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Abstract To examine the spatial shift of attention during
smooth pursuit, we measured reaction times (RTs) to a
visual target that appeared during pursuit. Participants pur-
sued a moving row of circular frames and responded to a
target presented within one of the frames. The results
showed large RT differences between stimulus velocities
up to 5º/s and 10º/s or above. RTs were faster for a target
appearing in the pursuit direction than for one in the oppo-
site direction. When an auditory precue was presented, the
RTs during pursuit at 10º/s were faster with increases in the
stimulus onset asynchrony (SOA) between the cue and the
target. Furthermore, RTs were faster in the cued than in the
uncued direction. These results not only support the idea
that RTs during pursuit reflect the operation of attention, but
also suggest that attention during pursuit can be shifted by
the abrupt onset of a target stimulus and/or by prior infor-
mation regarding the onset of a target stimulus.
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During smooth pursuit eye movement, spatial attention
plays an important role in maintaining pursuit of a moving
object by attenuating the effects of retinal image motion of

the background (e.g., Kowler, van der Steen, Tamminga, &
Collewijn, 1984). Without attention, the image motion of
the background elicits optokinetic nystagmus (OKN), which
acts to shift the observer’s fixation in the direction of the
background motion (opposite the direction of smooth pur-
suit), and pursuit performance deteriorates (Kerzel, Souto, &
Ziegler, 2008). To examine the effects of attention on
smooth pursuit directly, many studies have measured the
performance of smooth pursuit by manipulating the atten-
tional resources available for smooth pursuit and for sec-
ondary tasks (Chen, Holzman, & Nakayama, 2002; Hutton
& Tegally, 2005) or by shifting the spatial location of
attention (Kerzel et al., 2008; Khurana & Kowler, 1987;
Madelain, Krauzlis, & Wallman, 2005). For example, Kerzel
et al. measured pursuit gains during a dual task in which
participants pursued a horizontally moving stimulus while
discriminating target stimuli presented above or below the
pursuit stimulus. To shift the participants’ attention away
from the pursuit stimulus, a cue concerning the target location
was presented before the onset of the target. Kerzel et al.
found that the pursuit gains during the dual task decreased
after the onset of the cue or the onset of the target, suggest-
ing that a spatial shift of attention from the pursuit stimulus
impaired pursuit performance.

Although the results of many studies have indicated that
spatial attention contributes to maintaining the smooth pur-
suit of a moving object, it is not fully understood how
attention is spatially distributed during smooth pursuit.
Studies using a reaction time (RT) task in which a target
was presented along the pursuit trajectory have suggested
that, during smooth pursuit, attention moves ahead of the
pursued object along the trajectory (Tanaka, Yoshida, &
Fukushima, 1998; van Donkelaar, 1999; van Donkelaar &
Drew, 2002). For instance, van Donkelaar and Drew had
participants view a display containing a central cross (“×”)
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and eight peripheral circles, four placed horizontally on
the right side of the cross, and four on the left. The center-
to-center separation of the stimuli was 1º horizontally. The
stimuli moved rightward horizontally at 3º, 5º, 10º, or 15º/s,
and after a randomized period, one of the stimuli (the target)
changed its shape (from an “×” to an “o,” or vice versa). The
participants’ task was to pursue the cross accurately and to
press a button when the target shape changed. The results
showed that the RTs were faster for a target appearing on the
right rather than the left side of the cross, particularly at high
velocities (i.e., 10º/s and 15º/s), suggesting that attention
was located ahead of the pursuit stimulus along an expected
pursuit trajectory. In addition, van Donkelaar and Drew
found that RTs increased with increasing stimulus velocity.
They explained this result on the basis of the attentional
resources available for the performance of smooth pursuit
(for further details, see the General Discussion).

Recently, Lovejoy, Fowler, and Krauzlis (2009) reported
data indicating that attention during smooth pursuit is cen-
tered on the pursuit stimulus. They argued that previous
findings of faster RTs for a target ahead of the pursuit
stimulus than for a target behind it (e.g., van Donkelaar &
Drew, 2002) reflected a spatial shift of attention triggered by
the abrupt onset of a target (Theeuwes, Kramer, Hahn, &
Irwin, 1998; Yantis & Jonides, 1990) rather than the steady-
state allocation of attention during pursuit. To investigate
the spatial allocation of attention during pursuit, Lovejoy et
al. used a non-RT task that minimizes abrupt onsets (Deubel
& Schneider, 1996). They presented a horizontally arranged
row of 15 figure-8 characters with center-to-center separa-
tions of about 0.6º that moved horizontally at 8º, 12º, or 16º/
s. After a randomized period, all but one of the characters
(the target) briefly changed to either a “2” or a “5,” and the
target changed to either an “E” or a “3.” The participants’
task was to accurately pursue the central character and to
report whether the target was an “E” or a “3.” Lovejoy et al.
found that the proportions correct peaked at the pursuit
character and fell off rapidly on either side within 1º or 2º
from the pursuit character. No apparent change in perfor-
mance was observed with the different pursuit directions or
velocities (cf. van Donkelaar & Drew, 2002). They also
found small but significant effects of spatial cues on the
allocation of attention. They adopted a cost–benefit analysis
(e.g., Posner, 1980) with a cue presented prior to the stim-
ulus motion. The participants’ performance was significant-
ly better on trials with a valid rather than an invalid cue, but
only when the valid cue was presented on the same side as
the pursuit direction—that is, when the cue was presented
on the right of a pursuit stimulus that moved to the right.

The findings of the aforementioned studies indicated that it
is necessary to distinguish between allocation and shifts of
attention when we deal with the spatial distribution of atten-
tion during smooth pursuit. In steady-state allocation,

attention will be located at or in the close vicinity of a pursuit
object, with a slight change in location toward an expected
region of a target to be responded to (Lovejoy et al., 2009).
Abrupt presentation of a new object during pursuit will
initiate a shift of attention toward that object (van Donkelaar
& Drew, 2002), with the shift occurring more quickly in the
direction of pursuit than in the opposite direction. Attention
will also shift away from the pursuit object when prior
information is given to the observer concerning the likely
position of a target (Kerzel et al., 2008).

Keeping the above distinction in mind, in this study we
examined the spatial shift of attention during pursuit using
an RT task similar to that used in van Donkelaar and Drew
(2002). We decided to do so for two reasons. First, we
wanted to confirm the finding of directional asymmetry in
the shift of attention—particularly, its dependence on pur-
suit velocity. Van Donkelaar and Drew showed that the
asymmetry in shifts of attention, indicated by the RT distri-
bution along the pursuit trajectory, changed with pursuit
velocity; the fastest RTs were observed at 1º to 2º ahead of
a pursuit stimulus moving at a velocity of 10º/s, and at 15º/s
the RTs became fastest at 2º or 3º ahead of the pursuit
stimulus. With increasing stimulus velocity, attention during
pursuit moves farther ahead of the pursuit stimulus. There-
fore, it can be expected that asymmetry in the spatial shift of
attention, if present, will become more marked with faster
stimulus velocities.

Second, we wanted to test whether attention would be
shifted voluntarily along the pursuit trajectory. Van Donke-
laar and Drew (2002) reasoned that asymmetry in the shift
of attention during pursuit was caused by the observer’s
expectation of the likely position of the pursuit stimulus.
This is in line with a large body of evidence in which the
expectation of a target position has caused a voluntary shift
of attention (e.g., Doricchi, Macci, Silvetti, & Macaluso,
2010; Downing, 1988; Lambert & Corban, 1992; Posner,
1980). However, as noted by Lovejoy et al. (2009), the
asymmetry observed by van Donkelaar and Drew was likely
to be due to an involuntary shift of attention caused by the
abrupt onset of the target. Kerzel et al. (2008) reported that
attention shifted voluntarily toward a location indicated by a
central cue, although the direction of the attentional shift
was orthogonal to that of the pursuit. To obtain a better
understanding of the attentional shift during pursuit, it
would also be necessary to see whether a voluntary shift
of attention occurred along the pursuit trajectory, indepen-
dently of the involuntary shift of attention.

To address those issues, we conducted two experiments.
In Experiment 1, we measured RTs with a wide range of
stimulus velocities (1º–40º/s) (cf. van Donkelaar & Drew,
2002). The range of target positions was also extended 0º to
15º on both the right and left sides of the pursuit stimulus, to
cover a potentially wide range of asymmetries that might be
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observed at high stimulus velocities. Although RTs to a
target stimulus at a large eccentricity might be limited by
decreases in visual sensitivity, the effects of an attentional
shift could be examined by comparing RTs between the
right and left sides of the pursuit stimulus at equal eccen-
tricities (see the Method section). In Experiment 2, we used
a similar stimulus configuration and presented an auditory
precue indicating whether the target stimulus would be
likely to appear on the right or the left side of the pursuit
stimulus. The stimulus onset asynchronies (SOAs) between
the onsets of the cue and target were 50, 100, or 150 ms.
These SOAs were designed to prevent a saccade in the cued
direction before the target presentation.

In both experiments, we thoroughly analyzed the observ-
ers’ pursuit eye movements. Specifically, we calculated the
velocity error and the position error before and after the
onset of the target stimulus in order to check whether the
observer was able to maintain smooth pursuit during the RT
task. Kerzel et al. (2008) reported that pursuit performance
was disturbed by the shift of attention to the target stimulus.

Experiment 1

Method

Participants There were 5 participants, 4 males and 1 fe-
male, with a mean age of 24.8 years and a range of 23–26
years. One of them was the first author, and the others were
naive participants. They gave informed consent for this
experiment before participation. All of the participants had
normal or corrected-to-normal vision.

Apparatus and stimuli All stimuli were presented on a 17-
in. color CRT monitor (TOTOKU CV722X) with a refresh
rate of 100 Hz controlled by a personal computer (Dell
OptiPlex GX260) with a color graphic system (Cambridge
Research Systems VSG2/5), which also controlled the ex-
perimental timing, RT measurement, and recording from a
response box. The stimuli were viewed monocularly using
the right eye from a distance of 27 cm. Figure 1a illustrates
the stimulus display of this experiment. In the display, seven
red circular frames (luminance 1.7 cd/m2) were presented on
a black background (luminance below 0.13 cd/m2). Each
frame subtended 0.8º in diameter. The seven frames were
aligned horizontally, with a center-to-center separation of 5º
between neighboring ones. The frames moved back and
forth at a distance of 20º and a velocity of 1º, 3º, 5º, 10º,
15º, 20º, 30º, or 40º/s, with an additional condition in which
the frames remained stationary at the center of the display.
The target stimulus was a white filled circle (luminance 7.5
cd/m2) subtending 0.4º in diameter. The target stimulus
moved with the same velocity and direction as the frame

motion (it remained stationary in the stationary frame
condition).

During the experiment, the eye positions were monitored
by a head-mounted, video-based eyetracking system (NAC
EMR-8B) that detected the foveal position from the pupil/
corneal reflection. The system had a temporal resolution of
16.67 ms (sampling rate of 60 Hz) and could measure
horizontal eye movements linearly within the monitor of
the system (a range of 32º × 24º) with a spatial resolution
of 0.1º of visual angle.

Procedure The experiment was conducted in a room that
was dark except for the light of the stimulus presentation.
Participants were seated with their heads fixed by a chinrest
and a biteboard while viewing the display. After dark adap-
tation for 5 min, each experimental session was conducted.
In all but the stationary frame condition, each trial began
with the presentation of seven circular frames that were
positioned 10º to either the right or the left of the center of

(a) 

5°

10° from the center

300 ms

1000-3000 ms

(b) 

Eye position

F R5 R10 R15L5L10L15

Fig. 1 Illustration of (a) the task used in Experiment 1 and (b) the
range of each eccentricity. L, F, and R in the lower panel indicate left,
fovea, and right, respectively
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the display (see Fig. 1a). When 300 ms had elapsed from the
onset of the frames, they started to move, followed by the
target presentation at the center of one of the seven frames
while the frames were moving. The foreperiod between the
onset of the frame motion and the target presentation was
chosen randomly for each trial from a range of 1,000–3,000
ms. The participants pursued the central frame of the seven
frames accurately and responded to the target as soon as
possible by pressing the key on the response box using the
index finger of their right hand. The stimulus presentation
was terminated by the participant’s response and was
replaced with a blank display. The intertrial interval was
2,000 ms.

The moving conditions consisted of five sessions of 140
trials (two blocks of 70 trials each) for each velocity. In one
block, the frames always started to move from the right of
the center of the display, while in the other block they
moved from the left. The order of the two blocks was
randomized across sessions. Before each block, the partic-
ipants were told the initial position of the central frame to be
pursued. The stimulus velocity was the same throughout the
five sessions. The target position was randomized across
trials, with equal numbers of occurrences in all of the
frames.

For the stationary frame condition, each trial began with
the presentation of seven circular frames at the center of the
display, followed by a randomly varied foreperiod within
the range of 1,000–3,000 ms, after which the target was
presented. The participants’ task was identical to that in the
moving frame conditions, except that the participants fixat-
ed the central frame before the onset of the target. As with
the moving conditions, the stationary condition consisted of
five sessions of 140 trials (two blocks of 70 trials each).

The order of the nine conditions (eight velocities for
moving frames plus a stationary frame condition) was ran-
domized across the participants. Before each velocity con-
dition, participants were given one practice block of 70
trials. All participants completed all of the conditions over
3 or 5 days, depending on their schedule and the time
available each day. They were given 2-min rest periods
between sessions and 10 min between velocity conditions.

Eye movement recordings The horizontal eye positions dur-
ing the stimulus presentation were recorded from partici-
pants’ right eyes. The recording system was calibrated as
follows. First, before each velocity condition, the partici-
pants were asked to fixate nine points on the display. Sec-
ond, to check the accuracy of the recordings, before and
after the experimental block, we asked the participants to
fixate three points located horizontally at 0º and ±10º from
the center of the display. Fixation data to the three points
were used to determine eye position on the display in the
following session. All eye position data were stored on a

digital tape and analyzed offline after the experiment using a
computer program that calculated the retinal eccentricity of
the target at the target onset and the position error and
velocity error relative to the target stimulus onset.

Data analysis We excluded from subsequent analyses both
the RT and eye position data obtained in trials in which the
RTs were below 100 ms or above 1,000 ms, and/or in which
saccades were made during an interval of 100 ms before the
target stimulus onset. To identify saccades, we used a set of
velocity and acceleration criteria (e.g., Krauzlis & Miles,
1996): A saccade was defined as an eye movement with a
velocity higher than 60º/s (i.e., unlikely to be elicited by the
pursuit stimulus) and/or acceleration higher than 2,000º/s2.
The remaining data, which were slightly more than 80% of
the original data across participants, were used in the fol-
lowing analysis.

For each participant and velocity condition, the RT data
were analyzed in terms of the retinal eccentricity of the
target stimulus. The retinal eccentricity of the target stimulus
was first calculated by subtracting the eye position from the
target position (on the display) at its onset, and the resulting
eccentricity was classified into one of seven positions.
Figure 1b illustrates an example of the seven positions. Each
position was centered at the fovea (0º) or 5º, 10º, or 15º to
both the right and left of the fovea, with a range of 5º, from
−2.5º to +2.5º from the central position. RTs were sorted by
the corresponding eccentricity position and averaged. To
examine whether spatial attention would be shifted in the
direction of pursuit (Tanaka et al., 1998; van Donkelaar,
1999; van Donkelaar & Drew, 2002), we also analyzed the
RT data separately for each pursuit direction.

The eye position data of each participant were used to
compute position and velocity errors. In the computation,
we first removed the data corresponding to saccades and/or
eye movements in the opposite direction from the pursuit
stimulus motion. No interpolation was performed for the
data removed by the process above. We then extracted the
data contained in an 800-ms interval, from 400 ms before
the target onset to 400 ms after the onset, and divided the
extracted data into four 200-ms bins. Since the sampling rate
of the eyetracking system was 60 Hz (see the Apparatus and
Stimuli section above), each bin was assumed to contain 12
samples if none of them was removed. The bins that
contained seven or fewer samples (about 7% of the original
data) were excluded from the subsequent analyses of veloc-
ity and position errors. It should be noted that, since the
pursuit stimulus (and target stimulus) disappeared after the
participant’s response (see the Procedure section), the eye
position data beyond 400 ms after the onset might simply
reflect perturbation of eye movements following pursuit
termination. Therefore, we did not analyze the data more
than 400 ms after the onset.
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We conducted two types of analyses on the position
and velocity errors. One analysis was to calculate the
position and velocity errors in each bin (e.g., Kerzel et
al., 2008). The position error was computed for each sample
by taking the differences between the positions of the pur-
suit stimulus and the eye and was then averaged over all
samples in a bin. In the computation of velocity errors, the
horizontal eye velocity was obtained by differentiating the
eye position data and taking the average over a 200-ms bin,
and the velocity error was computed by subtracting the
resulting eye velocity from the stimulus velocity. We calcu-
lated the mean of either type of error over an 800-ms
interval, after removing any bins in which the error was
two standard deviations beyond the mean of that interval
(less than 3%) in the original data across participants. The
removal of outliers prevented the mean value from being
contaminated by aberrant data, which could have occurred
due to saccades related to the changes in direction of the
pursuit stimulus or to blinks.

The other analysis was to calculate the means of the
position and velocity errors over two bins prior to the onset
of the target stimulus as a function of the eccentricity posi-
tion of the target stimulus and its velocity. Fewer than 1% of
the total trials across participants contained no data in any of
the four bins, and this analysis was not performed on those
trials.

For our statistical methods, we used nonparametric
tests because of the small number of participants. Specif-
ically, two types of nonparametric tests were performed in
sequence. First, a Friedman test was performed to exam-
ine the main effects of the experimental variables—that is,
velocity and eccentricity—and their interaction (Iwahara,
1964; Wilcoxon, 1949). The means of all of the variables
were obtained from all 5 participants; that is, the total of 315
means (9 velocities × 7 eccentricities × 5 participants)
were entered into the test after the data were divided into
subsets corresponding to the levels of the variable(s) to
be tested. For a main effect of velocity on RTs, for example,
the data were divided into 9 subsets of 35 means (7 eccen-
tricities × 5 participants), from which a χ2 value was
computed.

Second, after a statistically significant main effect was
noted by the Friedman test, a Wilcoxon matched-pair
signed-rank test was performed to make multiple paired
comparisons for that variable. Pairs of all mean values
associated with the conditions to be compared were entered
into the tests. For example, pairs of 35 means (7 eccentric-
ities × 5 participants) were used for the paired comparisons
of two different velocities. For the multiple comparisons, the
overall α level of .05 was preserved by a Bonferroni cor-
rection—that is, by adjusting the α level for each compar-
ison to .05/N, where N is the number of comparisons to be
performed.

Results

RTs Figure 2 presents the mean RTs of the 5 participants as
a function of retinal eccentricity separately for the different
stimulus velocities, including the stationary frame condition
(the individual data are shown in Appendix A). For all of the
velocity conditions, the RTs increased with increasing reti-
nal eccentricity. On average, the differences were large
between velocities of 5º and 10º/s, whereas RTs did not
change much at velocities up to 5º/s or 10º/s and above.
There were large individual differences at velocities greater
than 20º/s (as indicated by the error bars).

There were significant main effects of retinal eccentricity,
χ2(6) 0 217.13, and stimulus velocity, χ2(8) 0 134.12,
both ps < .01, and a significant interaction between them,
χ2(48) 0 65.40, p < .05. There were significant differences
between all pairs of retinal eccentricities, except for the
differences between left 15º (L15) and right 10º (R10),
L15 and R15, and L10 and R10. The RTs were significantly
faster at velocities 5º/s and below than at velocities 10º/s and
above. The RTs were also significantly different between the
velocities of 1º/s and 5º/s. No other differences were signifi-
cant. When Friedman tests were applied to test the main effect
of eccentricity at each velocity, the effect was significant at all
of the velocities, all ps < .01.

RT difference between the right and left sides Figure 3
presents the mean RT differences between the right and left
sides for rightward and leftward pursuit (the individual data
are shown in Appendixes B and C). Positive values mean
that the RTs were faster for the target on the right than on the
left, and negative values mean that the RTs were faster for
the target on the left than on the right. Overall, the RTs were
faster when the target was presented on the side matching
the pursuit direction (the left side in leftward pursuit and the
right side in rightward pursuit). For rightward pursuit
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Fig. 2 Mean RTs in Experiment 1 as a function of retinal eccentricity,
reported separately for different stimulus velocities, including the
stationary frame condition. The vertical bars indicate the standard
errors of the means
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(Fig. 3a), the RTs were significantly faster on the right than
on the left side at 5º and 10º of eccentricity (ps < .05), but
there was no difference between the two sides at 15º. For
leftward pursuit (Fig. 3b), the difference between the two
sides was significant at 15º (p < .05), but not at 5º and 10º.

Position errors Figure 4 shows single-trial recordings of
horizontal eye position and the corresponding eye velocities
of 1 participant during rightward pursuit at 5º, 10º, 20º, and
40º/s. In any stimulus velocity condition, this participant
was able to pursue the stimulus accurately and to maintain
stable pursuit before the onset of the target stimulus (indi-
cated by the arrows). Similar pursuit performance was ob-
served in other trials used in the subsequent analyses (after
the trials containing aberrant data were removed; see the
Data Analysis section above) for this participant and others.
Figure 5a shows the time courses of position errors of the 5
participants relative to target stimulus onset for each stimu-
lus velocity. As can be seen in the figure, the position errors
increased with increasing stimulus velocity, and at some

velocities the position errors were greater at intervals after
the target stimulus onset than at those before the onset.
There were significant main effects of interval, χ2(3) 0

45.21, and stimulus velocity, χ2(7) 0 125.07, both ps <
.01, and a significant interaction between them, χ2(21) 0
37.56, p < .05. There were significant differences between
any two of the intervals, except for the differences between
the intervals of −400 to −200 ms and −200 to 0 ms. There
were significant differences between any two of the stimulus
velocities, except for the differences between 1º and 3º/s, 5º
and 10º/s, 5º and 15º/s, 10º and 15º/s, 10º and 20º/s, and 15º
and 20º/s. Friedman tests applied to the data for each veloc-
ity condition showed that the position errors significantly
changed with the intervals at 15º/s [χ2(3) 0 12.12], 20º/s
[χ2(3) 0 10.68], and 40º/s [χ2(3) 0 13.56, all ps < .05].

Figure 5b shows the mean position errors of the 5 partic-
ipants during the interval of 400 ms prior to target stimulus
onset for the different retinal eccentricities and different
stimulus velocities. The position errors increased with in-
creasing stimulus velocity, whereas there was no systematic
difference due to retinal eccentricity. There was a significant
main effect of stimulus velocity, χ2(7) 0 208.66, p < .01, but
no significant effect of retinal eccentricity, χ2(6) 0 5.90, and
no significant interaction between them, χ2(42) 0 44.83.
There were significant differences between any two of the
stimulus velocities except for the pairs of 1º and 3º/s, 5º and
10º/s, 5º and 15º/s, 10º and 15º/s, and 15º and 20º/s.

Velocity errors Figure 6a shows the time courses of the
velocity errors of all 5 participants relative to the onset of
the target stimulus for each stimulus velocity (note the
different scales for the panels on the left and right sides of
this figure). Overall, the pattern was similar to that of the
position errors. There were significant main effects of inter-
val, χ2(3) 0 49.77, p < .01, and stimulus velocity, χ2(7) 0
134.60, p < .01, and a significant interaction between them,
χ2(21) 0 47.88, p < .01. The velocity errors at the last
interval (200 to 400 ms) were significantly higher than those
at any of the earlier intervals. The velocity errors were also
significantly higher at an interval of 0 to 200 ms than at an
interval of −400 to −200 ms. There were significant differ-
ences between any two of the stimulus velocities, except for
the differences between 1º and 3º/s. The velocity errors
significantly changed with the intervals at 3º/s [χ2(3) 0

11.16], 5º/s [χ2(3) 0 9.96], 10º/s [χ2(3) 0 14.04], 15º/s
[χ2(3) 0 8.28], 20º/s [χ2(3) 0 11.88], and 30º/s [χ2(3) 0

15.00, all ps < .05].
Figure 6b shows the mean velocity errors of the 5 partic-

ipants during the interval of 400 ms before target stimulus
onset for the different retinal eccentricities and different stim-
ulus velocities. The velocity errors increased with increasing
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stimulus velocity, whereas there were no systematic differ-
ences due to retinal eccentricity. There was a significant main
effect of stimulus velocity, χ2(7) 0 233.60, p < .01, but no
significant effect of retinal eccentricity, χ2(6) 0 11.08, and
no significant interaction between them, χ2(42) 0 39.94.
There were significant differences between all pairs of the
stimulus velocities.

Discussion

In the present experiment, the RTs increased with increasing
retinal eccentricity, regardless of stimulus velocity, as in
previous findings regarding RTs during fixation (Osaka,
1976, 1978; Rains, 1963). The effect of the stimulus veloc-
ity was evident in the markedly large difference between the
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stimulus velocities up to 5º/s and 10º/s and above, consistent
with the findings of van Donkelaar and Drew (2002). Why
did the RTs rapidly increase from 5º/s to 10º/s? One possi-
bility is that the participants might have switched their
attentional strategy between the two velocities. At velocities
up to 5º/s in this experiment, the participants would be able
to pursue the stimulus easily and maintain a clear vision.
Therefore, they might have spread their attention in order to
detect the target stimulus quickly. On the other hand, at
velocities of 10º/s or above, the pursuing task would be
more difficult than at the lower velocities, and as a result,
the participants might have narrowly focused their attention
on the pursuit stimulus in order to pursue the stimulus
accurately. Research has shown that attentional engagement
results in slower RTs for a target appearing in a new posi-
tion, because extra time is required to disengage attention
from the initial position before shifting to a new position
(e.g., Folk & Hoyer, 1992; Posner, 1980; Yantis & Jonides,
1990). The size of the attentional focus may affect the time
needed for the disengagement of attention from a pursuit
stimulus. Several studies have reported that the effects of
abrupt onsets on attentional shift become larger with an
increasing size of the attentional focus (Belopolsky &
Theeuwes, 2010; Belopolsky, Zwaan, Theeuwes, & Kramer,
2007). At velocities up to 5º/s in the present experiment, the
participants’ attention might have been disengaged rapidly
by the target stimulus onset, resulting in fast RTs. On the
other hand, the effect of the target stimulus onset might have
been small at velocities of 10º/s and above, and as a result,

the participants might have needed a longer time for volun-
tarily disengaging their attention from the pursuit stimulus,
yielding the slow RTs.

Another possibility is that, because the markedly large
difference in RTs between stimulus velocities up to 5º/s and
10º/s and above corresponded to whether or not the pursuit
stimulus underwent direction reversals, the RTs might have
been affected by these direction reversals. For example, the
RTs might reflect the control complexity of pursuit around
the direction reversals of the pursuit stimulus. At velocities
of 10º/s and above in this experiment, the participants had to
change their pursuit direction in response to the direction
reversals of the pursuit stimulus, while they did not have to
do so at velocities up to 5º/s. One difficulty with this
explanation, however, is that van Donkelaar and Drew
(2002) used a pursuit stimulus with no direction reversals
and showed a large difference between 5º/s and 10º/s. These
two possibilities were further examined in Experiment 2.

Spatial shift of attention in the pursuit direction The RTs
during pursuit were always fastest for the target appearing at
the fovea, consistent with the results of Lovejoy et al.
(2009). A close comparison between the RTs for the right
and left targets showed that the RTs were faster for a target
in the pursuit direction than for one in the opposite direction
at the equivalent retinal eccentricities of 5º and 10º during
rightward pursuit, and at 15º during leftward pursuit
(Fig. 3). This result is also consistent with the findings of
previous studies (Tanaka et al., 1998; van Donkelaar, 1999;
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van Donkelaar & Drew, 2002), suggesting that participants’
attention might have shifted more quickly in the pursuit
direction than in the opposite direction. It is noteworthy that
the RT differences between the two directions were not
significant at 15º during rightward pursuit and at 5º and
10º during leftward pursuit.

Overall, the RT advantage for a target stimulus ahead
of the pursuit stimulus did not change much with
increasing stimulus velocity, which is not consistent
with the results of van Donkelaar and Drew (2002),
who showed no RT advantages for a target ahead of the
pursuit stimulus at low velocities (i.e., 3º and 5º/s). A
possible reason for the discrepancy between this finding
and those of van Donkelaar and Drew was a difference in
the target stimuli used. In van Donkelaar and Drew’s study,
the participants responded to a change in the shape of the
target stimulus, while in the present experiment the partic-
ipants responded to the onset of the target stimulus.
Theeuwes (1990) reported that, although an abrupt change
of shape captured an observer’s attention, the estimated
proportion of trials on which the attentional capture would
occur as a result of the change was low (25%). On the other
hand, Yantis and Jonides (1984) estimated that attentional
capture by an abrupt onset occurred on 90% of trials. It is
possible that the target stimulus used by van Donkelaar and
Drew might not have shifted the participants’ attention
effectively.

The results of pursuit performance showed that both
position and velocity errors were significantly higher at
the intervals of 0 to 200 ms and 200 to 400 ms than at
the interval of −200 to 0 ms relative to target onset
(Figs. 5a and 6a). This result is in agreement with the
findings of Kerzel et al. (2008) that pursuit gains decrease
when visual objects (i.e., a target stimulus or cue) appear
abruptly, indicating that our participants’ attention shifted
away from the pursuit stimulus to the target stimulus after its
onset in the present experiment. Although we did not ana-
lyze pursuit performance separately for each pursuit direc-
tion, this finding partially supports the argument of Lovejoy
et al. (2009) that the RT advantage for target stimuli ahead of
pursuit stimuli reported by previous studies (e.g., van
Donkelaar & Drew, 2002) was due to the spatial shift of
attention rather than to the spatial allocation of attention
during pursuit.

Experiment 2

Experiment 2 had two purposes. The first was to examine
the effects of voluntary shifts of attention before onset of the
target stimulus on RTs during pursuit (see the introduction).

If participants can shift their attention voluntarily during
pursuit, RTs should be faster when the target stimulus
appears in a cued direction (i.e., to the right or left of the
central frame) rather than an uncued direction, independent
of the target stimulus onset. The second was to examine
whether RTs would become fast when participants were able
to disengage their attention from a pursuit stimulus moving
at 10º/s before onset of the target stimulus. If the markedly
slow RTs at velocities of at least 10º/s that we observed in
Experiment 1 (Fig. 2) reflected the additional time needed
for disengaging attention from the pursuit stimulus (as we
discussed related to Exp. 1), then RTs during pursuit should
decrease with increasing SOAs. For these purposes, an
auditory precue was presented before the target presentation.
The predictive validity of the cue (valid or invalid) and the
SOA between the onsets of the cue and the target were
manipulated.

Method

The method was similar to that of Experiment 1, except
for the following changes. First, participants were pre-
sented with an auditory precue for 50 ms that indicated
the direction of the target presentation. The auditory
cues were three square tones with fundamental frequen-
cies of 263, 527, and 1058 Hz. The participants were
told that the frequency of the auditory cue would cor-
respond to the direction of the target onset; the low-
frequency tone indicated that the target would appear on
the left side; the high-frequency tone, on the right side;
and the mid-frequency tone, in the central frame. In the
high- and low-frequency trials, the cue was correctly
predictive for 75% of the trials (valid cue) and falsely
predictive for the remaining 25% of trials (invalid cue).
Many studies have used a cue validity of 75%–80% and
have proven it useful for revealing voluntary shifts of
attention (e.g., Posner, 1980; Yantis & Jonides, 1990).
Lovejoy et al. (2009) and Kerzel et al. (2008) used the same
cue validity. In the middle-frequency trials, the cue was
correctively predictive for 100% of the trials. We used this
condition to see whether the pattern of RTs during pursuit
would be consistent with that of Experiment 1 in terms of
the effect of retinal eccentricity, even when the cue was
presented before the target stimulus onset. The SOAs be-
tween the onsets of the cue and target were 50, 100, and 150
ms. We used relatively short SOAs to prevent participants
from making saccades in the cued direction before onset of
the target stimulus (see the introduction), and several studies
have reported that a symbolic cue effectively shifted observ-
ers’ attention within less than 100 ms (Cheal & Lyon, 1991;
Müller & Rabitt, 1989; see also Kerzel et al., 2008).
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Second, the target was presented inside one of five
frames (central frame and peripheral frames located at ±5º
and ±10º from the central frame) out of the seven frames in
the stimulus display; that is, the leftmost and rightmost
frames were not used for target presentation. In the valid
cue condition of the high- and low-frequency trials, the
target appeared inside either of the two frames (5º and 10º)
in the cued direction on equal numbers of trials. In the
invalid cue condition, the target appeared in the uncued
direction in either of the two possible frames on equal
numbers of trials. In the middle-frequency trials, the target
always appeared inside the central frame. Finally, the veloc-
ity of the stimuli was always 10º/s, or the frames were
stationary.

For the moving frame condition, each trial began with the
presentation of stationary frames for 300 ms. The frames
then started to move horizontally back and forth for a
distance of 20º across the center of the display, followed
by the presentation of the auditory cue. The foreperiod
between the onset of frame motion and the target presenta-
tion was chosen randomly for each trial in the range of
1,000–3,000 ms. The target stimulus was presented at one
of the given SOAs from the onset of the auditory cue. The
participants were asked to pursue the central frame accu-
rately and to attend in the cued direction when the cue was
presented. When the target was presented, participants were
to press the button as soon as possible.

For the stationary frame condition, each trial began with
the stationary frames presented at the center of the display,
followed by the presentation of the auditory cue. The fore-
period between the onset of the stationary frames and the
onset of the target randomly varied in the range of 1,000–
3,000 ms. At a given SOA from the onset of the auditory
cue, the target was presented. The participants’ task was
identical to that for the moving frame condition, except that
the participants fixated on the central frame before the onset
of the cue.

A total of 5 individuals participated, 3 males and 2
females, with a mean age of 25.6 years and a range of
23–28. Three of the participants (2 males and 1 fe-
male) had participated in Experiment 1. There were
five sessions of 100 trials (two blocks of 50 trials
each) for each SOA in each of the moving conditions
and the stationary frame condition. Two of the partic-
ipants performed the moving frame condition first, and
the other three performed the stationary frame condi-
tion first. The order of the SOAs was randomized
across participants. Before the experimental session,
the participants were given six practice blocks of 50
trials. In all other aspects, the method was identical to
that used in Experiment 1.

Results

RTs Figure 7 presents the mean RTs of all 5 participants as a
function of retinal eccentricity, separately for the different
SOAs and trial types (valid and invalid) and for the different
conditions (moving and stationary). For the moving frame
condition (Fig. 7a), the RTs increased with increasing retinal
eccentricity and decreased with increasing SOA. The RTs
were faster for valid than for invalid trials when the target
was presented on the right side, while there was no system-
atic difference between the two trial types when the target
was presented on the left side. In the valid trials, there were
significant main effects of retinal eccentricity, χ2(4) 0 46.88,
and SOA, χ2(2) 0 34.88, both ps < .01, but no significant
interaction between them, χ2(8) 0 7.04. There were signif-
icant differences between all pairs of retinal eccentricities
except for between L10 and R10 and between L5 and R10.
RTs were significantly slower for the 50-ms SOA than for
the other SOAs. In the invalid trials, there were significant
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main effects of retinal eccentricity, χ2(3) 0 17.80, and SOA,
χ2(2) 0 24.70, both ps < .01, but no significant interaction
between them, χ2(6) 0 3.60. The RTs were significantly
slower at R10 than at either L5 or R5, and for the 50-ms
SOA than for the other SOAs.

In a comparison of the valid and invalid trials, RTs were
significantly faster for the valid than for the invalid trials for the
150-ms SOA (p < .01). There were no significant differences
in RTs between trial types for the 50-ms and 100-ms SOAs.

For the stationary frame condition (Fig. 7b), the results
were similar to those for the moving frame condition. For
the RTs of valid trials, there were significant main effects of
retinal eccentricity, χ2(4) 0 45.60, and SOA, χ2(2) 0 21.84,
both ps < .01, but no significant interaction between them,
χ2(8) 0 9.60. There were significant differences in all pairs
of retinal eccentricities except for between R5 and R10, R5
and L5, and R5 and L10. There were significant differences
between all pairs of the three SOAs. For the RTs of invalid
trials, there was a significant main effect of SOA, χ2(2) 0
13.30, p < .01, but no significant main effect of retinal
eccentricity, χ2(3) 0 6.62, and no significant interaction
between them, χ2(6) 0 5.52. RTs were significantly slower
for the 50-ms SOA than for the other SOAs.

In a comparison of the valid and invalid trials, RTs
were significantly faster for valid than for invalid trials
for the 100- and 150-ms SOAs (ps < .05). There was no
significant difference between the two trial types for the 50-
ms SOA.

Position errors Figure 8a presents the time courses of the
position errors of all 5 participants relative to target stimulus
onset for each SOA. As is evident in the figure, the position
errors were highest at an interval of 200 to 400 ms, and they
did not differ by SOAs. There was a significant main effect
of interval, χ2(3) 0 37.64, p < .01, but no significant effect
of SOA, χ2(2) 0 5.20, or significant interaction between
them, χ2(6) 0 3.60. There were significant differences
between all pairs of intervals except between the intervals
of −400 to −200 ms and −200 to 0 ms.

Figure 8b shows the mean position errors during the
interval of 400 ms before target stimulus onset as a function
of retinal eccentricity, separately for the different SOAs and
trial types in the moving frame condition. In the valid trials,
there was no significant effect of retinal eccentricity, χ2(4) 0
5.39, or SOA, χ2(2) 0 5.36, and no significant interaction
between them, χ2(8) 0 4.80. In the invalid trials, there was
no significant effect of retinal eccentricity, χ2(3) 0 1.40, or
SOA, χ2(2) 0 0.40, and no significant interaction between
them, χ2(6) 0 12.48. In a comparison of the valid and
invalid trials, there was no significant difference between
the trial types at any SOA.

Velocity errors Figure 8c presents the time courses of the
velocity errors of all 5 participants relative to target stimulus
onset for each SOA. The pattern of results was similar to
that for position errors. There was a significant main effect
of interval, χ2(3) 0 41.48, p < .01, but no significant effect
of SOA, χ2(2) 0 0.30, or significant interaction between
them, χ2(8) 0 11.76. There were significant differences
between all pairs of intervals except between the intervals
of −400 to −200 ms and −200 to 0 ms.

Figure 8d presents the mean velocity errors during the
interval of 400 ms before target stimulus onset as a function
of retinal eccentricity, separately for the different SOAs and
trial types in the moving frame condition. As can be seen in
the figure, the pursuit velocity errors did not differ by
condition. In the valid trials, there was no significant main
effect of retinal eccentricity, χ2(4) 0 8.91, or SOA, χ2(2) 0
3.44, and no significant interaction between them, χ2(8) 0
2.24. In the invalid trials, there was no significant main
effect of retinal eccentricity, χ2(3) 0 0.44, or SOA, χ2(2) 0
0.10, and no significant interaction between them, χ2(6) 0
5.52. In a comparison of the valid and invalid trials, there
was no significant difference between the two trial types at
any SOA.

Discussion

During pursuit, as well as during fixation, RTs decreased
with increasing SOA (Fig. 7), which was consistent with the
results of previous studies in which RTs have been measured
during fixation (e.g., Folk & Hoyer, 1992; Posner, 1980;
Posner, Nissen, & Ogden, 1978) and during pursuit (Kerzel
et al., 2008). The spatial engagement of attention accounts
for this result. In the present experiment, the participants
focused their attention on the pursuit stimulus, whether it
was moving or stationary, at the beginning of each trial.
When the precue was presented, the participants had to
disengage their attention and direct it to the location where
the cue indicated that the target would appear. The participants
then detected the target and responded to it. According to this
scenario, participants’ RTs obtained for short SOAs would
include the time required to disengage their attention from the
pursuit stimulus in addition to the time required for target
detection and response execution. For long SOAs, the partic-
ipants could have completed disengagement of their attention
during the SOAs, resulting in faster RTs to the target presen-
tation than for short SOAs. This is consistent with our account
of the finding from Experiment 1 that markedly slow RTs at
high velocities, including 10º/s used in this experiment,
reflected the time needed for disengaging focal attention from
the pursuit stimulus. It is important to note that the control
complexity of pursuit (or other factors) associated with

Atten Percept Psychophys (2012) 74:493–509 503



direction reversals of the pursuit stimulus would not account
for the faster RTs with increasing the SOAs, because the
pursuit stimulus underwent direction reversals at all of the
SOAs of this experiment.

RTs were faster for the valid than for the invalid trials
when the precue was presented, and the differences between
the two trial types increased with increasing SOA under
both pursuit and fixation conditions (Fig. 7). These results
were consistent with the results of previous studies (e.g.,
Kerzel et al., 2008; Posner, 1980). Together with the finding
that RTs decreased with increasing SOA, these results indi-
cate that voluntary shifts of attention occur along the pursuit
trajectory, independently of attentional capture by the target
stimulus onset. An additional finding was that, for the
moving frame condition, the RT differences between the
valid and invalid conditions were smaller for the left than
for the right side (Fig. 7a), although no such asymmetry
between the two sides was obtained for the stationary frame
condition (Fig. 7b). This finding is difficult to interpret
because, to our knowledge, there is no study showing
right–left asymmetry with cue validity. Further studies will
be necessary to explore this asymmetry.

The results of pursuit performance showed that the position
and velocity errors were significantly higher at the intervals
after onset of the target stimulus (0 to 200 ms and 200 to 400
ms) than at those before this onset (−400 to −200 ms and −200

to 0 ms) (Figs. 8a and c). This result is consistent with those
of Experiment 1 and of recent studies (e.g., Kerzel et al.,
2008) in which the spatial shift of attention away from the
pursuit stimulus to the target stimulus impaired pursuit
performance. The results of pursuit performance also showed
that the time courses of position errors and velocity errors
did not differ by SOAs, consistent with the findings of
Kerzel et al., who showed that, when a symbolic cue was
used, pursuit gains showed no, or only small, decreases
after the cue onset.

General discussion

The present experiments clearly support the idea that RTs
during pursuit are modulated by the operation of attentional
shift. Experiment 1 showed distinctively slower RTs at 10º/s
or higher velocities than at lower velocities (Fig. 2), consis-
tent with the results of van Donkelaar and Drew (2002).
Experiment 2 showed that, when a precue was presented,
the RTs during pursuit at 10º/s became faster as the SOAs
increased (Fig. 7). Taken together, the results of the two
experiments suggest that the effect of the stimulus velocity
on RTs, particularly at velocities higher than or equal to 10º/
s, are due to the spatial disengagement of attention from the
pursuit stimulus.

(a) (b)

Eccentricity (deg)

L10 L5 F R5 R10
0

1

2

3

0

1

2

3

-400 -
-200

-200 -
0

0 -
200

200 -
400

P
os

it
io

n 
E

rr
or

 (
de

g) 50
100
150

SOA (ms)

Time from onset of target stimulus (ms)

P
os

it
io

n 
E

rr
or

 (
de

g)

Valid Invalid
50-ms SOA

100-ms SOA
150-ms SOA

(c) (d)

0

1

2

3

4

-400 -
-200

-200 -
0

0 -
200

200 -
400

V
el

oc
it

y 
E

rr
or

 (
de

g/
se

c)

50
100
150

SOA (ms)

Eccentricity (deg)

L10 L5 F R5 R10

V
el

oc
it

y 
E

rr
or

 (
de

g/
se

c)

Time from onset of target stimulus (ms)

Valid Invalid
50-ms SOA

100-ms SOA
150-ms SOA

0

1

2

3

4

Fig. 8 Results for position and
velocity errors during pursuit in
the moving frame condition of
Experiment 2. (Left) Time
courses of (a) position errors and
(c) velocity errors, relative to
onset of the target stimulus,
reported separately for different
stimulus onset asynchronies
(SOAs). (Right) Mean (b) posi-
tion errors and (d) velocity errors
during the interval of 400 ms
before target stimulus onset,
reported separately for different
SOAs and trial types. The verti-
cal bars indicate the standard
errors of the means

504 Atten Percept Psychophys (2012) 74:493–509



On the shift of attention during pursuit, Experiment 1
showed that RTs were faster when the target abruptly
appeared in the pursuit direction, rather than in the opposite
direction at equal retinal eccentricities (Fig. 3), which is
consistent with the findings of previous studies (Tanaka et
al., 1998; van Donkelaar, 1999; van Donkelaar & Drew,
2002). However, the RT differences between the pursuit
direction and the opposite direction did not change much
with stimulus velocity (cf. van Donkelaar & Drew, 2002).
These results suggest that, while pursuing a moving object,
observers shift their attention more quickly to a target stim-
ulus onset in the pursuit direction than in the opposite
direction, irrespective of stimulus velocity. Experiment 2
showed that RTs were faster for valid than for invalid trials
in the pursuit condition as well as in the fixation condition
(Fig. 7), suggesting that the voluntary shift of attention
occurs along the pursuit trajectory. The results of Experi-
ments 1 and 2 indicate that observers’ attention during
pursuit shifts away from a pursuit stimulus if there is an
abrupt onset of the target stimulus and/or prior information
regarding the onset of the target stimulus.

We interpreted that a switch in attentional strategy be-
tween 5º/s and 10º/s might have caused a delay of attention-
al disengagement from the pursuit stimulus, resulting in the
step increase in RTs between the two velocities in Experi-
ment 1 (see the Discussion of Exp. 1). The reason why the
participants might have switched their attentional strategy
between the two velocities is not clear from this study. One
possibility relates to the retinal image motion during pursuit.
It is well known that retinal image motion impairs visual
sensitivity (Murphy, 1978; Westheimer & McKee, 1975).
Experiment 1 of the present study showed that the velocity
of retinal image motion during pursuit increased with in-
creasing stimulus velocity (see Fig. 6). The retinal image
motion might have exceeded the speed at which the partic-
ipants of the present study could view the pursuit stimulus
without narrowly focusing their attention. As a result, the
participants might have switched their attentional strategy
between the stimulus velocities of 5º/s and 10º/s.

A couple of points are noteworthy concerning the method-
ologies used in the present study. One is that, in Experiments 1
and 2, we did not use catch trials, which are frequently used to
prevent observers from anticipating the target stimulus onset
(see, e.g., Buckolz & Rodgers, 1980; Luce, 1986). However,
instead of using catch trials, we randomized the foreperiod
(between the stimulus motion onset and the target stimulus
presentation) to minimize the participants’ anticipatory
responses to the target stimulus onset (e.g., Luce, 1986;
Niemi & Näätänen, 1981). Furthermore, Posner et al.
(1978) used a simple RT task with no catch trials and
demonstrated that the RTs clearly reflected the spatial shift

of attention. Taken together, the absence of catch trials does
not refute the findings on the spatial shift of attention ob-
served in the present study, although catch trials should have
been included in the task. The other point is that, because we
used relatively short SOAs between the cue onset and the
target stimulus onset (i.e., 50–150 ms) in Experiment 2 of
the present study, the auditory precue might have served as a
warning signal. However, the warning effect cannot account
for the results of Experiment 2 showing faster RTs in valid
than in invalid trials because this effect would not differ
between the two trial types. Moreover, many studies have
reported that such a precue effectively shifted observers’
attention voluntarily within less than 100 ms (e.g., Cheal &
Lyon, 1991; Müller & Rabbitt, 1989; see also Kerzel et al.,
2008). The RTs in Experiment 2 of the present study would
reflect the spatial shift of attention, at least to some degree.

Although we have discussed the effect of stimulus veloc-
ity on RTs in the context of the spatial disengagement of
attention, van Donkelaar and Drew (2002) argued that
slower RTs with increasing stimulus velocity would be due
to the attentional resources allocated for pursuit. According
to their account, attentional resources would be allocated to
both the pursuing and responding tasks. As the stimulus
velocity increased, more resources would be needed for
the pursuing task and, as a consequence, fewer resources
would be allocated for the responding task, resulting in
slower RTs. Several studies have supported the notion that
pursuit performance and secondary (visual or auditory) tasks
share a common attentional resource (Chen et al., 2002;
Hutton & Tegally, 2005; Seya & Mori, 2007), which
explains the slower RTs at 10º/s or higher velocities
obtained in Experiment 1 of the present study. However,
this explanation does not account for the result of Experi-
ment 2 showing faster RTs with increasing SOAs, because
the pursuit performance in Experiment 2 did not change
much with increasing SOA.

In conclusion, the present study has demonstrated that the
abrupt onset of a target stimulus and/or prior information of
the onset of a target stimulus during pursuit causes a spatial
shift of attention from a pursuit stimulus. This finding sup-
ports the view of Lovejoy et al. (2009) that the RT advantage
for a target stimulus ahead of the pursuit stimulus reported
in previous studies (e.g., van Donkelaar & Drew, 2002)
reflects the shift of attention, rather than the allocation of
attention, during pursuit. In future studies, attention during
pursuit needs to be examined while maintaining a clear
distinction between the shift and the allocation of attention.
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Fig. 9 Mean RTs for each par-
ticipant in Experiment 1. The
vertical bars indicate the stan-
dard errors of the means
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Fig. 10 Mean RT differences
between the right and left sides
during rightward pursuit for each
participant in Experiment 1
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