta TMS stimulation was point P4 10-20
on the electroencephalograph coordinate [Mevorach et al.,
2006]. The stimulation site was also confirmed with sub-
jects’ structure MRI with the Brainsight system (Rogue
Research, Montreal, Canada). Our participants wore gog-
gles with a tracker attached, enabling them to be co-regis-
tered with their structural image using a mounted Polaris
infrared tracking system (Northern Digital, Waterloo, Can-
ada), subsequently allowing the skull point overlying the
stimulated region to be identified. The site was in the vi-
cinity of rPPC areas used for the investigation of the func-
tional role of PPC in visual search tasks [e.g., Ashbridge
et al., 1997; Beck et al., 2006; Ellison et al., 2003, 2007; Kalla
et al., 2008; Tseng et al., 2010], which corresponds to point
P4 (right parietal) on the 10-20 electroencephalography
coordinate system. This was also the method used to local-
ize rPPC in Hodsoll et al.’s study, thus making the present
paradigm more consistent with their methods [Hodsoll
et al., 2009; Mevorach et al., 2006]. Although this method
may be less precise than individual site localization using
fMRI [see Sack et al., 2009 for a comparison of localization
methods], it nevertheless facilitates comparison with previ-
ous findings while also being considerably less time con-
suming and resource intensive. Participants received 3
pulses of stimulation given at 50 Hz repeated starting ev-
ery 200 ms for 20 s at 40% of maximum output (40% of
the maximum output of 2 Tesla) [Huang et al., 2005],
which was well below each individual participants’ motor
threshold (the lowest of which was 53%). A fixed stimula-
tion level was used because it has proven successful and
replicable in many studies and over a wide range of tasks
[e.g., Ashbridge et al., 1997; Chen et al., 2009; Ellison and
Cowey, 2007; Hung et al., 2005; Kalla et al., 2008; Muggle-
ton et al., 2003; Muggleton et al., 2010a,b; Rushworth et al.,
2002] and because motor cortex excitability does not pro-
vide a good guide to TMS thresholds in other cortical
areas [Stewart et al., 2001].

Data Analysis

Saccade latency was defined as the interval between tar-
get onset and the initiation of a saccadic eye movement (in
milliseconds). If saccadic latency was lower than 100 ms
or higher than 800 ms, the trial was identified as an outlier
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and removed from analysis (no-TMS: 0.1%; rPPC TMS:
0.1%; M1 TMS: 0.1% trials excluded).

Saccade curvature was computed by taking the area
under the curve that was formed by the saccade trajec-
tory and dividing it by the distance between the saccadic
starting and ending position [e.g., Ludwig and Gilchrist,
2002]. Trials with curvature more than two standard
deviations away from the mean curvature were identified
as outliers and removed from further analysis (no-TMS:
3%; rPPC TMS: 3%; M1 TMS: 3%). Since saccade trajecto-
ries are never straight, the curvatures from the no-dis-
tractor condition were used to serve as the baseline
curvatures and were subtracted from the curvatures from
trials with a distractor. Positive values indicated saccade
trajectories toward the distractor, whereas negative values
indicated saccade trajectories away from the distractor
location.

Accurate saccades were defined as saccades that landed
within a computer-defined square boundary (4.6� � 4.6�)
centered on the target. Saccades that landed outside the
square were identified as error saccades (no-TMS: 8%;
rPPC TMS: 14%; M1 TMS: 10%). These error saccades
were further divided into three categories. The first two
types were undershoot and overshoot errors where sac-
cades failed to land within the pre-defined target square
boundary. The last type of errors was distractor-induced
error in which saccades first landed within a pre-defined
triangular area toward the distractor before making a sec-
ond saccade to the target. The triangular boundaries were
defined by drawing an equilateral triangle (11.5� visual
degrees on all three sides) that projected outwards from
the fixation point (vertex) towards the distractor, covering
an angle of 45�(in geometrical angle). This equilateral tri-
angle was bisected by the distance (extending 10� visual
degrees) between the fixation and the distractor so that the
45� opening was composed by one boundary that pro-
jected 22.5� to the left and one boundary 22.5� to the right
in the vertically positioned distractor (or up and down for
horizontally positioned distractors) from the fixation point.
We used this equilateral triangle to define the distractor-
induced errors because these error saccades, although
induced by the distractors (as shown by their initial trajec-
tories), did not always land in close proximity to the dis-
tractors. Thus, a square boundary around the distractor
locations would not have been sensitive enough to capture
these error saccades.

RESULTS

Saccade Latency

A three-way ANOVA was performed to investigate
whether TMS, target predictability, and visual field had an
effect on saccade latency in the distractor condition (see
Fig. 2). There was a significant effect of TMS [F(2,20) ¼
7.8, P < 0.05], but no effect of visual field [F(1,10) ¼ 1.37,
P > 0.05] and predictability[F(1,10) ¼ 4.42, P > 0.05], with

no interaction between them [ps > 0.05]. For the effect of
TMS, saccade latencies on average were longer in the
rPPC TMS condition, regardless of target predictability
and visual field. There was no significant difference
between left and right visual field even under the predict-
ability or TMS (ps > 0.05). Furthermore, in the no-distrac-
tor condition, we conducted a three-way ANOVA to
investigate whether TMS and target predictability and vis-
ual field had an effect on saccade latency (see Fig. 2).
There was a significant effect of TMS [F(2,20) ¼ 6.85, P <
0.05] but no effect on visual field [F(1,10) ¼ 1.19, P > 0.05]
and no effect of predictability[F(1,10) ¼ 2.40, P > 0.05],
with no interaction between them (P > 0.05). The results
revealed the rPPC TMS prolonged the saccade latency not
only in the distractor condition but in the no-distractor
condition as well. This prolonged latency by rPPC TMS
has previously been observed in intentional [Muri et al.,
1996] and reflexive saccades [Kapoula et al., 2001], and is
likely due to PPC’s function in motor planning [Sabes
et al., 2000; Snyder et al., 1997; Morris et al., 2007]. This
suggests that theta TMS causes a slower execution of
motor planning despite target predictability.

Saccade Curvature

A three-way ANOVA was carried out to investigate
whether rPPC TMS, target predictability, and visual field
had an effect on curvature (see Fig. 3). There was a signifi-
cant effect of TMS [F(2,10) ¼ 8.01, P < 0.05] but no effect
of visual field [F(1,10) ¼ 1.27, P > 0.05] and predictability
[F(1,10) ¼ 0.28, P > 0.05], with an interaction between pre-
dictability and TMS [F(1,10) ¼ 7.04, P < 0.05]. As illus-
trated in Figure 3, there was a significant effect of rPPC
TMS when target location was unpredictable regardless of
visual fields, but not when target location was predictable,
but this effect was not observed in M1 TMS condition.
Because no difference was found between the left and
right visual field, we combined the visual fields for subse-
quent analyses.

In addition to the effect of TMS on saccade latency, we
were also interested in the development of saccade curva-
ture over time to examine its effects on target predictabil-
ity. Therefore, we divided all saccades into five groups
(bins) based on their latency [see also Mulckhuyse et al.,
2009]. The latency range of each bin was customized for
each individual so that each of the five bins contained
approximately 20% of saccades for each participant. As
shown in Figure 4, this categorization allowed us to inves-
tigate whether there was a curvature difference between
saccades that initiated either early or late. We conducted a
three-way ANOVA that incorporated TMS (three levels),
target predictability (two levels), and bins (five levels) on
saccade curvature. There was a significant main effect of
all three variables: TMS [F(2,20) ¼ 3.76, P < 0.05], target
predictability [F(1,10) ¼ 8.68, P < 0.05], and bins [F(4,40) ¼
8.91, P < 0.05]. Most importantly, we observed a
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significant interaction between TMS and target predictabil-
ity [F(2,10) ¼ 6.66, P < 0.05].

Interestingly, theta rPPC TMS pushed saccade curva-
tures further away from the distractor only when target
location was unpredictable (see Fig. 4a). It had no influ-
ence on saccade curvature when target location was pre-
dictable. It is important to note that TMS prolonged
saccade latency in the predictable condition without affect-
ing saccade curvature (see Fig. 4b). In other words, the
association between a prolonged saccade latency and
increased degrees of curvature can be lessened by rPPC
TMS.

To investigate the different amount of curvatures that
are induced by TMS and target predictability, we illus-
trated the saccade traces from these experimental condi-
tions (see Fig. 5). As shown in Figure 5, there was no
difference between rPPC TMS, no-TMS and M1 TMS sac-

cade traces in the predictable condition. However, when
target location was unpredictable, rPPC TMS made the
saccade trace further away from the distractor than no-
TMS condition and M1 TMS condition, suggesting
increased inhibition of the distractor.

Saccade Accuracy

We used a two-way ANOVA to examine the effect of
target predictability and TMS on accuracy. There was a
main effect of TMS [F(2,10) ¼ 5.32, P < 0.05] and predict-
ability [F(1,10) ¼ 10.6, P < 0.05; see Fig. 6a], with no inter-
action between them (P > 0.05). These results suggest that
rPPC TMS indeed impaired motor attention regardless of
target predictability (TMS effect).

To investigate the effect of TMS on the ability of distrac-
tors to capture attention [see Hodsoll et al., 2009] in this
paradigm, we compared the number of distractor-induced
error saccades across different conditions (see Fig. 6b).
When target location was predictable, distractor-induced
errors accounted for 1% of overall errors in the no-TMS
condition, 4% in the M1 TMS condition and 5% in the PPC
TMS condition (the remaining errors were due to saccade
overshoot/undershoot: 99%, 96%, and 95% in the no-TMS,
M1 TMS and PPC TMS block, respectively). This differ-
ence was not significant in a separate t-test [no TMS: 1%;
M1 TMS: 4%; PPC TMS: 5%; t(10) ¼ �1.11, P > 0.05].
Interestingly, when target location was unpredictable,
rPPC TMS reduced the number of distractor-induced
errors from 50% (no TMS) to 28% (rPPC TMS) and 38%

Figure 2.

Saccade latency differences. The Y axis shows saccade latency in

ms. Overall, rPPC TMS delayed saccade latency regardless of

target predictability and visual field and distractor condition.

This is consistent with rPPC’s role in motor and spatial atten-

tion. Error bars denote a 95% confidence interval. *Indicates sig-

nificant post hoc P values less than 0.05.

Figure 3.

Saccade curvatures. The Y axis shows saccade curvatures where

positive and negative values indicate curvature towards and away

from the distractors, respectively. rPPC TMS significantly

increased the magnitude of away curvatures in the unpredictable

condition regardless of visual field. This implies increased sup-

pression on distractor locations. Error bars denote a 95% confi-

dence interval. *Indicates significant post hoc P values less than

0.05.
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(M1 TMS) (the remaining errors were due to saccade over-
shoot/undershoot: 50% and 72% and 62% in the no-TMS,
rPPC TMS and M1 TMS block, respectively). This decrease
in distractor-induced errors was marginally significant in
the rPPC TMS condition [no TMS: 50%; rPPC TMS: 28%;
t(10) ¼ 2.16, P ¼ 0.057; see Fig. 6b] but not in the M1 TMS
condition [t(10) ¼ 0.31, P > 0.05;]. As shown in Figure 7,
the error saccades were further categorized into three
kinds of errors: distractor-induced error, overshoot and
undershoot. There was no significant difference between
rPPC TMS, no-TMS and M1 TMS under the overshoot [no
TMS: 30%; rPPC TMS: 35%; M1 TMS: 25%] and under-
shoot [no TMS: 20%; rPPC TMS: 37%; M1 TMS: 37%] [ps >

0.05] categories. However, the reduction in distractor-
induced errors was marginally significant [no TMS: 50%;
rPPC TMS: 28%; P ¼ 0.057]. Thus, the critical finding here
is that rPPC TMS did not reduce the number of overall
errors (due to a disruptive effect of TMS on motor plan-
ning), but did reduce the number of distractor-induced
errors (see Fig. 7). This finding supports Hodsoll et al.’s
[2009] attentional capture account, which we discuss in
detail below.

DISCUSSION

The aim of the present study was to investigate the role
of rPPC in evaluating predictive or non-predictive

Figure 5.

Saccade traces in the predictable and unpredictable condition.

The blue lines represent averaged trace from the no-TMS condi-

tion and the green lines came from the M1 TMS condition and

the red lines from the PPC TMS condition. Each line is com-

posed of 26 points. The ellipse on each line is the each point

95% confidence interval (the ellipses denote the horizontal and

vertical 95% confidence interval). The theta TMS pushed saccade

curvature further away from the distractor in the unpredictable

condition than in the predictable condition. This increase of

magnitude in the away curvatures can only be explained by tar-

get unpredictability, as its effect is above and beyond the disrup-

tive effect of TMS in motor planning (wider gap between the

three traces in the unpredictable condition than in the predict-

able condition).

Figure 4.

Saccade latency and curvature in five bins. Latency is plotted in

ms on the X axis. The Y axis plots saccade curvatures where

positive and negative values indicate curvatures toward and away

from the distractors, respectively. In the unpredictable block,

rPPC TMS made saccade initiation slower (shifting rightward)

and saccade curvature further away (curving downward). In the

predictable condition, rPPC TMS made saccade initiation slower

(shifting rightward) and but did not change the saccade curva-

ture. Error bars denote a 95% confidence interval.
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information when one intends to make an eye movement.
We applied the paradigm of Walker et al. [2006], in which
target location predictability was manipulated with an en-
dogenous central cue, and coupled it with theta burst TMS

delivered to rPPC to elucidate the role of this area in pre-
dictable and unpredictable situations. Saccade curvature
was used as an index of the effect of predictability and
disrupted rPPC activity [Walker et al., 2006]. The critical

Figure 7.

Error saccade distribution in the no-TMS, rPPC TMS, and M1 TMS conditions from the unpredict-

able block. These error saccades were further divided into three categories: undershoot, over-

shoot, and distractor-induced error. Specifically, rPPC TMS decreased the number of distractor-

induced errors.

Figure 6.

Overall saccade accuracy and the break-down of saccade errors.

As expected, saccades accuracy was always higher in the pre-

dictable condition than the unpredictable condition. rPPC TMS

increased saccade errors in both the predictable and unpredict-

able condition. Specifically, rPPC TMS produced more errors in

the unpredictable condition than the predictable condition (a).

But when we break down these errors, rPPC TMS actually

decreased the amount of errors that were caused by the dis-

tractors (b). We think these two effects can be explained by

rPPC’s function in spatial attention (more errors) and attentional

capture (less distractor-induced errors). Error bars are 95% con-

fidence interval. *Indicates significant post hoc P values less than

0.05.m.s. denotes marginal significant (p ¼ 0.057).
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finding was the dissociation between saccade latency and
saccade curvature when we introduced the variable of tar-
get predictability. In terms of saccade latency, when theta
TMS was applied to rPPC, saccade latencies were elevated
but this effect did not differ between the predictable and
the unpredictable conditions. On the other hand, when
considering the curvature data, theta rPPC TMS increased
the magnitude of away curvature only in the unpredict-
able condition and not in the predictable condition. Since
recent studies have suggested that saccades with long
latencies usually tend to curve further away from the dis-
tractor [McSorley et al., 2009; Mulckhuyse et al., 2009], one
would predict this latency and curvature contingency
should be manifested in our curvature results. Thus, we
observed a dissociation of the saccade latency and saccade
curvature relationship that was caused by specific TMS
effects that were dependant on target location
predictability.

Our findings here are in line with the many known
functions of rPPC in visual attention, namely visuomotor
control [Ellison and Cowey, 2006; Ellison et al., 2003, 2007;
Morris et al., 2007; Nobre et al., 1997; Prime et al., 2008],
updating spatial mapping [Andersen et al., 1985; Merriam
et al., 2003; Morris et al., 2007], and shifting spatial atten-
tion [Ashbridge et al., 1997; Chambers et al., 2004; Con-
stantinidis and Steinmetz, 2005; Ellison et al., 2003;
Heilman and Van Den Abell, 1980; Mesulam, 1981; Mevor-
ach et al., 2006; Rushworth and Taylor, 2006; Rushworth
et al., 2001; Schenkluhn et al., 2008; Tseng et al., 2010].
Specifically, a recent TMS study by Hodsoll and colleagues
[2009] tested the role of rPPC in attentional capture tasks
[Ellison et al., 2003; Ellison and Cowey, 2007] and found
that disrupted rPPC activity lessened the magnitude of
attentional capture. Their findings suggest that rPPC is
critically involved in the reflexive orienting of attention to
salient stimuli. Therefore, when TMS disrupted rPPC ac-
tivity, participants could better focus on the target, possi-
bly due to decreased salience of the distractor. This
implies that increased suppression of distractors can be
induced by interference with rPPC activity, which should
directly impact saccade curvature. Chambers and col-
leagues [2004] have suggested two critical times periods
(fast: 90–120 ms; slow: 210–240 ms) for parietal involve-
ment in automatic shifts of attention to salient stimuli,
both of which are well within the saccade latencies
reported here. Consequently, rPPC TMS can reduce the
amount and magnitude of attentional capture by decreas-
ing the salience of singleton distractors. Together, these
findings are consistent with what we report here: theta
TMS over rPPC led to increased curvature away from the
distractor when target location was unpredictable, presum-
ably because of the increased suppression and decreased
salience of the distractor.

In our experiment, the key underlying difference
between the predictable and unpredictable condition was
the competition between the target and distractor for
attention. In the predictable condition, there was no signif-

icant TMS effect on saccade curvature because the cue had
directed attentional allocation to the probable location
much earlier. Thus, target-distractor competition had long
been resolved by the time of target onset. In contrast,
when target location was unpredictable, target and distrac-
tor were competing to capture attention. Since TMS inter-
fered with rPPC involvement in attentional capture, the
effect of the distractor was lessened. This led to an
increased suppression of the distractor, which was
reflected in the increased curvature away from it even
more so than when target location was predictable.

Saccade Accuracy and Latency

Although saccade curvature was the measure of primary
interest, our saccade accuracy and latency data are also of
importance as they validate the effect of theta TMS. In accu-
racy data we observed a dissociation between the numbers
of motor and distractor-induced errors in accuracy data:
rPPC TMS increased the overall error rate from 8% to 14%
(including overshoot and undershoot) but decreased the
proportion of distractor-induced errors from 50% to 28%
(see Fig. 7). This is an important dissociation because rPPC
is critically involved in motor planning [Nobre et al., 1997]
and spatial attention [Ashbridge et al., 1997]. Therefore,
any effect that is based on the disruption of rPPC should
always come at the cost of certain degrees of accuracy in
spatial attention. Here, we observed an overall increase in
error rate when theta TMS was applied to rPPC, which vali-
dates the disruptive effect of TMS on rPPC. But most
importantly, the simultaneous reduction in distractor-
induced errors suggests a decreased distractor salience
when target location was not cued, thus leading to fewer
distractor-induced errors in comparison to the no-TMS con-
dition. Therefore, it is possible that the effect of rPPC TMS
lies in decreasing the ‘‘unpredictability’’ of the unpredict-
able condition, making it more similar to the predictable
condition by decreasing the salience of the distractor.

In terms of latency, rPPC TMS prolonged saccade la-
tency regardless of target predictability or the visual field
of which the distractor appeared. In fact, the same TMS
effect was also observed in the no-distractor condition.
That is, TMS lengthened saccade latency regardless of tar-
get predictability (predictable and unpredictable) and vis-
ual fields (left and right) even when there was no
distractor present. This non-specific disruptive effect of
rPPC TMS had previously been observed in intentional
[Muri et al., 1996] and reflexive saccades [Kapoula et al.,
2001], which can be understood in terms of the role of the
PPC in motor planning [Sabes et al., 2000; Snyder et al.,
1997; Morris et al., 2007]. We think this general TMS effect
also points to the predictability effects of saccade curva-
ture being caused by something more than just motor
preparation. That is, we observed a non-specific TMS
effect on saccade latency, presumably due to rPPC
involvement in motor preparation, and a predictability-
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specific TMS effect on saccade curvature that is likely an
additive effect over and above general saccade planning
and motor preparation. In summary, combining the overall
increase in saccade latency and error rate (including over-
shoot and undershoot saccade) in the TMS condition, we
conclude that theta TMS caused a slower and impaired
execution of motor planning regardless of target
predictability.

The Directions and the Degrees of Saccade

Curvatures

One interesting discrepancy between our results and
those from Walker et al. [2006] is the overall direction of
saccade curvatures. Walker et al. [2006] observed curva-
tures toward the distractor when target location was cued
and away from the distractor when target was not cued. In
the present study, when no TMS was applied, we also
observed a similar trend of increased magnitude of away
curvature in the predicable condition than that in the
unpredictable condition. However, we did not observe cur-
vature toward the distractor in the unpredictable condition.
There are two possible explanations. First, we only used
four possible target positions in the interest of decreasing
the number of trials for the TMS experiment, whereas
Walker et al. used eight. This is because in our experiment
the target and distractor locations were programed not to
overlap spatially (distractors in the vertical and horizontal
axes but the target in the oblique axis), whereas Walker
et al.’s study did not impose this restriction on their stimuli
locations. Thus our task was more ‘‘predictable’’ than
Walker et al.’s version because our participants could focus
on the oblique axis (target location) and ignore the horizon-
tal and vertical axes (distractor location) even in the un-
predictable condition. Therefore, if the level of un-
predictability would have an impact on performance, the
degree of unpredictability for our targets was less than that
from Walker et al.’s setup. Second, our observed saccade
latency was on average 40 ms longer than the latencies
reported by Walker et al. This signifies that there could
have been more top-down involvement in the present
experiment, which led to an increase in curvature away
from distractors [Van der Stigchel et al., 2007]. Indeed,
studies have shown that longer saccade latency tends to
correlate with away curvatures [McSorley et al., 2009;
Mulckhuyse et al., 2009]. Specifically, a recent study by
Walker and colleagues [McSorley et al., 2009] using a simi-
lar orienting paradigm also found that saccades within the
latency range of 260–280 ms tend to curve away from the
distractor, which is consistent with our findings. Together,
these discrepancies should account for our observed
‘‘away’’ curvatures regardless of target predictability. One
recent study has shown that the probability of a saccade
location can effectively modulate saccade latency [Liu
et al., 2010]. It remains to be tested whether the extent of
predictability would not only affect the degrees of saccade
curvatures but also the directions of them.

CONCLUSION

The present study suggests that in addition to rFEF,
rPPC is also critically involved in the processes of deter-
mining saccade curvature. More specifically, when targets
locations were unpredictable and attentional selection of
target was required, rPPC TMS decreased distractor-
induced errors and increased curvature away from the
distractors. Our findings thus also suggest that rPPC
may be critically involved in processing predictive and
non-predictive information. Monkey neurophysiology has
already shown that area LIP (equivalent to the vicinity
of human PPC) can encode behaviorally relevant objects
[Gottlieb et al., 1998] and even the color of a cue if it is
associated with an eye movement [Toth and Assad,
2002]. Furthermore, target predictability can have a sig-
nificant effect in modulating LIP activity [Konen et al.,
2004]. Recently, Yang and Shadlen [2007] reported that
neural activity in LIP can represent predictive informa-
tion such as the weighted likelihood that certain shape-
combinations can lead to reward. Therefore, PPC is not
only crucial to spatial attention, but may also be
involved in processing meaningful information that is
predictive of future events. The predictability effects may
be highly related to the attentional effects observed in
many studies [e.g., Geng and Behrmann, 2002, 2005; Liu
et al., 2010; Summerfield and Egnar, 2009]. Together,
these results suggest that rPPC is critical in processing
probability-related behaviors, and our findings here dem-
onstrate this effect in terms of modulation of saccade
curvature.
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