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Abstract

A motor response to a visual target presented at a precued spatial location is facilitated if the target is presented shortly after the cue
and inhibited when the cue target onset asynchrony approaches a few hundred milliseconds. The latter effect is termed inhibition of return
(IOR). It is suggested that IOR provides an important strategy for effective search in our visual environment. Despite studies
demonstrating IOR in a number of behaviora tasks, its neural mechanism has remained elusive. As a fundamental step toward
understanding these mechanisms, the current study examines whether IOR mainly involves a perceptua or a motor process. We conducted
a series of experiments, in which the target instructed saccades to the cued or to a different location. In each experiment, we observed a
similar pattern of IOR when the target followed the cue, but not when the saccade was directed to the cued location. In another two
experiments, we demonstrated that the magnitude and temporal profile of IOR varied depending on whether an eye movement or a manual
response was involved. Overall, the present study suggests that IOR results predominantly from a perceptual level mechanism, with its
magnitude and time course modulated by the activation of specific motor effectors. We discuss the implications of these results for

attention gating of perceptual inputs and for mechanisms of visuomotor control. [ 2002 Elsevier Science BV. All rights reserved.
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1. Introduction

Inhibitory mechanisms play an important role in human
cognition [6,7]. When confronted simultaneously with
hundreds of objects and events, for instance, we restrict
our thoughts and actions to a subset of those that we might
respond to. By voluntarily attending to the objects and
events that are relevant to our immediate goals, we
concurrently inhibit processing of those that are irrelevant.
The selection process works bottom up as well. A transient
onset in our perceptual space captures attention and
processing resources. Studies over the years have de-
scribed an inhibitory aspect of this selective attention—the
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inhibition of return, or IOR, of attention [24]. It is
suggested that, by directing attention away from a spatial
location that has just been attended to, IOR provides an
important behavioral strategy for effective foraging in our
complex visua environment [15].

Fig. 1 illustrates the spatial cuing paradigm commonly
used to demonstrate IOR in the laboratory. In the be-
havioral task, subjects fixate a center light to begin a trial.
A periphera cue then appears briefly either to the right or
left of the fixation. After a random stimulus onset
asynchrony (SOA), the center fixation extinguishes. At the
same time, a target follows the cue at the same (valid
trials) or at the opposite (invalid trials) location. Subjects
make a rapid response to the target. In an experiment in
which the cue does not predict the location of the target, as
in the ones reported in this study, the motor response of the
valid trials is facilitated at short SOAs and inhibited
afterwards, compared to that of the invalid trials. Fig. 2a
shows that saccade latencies of valid trials are shorter at
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Fig. 1. Timing of events in al experiments. A pro-saccade task is
illustrated here. A center fixation point appeared along with four square
boxes at the beginning of each trial. A periphera cue appeared briefly (33
ms) in one of the four boxes, after the subject acquired fixation for 600
ms. After a pseudorandomized SOA (67, 100, 150, 200, 400, 700 or 1200
ms), a target or imperative stimulus (alight spot, experiments 1-4, 6, 7; a
center arrow, experiment 5) appeared in one of the four boxes (experi-
ments 1-4, 6, 7) or replaced the central fixation light (experiment 5). The
subjects had to maintain their eyes within a window of 1.2°x1.2°
throughout fixation and make a saccadic eye movement/manual response
as directed by the target within 500/750 ms after target onset.

SOAs around 67 ms and longer after, with the inhibition
peaking at SOAs around 200 ms. This biphasic latency
difference between valid and invalid trids has been
consistently found in previous experiments on IOR [16].
What is inhibited in IOR? As was noted in earlier
studies, IOR cannot be accounted for by low level sensory
mechanisms [41]. First, it does not result from sensory
masking, since IOR is longer lasting. Moreover, an inhib-
itory rather than facilitative effect should have been
observed at a short SOA if masking were in operation.
Second, IOR demonstrates interocular transfer, which
would not be expected if the inhibition occurs at the level
of retina [40]. And IOR can be observed with the cue and
target presented in different sensory modalities [37]. Is it
then a perceptual or a motor process? Or perhaps both of
these mechanisms play a role in the generation of IOR?
The two hypothetical mechanisms differ with respect to
the postulated level of inhibited information processing.
The perceptual theory proposes that, as a result of dis-
advantaged attention, perceptual processing is inhibited at
the cued location and IOR serves to prevent further
orienting activities to the tagged location [25]. In contrast,
the motor theory proposes that, as a result of the suppres-
sion of the orienting response elicited by the periphera
cue, motor responses toward the cued location are delayed
[18,39]. Results obtained in a number of different
paradigms have supported either a perceptua explanation
of IOR [5,9,26,27] or a motor explanation [28,42] while
till others have supported a mixed explanation [14,29].

Recent event-related potential (ERP) studies have also
failed to yield any conclusive results with respect to this
issue [10,11,20,21].

Evidence in favor of a perceptua mechanism came
mainly from spatial cuing studies involving identity- or
location-based discrimination. Correct discrimination rate
or perceptua sensitivity instead of reaction time served as
the dependent measure in these studies [5,9,26,27]. A
major issue with a perceptua explanation is that it has not
been able to address why IOR was not obtained in
temporal order judgment or illusory line motion, which
clearly were perceptual tasks [8,17,19,34]. As a matter of
fact, the latter has often been cited as evidence supporting
a motor mechanism of IOR [1,18,42]. Other results
supporting a motor account derived from paradigms in-
volving a semantic cue to direct the upcoming saccade (the
‘endogenous saccade task’). However, while some experi-
ments demonstrated a significant 10R, others did not
produce a consistent effect [1,29,42].

The current study attempts to address this issue on
several fronts. First, few of the afore-mentioned experi-
ments have directly contrasted the two possible explana-
tions of IOR by evaluating the role of perceptual process-
ing and motor preparation in a single behaviora task.
Following Rafal et a., 1994 [29], the present study
performs this direct comparison in a number of different
paradigms that dissociate the directions of cue and target-
directed saccade. Second, we repeat the endogenous
saccade task, where a positive effect would clearly suggest
an independent motor component in the generation of IOR.
Third, by requiring the subjects to respond by eye and
hand and solely by hand in two different experiments, we
evaluate the contribution of different motor effectors to
IOR. An important aspect of our study design is the wider
range of cue target onset asynchronies employed in al of
the experiments. This allows us to evaluate the IOR for an
entire tempora profile instead of a single time point, which
proves to be critical in assessing the contribution of
perceptual and motor mechanisms to this inhibitory effect.
Overall, we found IOR results from a predominantly
perceptua mechanism whereas motor activation plays a
modulatory role.

2. Materials and methods
2.1. Qubjects, experimental setups and procedures

Ten (12) human subjects, 22 to 38 years of age and two
of whom were the authors, participated in experiments 1
through 5 (6 and 7). All subjects have normal or corrected-
to-normal vision. The experiments were carried out in a
dark room, each divided into five blocks and carried out on
separate days. Subjects were seated 50 cm in front of a
ViewSonic P815 monitor, head stabilized with a chin rest.
Eye positions were recorded with a video-based eyetracker
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Fig. 2. Behavioral tasks and the temporal profile of IOR. Each data point represents at each SOA the difference between the median latencies of the valid
and invalid trials in an experiment, averaged across the 10 subjects with standard error. A positive value indicates a longer latency for the valid trias. The
data of rightward and leftward saccades were combined. The insets highlight the spatial relationship between cue (frame 1) and target-directed saccade
(frame 2) in valid trials. In all tasks, the cue is neutral with respect to target location and saccade direction. (8) Pro-saccade task (p-sac). The cue and target
appeared to the left or right of the fixation, at the same location in valid trials and opposite locations in invalid trials. The target commands a saccade to the
cued location. The inhibition peaks at 200 ms. (b) Anti-saccade task (a-sac). As in the pro-saccade task, the cue and target appeared at the same location in
valid trials and at opposite locations in invalid trials. However, the target instructs a saccade in the opposite direction—a target on the right signals a
leftward saccade and vice versa. Nonetheless, a valid cue resulted in an early facilitation and a late inhibition of reaction time, exactly as in the pro-saccade
task, even though the saccade was directed away from both cue and target. Moreover, the temporal profiles of inhibition are similar for pro- and
anti-saccade tasks. (c) ‘Vertical’ saccade task (v-sac). The cue and target locations are the same as in the pro- and anti-saccade tasks. Now the target
instructs an eye movement 90° off the cued direction: a right target commands an upward and a left target a downward saccade. The time course of
inhibition again appears similar to that of the pro- and anti-saccade tasks. (d) ‘Vertically instructed’ saccade task (vi-sac). The target appeared in one of the
boxes on the vertical axis, with an upper target signaling a rightward and a lower target a leftward saccade. The latency did not significantly differ between
valid and invalid trials across the SOAs. (€) The ‘endogenous saccade’ task (e-sac). The cue locations are the same as in the pro-saccade task. At the time
of target onset, a center arrow replaced the fixation light and served as the imperative stimulus, directing a saccade either to the right or to the left. No IOR

is evident.

(Eyelink”, SR Research, Toronto, Canada) with a sam-
pling rate of 250 Hz and a spatia resolution of 0.1°, and
were corrected for head movement. Saccade onset was
defined as the time when the eye movement velocity
exceeded 30°/s. The visual stimuli were generated by a
persona computer using VGA graphic card and displayed
in synchrony with screen refresh at 60 Hz. The center
fixation point was a circle 0.7° of visual angle in diameter
and 4.6 cd/m® of luminance (Fig. 1). Each of the four
square boxes was 0.8° across and 0.1 cd/m? of luminance
and was located 8° of visual angle from the fixation. In all
experiments, both cue and target were a circle 0.7° in
diameter (target was an arrow 0.7° across in the endogen-
ous saccade task) and 18.75 cd/m® of luminance. There
were a total of 7 (SOA)X2 (direction)x2 (cue vaidity)X
30 (repetitions)=840 trials in an experiment.

Subjects initiated a trial by pressing the space bar on the
keyboard in experiments 1 through 5. For experiments 6
and 7, to obviate any possible interference with the manual

response, trial start was auto-triggered by eye fixation
rather than manualy timed by the subjects. A practice
session was run before the experiment proper. The subjects
were instructed that the cue does not predict the location of
the target and that they should make a saccade/button
press as directed by the target as rapidly as they could after
target onset. The figure legends describe the details of the
experimental paradigms.

2.2 Data analysis

The average error rate across all tasks and subjects is
3.67%. The trials with a saccade/manual response latency
less than 100/150 ms were considered anticipatory and
excluded from the anayses. A two-way (taskXSOA)
analysis of variance (ANOVA) with repeated measures was
conducted for the statistical tests for al experiments, with
the data of rightward and leftward saccades combined. The
P values shown were the results of multivariate tests.
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3. Results

The cued saccade (pro-saccade, experiment 1) task, in
which the target presented at the cued location instructs a
saccade toward the same eccentricity, does not distinguish
between a perceptual and a motor process. the effect of the
peripheral cue on the early processing of the target is
confounded with its effect on the preparation and execu-
tion of a saccade toward the cued location (Fig. 28). In
other words, IOR could be observed either as a result of
the target presented at the cued location or of the saccade
made to the cued location. In order to dissociate the two
components, we introduced a cued anti-saccade task with
the target signaling the subject to make a saccade in the
opposite direction (experiment 2). Comparing the results
obtained in the pro- and anti-saccade tasks enabled us to
distinguish whether a perceptual, a motor or perhaps both
mechanisms led to IOR. The results largely supported the
perceptual account (Fig. 2b). Although the overall inhibi-
tion was larger in the pro-saccade task (P<<0.01), the
temporal profiles of inhibition did not differ between the
two tasks (P>0.84, task X SOA interaction): the patterns of
the latency difference were in the same direction when the
cue was considered as cuing the location of the target as
opposed to the end point of the saccade. Moreover, the
peak magnitude of inhibition is significantly correlated
between the pro-saccade and anti-saccades (r*=0.5149,
P<0.02, Fig. 33).

One might argue that, to execute an anti-saccade, our
brain associates the sensory stimulus with an appropriate
motor response—a sensorimotor transformation that does
not easily allow one to determine where the sensory
process ends and the motor mechanism starts [44]. There-
fore, the observation of a similar pattern of inhibition in
the cued anti-saccade task may not exclude a motor
component in 10R.

To further investigate whether perceptua and motor
mechanisms may each contribute to IOR, we engaged the
same subjects in a second set of experiments. In one
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(‘vertical saccade’, experiment 3) task, the target appeared
on the horizontal axis, the right one commanding an
upward and the left one a downward saccade (Fig. 2¢). In
this case, the target followed the cue at the same location
in valid trials and the saccades were 90° off the direction
of any motor activities the cue may have triggered. In the
other (‘verticaly instructed saccade’, experiment 4) task,
the target appeared on the vertical meridian, the upper one
signaling a rightward and the lower one a leftward saccade
(Fig. 2d). In other words, athough the target did not
follow the cue at the same location, it directed the saccade
to the cued location in valid trials. Since a motor response
90° off the direction of the sensory stimulus was instructed
for both vertical and verticaly instructed saccades, in
contrast to the difference between pro- and anti-saccades,
similar sensorimotor transformations are involved in these
two tasks. A perceptual mechanism would be supported if
IOR was observed in the vertical saccade task but not in
the vertically instructed saccade task. Conversely, a motor
mechanism would be supported if the opposite pattern of
results was observed. If IOR were observed in both tasks, a
mixture of both perceptual and motor mechanisms would
be supported. The results showed that, although the overal
magnitudes of latency difference were similar (P>0.71),
the temporal profiles differed between the two tasks (P<
0.02, task X SOA interaction). A temporal pattern of inhibi-
tion, statistically indistinguishable from that observed in
the pro-saccade task, was obtained in the vertical saccade
(P>0.22, task X SOA interaction), but not in the vertically
instructed saccade task (P<<0.03, taskXSOA interaction).
Little latency difference was obtained between valid and
invalid trials in the latter. And again, individual subjects
showed a tight correlation in the peak magnitudes of
inhibition between pro-saccades and vertical saccades (1=
0.5742, P<<0.02, Fig. 3b). These experiments provide more
evidence that a perceptual mechanism plays a dominant
role in the generation of 10R.

As another attempt to explore whether any motor
process might contribute to the generation of IOR, we
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Fig. 3. Correlation of the peak magnitudes of IOR between the pro-saccades and anti-saccades (a) and between the pro-saccades and vertical saccades (b).

Each point represents an individual subject.
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Fig. 4. IOR in saccade and manua response with and without an eye
movement. Data are presented in the same format as in Fig. 2. Each line,
connecting the means of the twelve subjects, shows the latency difference
between valid and invalid trials for saccadic eye movements (solid line)
and manua responses (coarse dashed line) in experiment 6, and for
manual responses in experiment 7 (fine dashed ling). See text for
explanation and statistics.

conducted an experiment employing a central arrow to
signal the saccade direction—the endogenous saccade task
(experiment 5). Since the saccade was directed by the
semantic meaning of the cue, rather than by an exogenous
stimulus, the task was devoid of simple cue—target inter-
action at the perceptual level. A positive inhibitory effect
would suggest the involvement of a motor process. The
results revealed a virtually flat latency difference across the
SOAs, again in support of a perceptual theory (Fig. 2e). It
thus appears that endogenous motor process alone plays
little role in the generation of IOR.

So far we have demonstrated that IOR results pre-
dominantly from an inhibition at the level of perceptual
processing. Does motor process perhaps modulate the
magnitude and time course of IOR? In particular, does
oculomotor activation play a specific role in the generation
of IOR? Experiments 6 and 7 evaluated these issues. In
experiment 6 subjects made a manual response as well as a
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saccade to the target in a ‘pro-saccade’ experiment. In
experiment 7 they made a manual response to the target
while holding their eyes at fixation. The visual display and
cue and target timing were exactly the same as in the
pro-saccade experiment. The results showed that when eye
and hand movements were executed at the same time, both
demonstrated an IOR (Fig. 4). Although the magnitude of
IOR was significantly larger with saccades than with
manual responses (P<<0.005), the time course was similar
(P>0.12, taskXSOA interaction). When eye movements
were disallowed, manual response demonstrated an IOR
with a smaller magnitude and a slower time course (P<
0.016, task; P<<0.038, task X SOA interaction, comparing
the manual responses in the two tasks, Fig. 4). Further-
more, the peak magnitude of inhibition is significantly
correlated between the saccade and manual response in
experiment 6 (r°=0.6417, P<0.002, Fig. 53 but not
between the manual responses in the two experiments
(r?=0.2665, P=0.09, Fig. 5b). These results suggest that
activation of different effectors does modulate the mag-
nitude and time course of IOR and that a major component
of IOR depends on eye movement.

4. Discussion

The current results suggest that the delay of a saccade to
a cued location, a seemingly motor impairment, could be
explained by a perceptual-level mechanism characterized
by interactions between stimuli presented successively at
the same spatial location. These results are fairly robust;
IOR is evident when cue and target appear at the same
location but not otherwise. Moreover, individual subjects
demonstrate a significant and tight correlation in the peak
magnitudes of inhibition either between the oculomotor
tasks or between the eye and hand responses when the two
effectors were activated concurrently. The correlation
suggests that these behavioral tasks are rightly tapping the
visuomotor mechanisms responsible for the occurrence of
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Fig. 5. Correlation of the peak magnitudes of IOR between the cued saccade and manual response in experiment 6 (8) and between the manual responses
of experiments 6 and 7 (b). Each point represents an individual subject. Note the scales are different in the two plots.
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IOR. The present result is consistent with earlier modeling
studies which incorporated IOR in a saliency-based frame-
work to account for the movement of attention in a
perceptual space [12,13,19]. In such models a winner-take-
all mechanism determines the focus of attention and IOR,
embedded in this bottom-up structure, serves to transiently
deactivate the focus and switches attention to the next
most-conspicuous location.

The observation that the overall magnitude of inhibition
is larger in the pro-saccade task than in the anti- and
vertical saccade tasks may suggest a possible motor
contribution. Nevertheless, the absence of IOR in the
verticaly instructed and endogenous saccade tasks indi-
cates that, if any, this motor mechanism is contingent on
the processing of an external stimulus presented at the
cued location. It thus appears that, although motor activity
spatialy congruent with the imperative stimulus may
augment the magnitude of IOR (as in pro-saccade vs.
anti-saccade), activation of the motor process alone does
not suffice to generate IOR. A perceptua mechanism
mediated by the cue and target appearing at the same
spatial locations is required.

Rafal et a. [29] employed an anti-saccade task to
address the role of perceptual and motor mechanisms in
IOR. They demonstrated that the latency of anti-saccade
was longer than pro-saccade and that the latency of cued
saccade was longer than uncued saccade, without signifi-
cant interaction between task (pro- vs. anti-) and target
location (cued vs. uncued). The study concluded that ‘““the
results are inconsistent with the notion that inhibition of
return reflects only a motor aternation bias that favors
saccades away from the precued location’, and that ‘“‘this
result is exactly what would be predicted if inhibition of
return acted only by inhibiting detection of targets at the
tagged location’.

The current study substantiated this finding and specified
how perceptual and motor mechanisms each differentially
contribute to IOR. By varying the cue target onset
asynchronies over a wider time range, we showed that the
temporal profiles of facilitation and inhibition were not
different between pro- and anti-saccades. This result is
important, as we now know that the temporal profile of
IOR could vary depending on motor responses (experi-
ments 6 and 7, current study; [3]) and other factors such as
the luminance of the cue and target (Li and Lin, un-
published data). An anti-saccade task might as likely entail
a different temporal profile of IOR, which could have been
missed if only one or a few SOAs were sampled. Our
results thus not only provide evidence for a role of a
perceptua mechanism in IOR but aso specifies how it
works, in contrast to a motor mechanism, which appears to
play a modulatory role.

Literature on the neura structures mediating IOR is
relatively sparse. Earlier experiments suggested that le-
sions impairing the oculomotor structures in the midbrain
but not those in the cortex resulted in a concurrent loss of

IOR [25]. A recent patient study also posited that the
superior colliculus be involved [33]. How might the
superior colliculus or other areas in the visuomotor path-
way participate in the generation of IOR? Although the
behavioral evidence has yet to be established, recordings
from the superior colliculus and the parietal cortex sug-
gested neurons in these cortical and subcortical areas show
diminished activation to sequential presentation of stimuli
[30,32,35,43]. By relating the time course of behaviora
inhibition to the neuronal modulation by sequentia stimu-
lation, one could perhaps determine the relevance of these
findings to IOR.

Consistent with a recent report [3], the present results
indicate that the oculomotor circuitry plays a dominant role
in the generation of IOR. The observation that the IOR
associated with the manual response depends on whether a
concurrent eye movement is made to the target raises
interesting issues about eye and hand movement control.
The cross-coupling of eye and hand movements has long
been documented in psychophysical studies (see Ref. [4]
for a review). Planning of one movement affects the
execution of the other and vice versa. Recent physiological
experiments have also identified brain areas containing
neurons that are active both during eye and reaching
movements [2,22,36,38]. It has been suggested that the
coexistence of saccade and reach activity in the same brain
areas facilitates eye—hand coordination. One finding is
particularly interesting in light of the current results—
while neurons in these ‘reach areas’ respond to a reaching
movement, they encode the upcoming movement in eye-
centered coordinate [2,38]. This observation suggests that
common neural signals are driving hand and eye move-
ments before they reach the frontal cortex for motor
execution. Since eye and hand movements involve differ-
ent premotor circuitries and effectors, similar 10Rs ob-
served for eye and hand responses provide further evidence
that this inhibitory effect occurs at a level prior to motor
processing.

The results obtained in experiments 6 and 7 have an
interesting implication for a perceptual account of IOR. It
is mentioned earlier that one issue that a perceptua
explanation of IOR has failed to address is that IOR has so
far not been observed in tempora order judgment or line
motion illusion [8,17,19,34]. Since the subjects responded
manually in al previous studies, one wonders whether an
IOR could be obtained if they are asked to respond by an
eye movement. Further experiments are required to answer
this question.

The observation that motor activation modulates IOR is
not inconsistent with the premotor theory of attention,
which stipulates that attention orienting is a premotor
effect resulting from activation of the oculomotor circuitry
[31]. However, oculomotor activation alone is not suffi-
cient to generate IOR, suggesting that this inhibitory aspect
of attentional orienting can be dissociated from eye
movement control [23]. Although voluntary eye movement
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remains an important strategy for shifting spatial attention,
the current results provide evidence for an independent
mechanism for attention gating. This gating mechanism
mediates the interactions between features and objects in
our visua environment and furnishes a bias about where to
move our eyes from one moment to another. By altering
activity of the motor machinery in a spatialy selective
manner, IOR provides an important means for efficient
alocation of our processing resources.
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