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Overview
This thesis examines the mechanisms underlying visual spatial attentional
selection. Spatial attentional selection can be driven in either a top-down or a
bottom-up way. Whereas top-down processes in spatial selection are voluntary,
intentional and goal related, bottom-up processes are involuntary, unintentional
and unrelated to a goal. Although top-down attentional selection is a voluntary
process, errors can still be made. For example, imagine searching for a red book in
a full bookshelf. Due to the top-down attentional set to look for a red book, all red
items will capture your attention. This is called contingent capture (Folk et al.,
1992; 1994). In contrast, bottom-up capture is an automatic process that is
triggered by objects or events in the environment that are highly salient, such as a
red book between only green books (Theeuwes, 1992, 1994a; 1994b). Both modes
of attentional selection have in common that selection can occur with (overt
attention) or without the eyes (covert attention).
This thesis consists of two parts. The last two chapters cover studies in
which we investigated the interactions between bottom-up and top-down overt
attentional selection. The first part covers studies in which we examined
unconscious covert attentional selection processes. The Introduction of this thesis
will only address this latter topic.
Intuitively, one assumes that objects have to be visible to be selected.
However, research has shown that a highly salient object may get selected without
consciously perceiving it (Theeuwes, et al., 1998). Or, one can select an object that
cannot be consciously perceived due to the method of presenting. For instance,
when a visual stimulus is rapidly followed by a second stimulus, the mask,
perception of the first stimulus is disrupted. In Chapter 1 an overview of studies are
described that investigated spatial attentional selection in the absence of awareness.
In particular, the review focuses on studies investigating unconscious bottom-up
attention. A possible neural network underlying unconscious attentional orienting
is suggested.
In Chapter 2 it was investigated whether an abrupt onset cue that is not
consciously perceived can trigger an attentional shift to its location. In this study,
spatial cues were presented subliminally. After a short or a long delay, the target
appeared either at the cued or at the uncued opposite location. Typically, in a
spatial cueing task with visible cues, facilitation at the short delay and inhibition
(IOR) at the long delay is obtained (Posner and Cohen, 1984). Note that this
biphasic pattern is only observed when attention is captured in a bottom-up
fashion. Our findings show the classic biphasic pattern but now with cues that were
not consciously perceived. It is concluded that subliminal cues have the ability to
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capture attention in a bottom-up fashion. It was suggested that a direct subcortical
route from the retina to mechanisms essential for attention (retinotectal pathway),
such as the superior colliculus was responsible for unconscious attentional
orienting.
Chapter 3 investigated whether subliminal spatial cues can affect the
oculomotor system. To test the hypothesis that unconscious attentional orienting is
mediated by the retinotectal pathway, the experiment was performed under
monocular viewing conditions. Monocular viewing allows examining temporalnasal hemifield asymmetries in behavior which presumably result from the
anatomical asymmetry in the retinotectal pathway. The results showed that the
subliminally presented spatial cues affected the oculomotor system. Relative to the
neutral condition, saccade latencies to the validly cued location were shorter and
saccade latencies to the invalidly cued location were longer. Although we did not
observe an overall IOR effect, there was a temporal-nasal asymmetry effect for
those observers who showed an IOR effect when both hemifield were collapsed.
More specifically, consistent with the notion that processing via the retinotectal
pathway is stronger in the temporal hemifield than in the nasal hemifield an IOR
effect was found for cues presented in the temporal hemifield but not for cues
presented in the nasal hemifield. It was concluded that unconsciously processed
spatial cues affect the oculomotor system, possibly via the retinotectal pathway.
Chapter 4 investigated whether a subliminal distractor affected eyemovement metrics, like saccade trajectories and endpoints. Deviations of saccade
trajectories are known to arise from competition between target and distractor
related activity within the oculomotor system, such as competing activations in the
superior colliculus (McPeek et al., 2003). In this study, observers made eye
movements upwards and downwards while a subliminal distractor was presented in
the periphery. Results showed that the subliminal distractor affected saccade
metrics like endpoint and trajectory suggesting that subliminal visual information
evokes competition in the oculomotor system.
In chapter 5 it was examined whether subthreshold occipital transcranial
magnetic stimulation (TMS) can have a facilitory and inhibitory effect on target
processing in a spatial cueing task. Observers performed a classic spatial cueing
task in which a target was presented in one of two peripheral placeholders. At
different points in time, a subthreshold single pulse was delivered at the occipital
pole of one hemisphere. The stimulated area corresponded with the retinotopic
location of the placeholder in the visual field contralateral to the TMS. Results
showed that subthreshold TMS 150 ms or 200 ms before stimulus onset facilitates
visual processing: observers responded faster to targets in the visual field
contralateral to the TMS compared to targets in the visual field ipsilateral to the
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TMS. Moreover, enhanced visual processing of the cue as a result of TMS
amplified the cue validity effect. This resulted in stronger facilitation when the cue
was valid and stronger interference when the cue was invalid. It was concluded that
TMS induced cortical excitability at primary visual cortex is the mechanism that
enhanced visual processing.
Whereas the exogenous spatial cueing task is an established task to
investigate bottom-up attentional capture, the oculomotor capture task is excellent
for research on bottom-up driven capture of the eyes. In this task a salient
distractor is presented simultaneously with an equiluminant color change of the
target. Observers are asked to make a speeded saccade to the color change.
Typically, in this task in about 10 to 30% of the trials, the initial saccade is directed
to the distractor instead of to the target. In Chapter 6 we examined whether the
time course of oculomotor capture differs between bottom-up and contingent
capture. For this reason, we manipulated the relevance of a salient onset distractor.
In two experiments the onset distractor could either be similar or dissimilar to the
target, or the onset was presented at the target location or at a non target location.
Error saccade latency distributions showed that early in time, oculomotor capture
was driven purely bottom-up while later in time top-down information decelerated
the oculomotor system. These findings revealed the interaction between bottom-up
and top-down processes in oculomotor behavior.
The interaction between bottom-up and top-down information was also
investigated in the study described in Chapter 7. In this study, we investigated the
time-course of oculomotor competition between bottom-up and top-down selection
processes using saccade trajectory deviations as a dependent measure. Besides
manipulating target distractor similarity, we also manipulated saccade latency by
offsetting the fixation point at different time points relative to target onset. In this
task, observers made a vertical saccade to a target while a distractor was presented
next to the saccade path. The results showed that deviations for both short and long
latencies were modulated by target distractor similarity. When saccade latencies
were short, saccades deviated away less from a similar than from a dissimilar
distractor and when saccade latencies were long the opposite pattern was found.
This study shows that competition between saccadic goals was subject to two
different processes with different time courses: one fast activating process
signalling the saliency and task relevance of a location and one slower inhibitory
process suppressing that location.
In sum, the present thesis provides evidence that bottom-driven spatial
attention can be dissociated from consciousness. Consequently, this supports the
idea that spatial attentional selection can occur in the absence of top-down control
settings. Furthermore, the present thesis shows that bottom-up capture differs in
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time-course from contingent capture. Whereas bottom-up capture is a fast and
transient process, contingent capture is a slower process that integrates top-down
information with bottom-up salient information to guide the attentional and
oculomotor system.

10

1. Unconscious attentional orienting
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1. Introduction
In everyday life it is essential to select visual information that is important for us.
Attention is the mechanism by which we select objects, events or locations in the
environment. Selection is important because it helps us to accomplish the goals we
want to achieve. For example, when typing a line of words on a computer we direct
our attention to the screen, the keyboard and the mouse to accomplish the task of
typing. Directing attention in a voluntary way to a particular event, object or
location according to the goals and intentions of the observer is referred to as topdown or endogenous attentional orienting. However, sometimes we automatically
orient our attention to objects or events in the environment even though we had no
intention to do so. For example, a bird flying passed the window will capture
attention even though our intention was to attend to the computer screen.
Allocating attention in an involuntary way to an event, object or location in space
irrespective of the goals and intentions of the observer is referred to as bottom-up
or exogenous attentional orienting (Egeth & Yantis, 1997; Theeuwes, 1992, 1994a,
1994b, 2004).
Objects that are known to capture attention exogenously are for example,
feature singletons. Singletons are salient because they posses a feature, such as
motion, orientation or color that is different from the rest of the scene, such as a
single red rose in a field of green grass (e.g., Itti & Koch, 2000; Theeuwes &
Godijn, 2002). Particularly salient is an object that is suddenly presented against a
static background of no-changing objects. Such objects are known in the literature
as abrupt onsets or luminance transients (Yantis and Jonides, 1984) and they have
the ability to capture attention in an automatic way (Egeth & Yantis, 1997; Schreij
et al, 2008, but see Folk, Remington & Johnston, 1992; Folk, Remington &
Wright, 1994). Presumably, we have this automatic orienting system because it
will help us to survive. In case of threat, for instance, we should orient, detect and
react to the danger as soon as possible. However, salience may not be the only way
for objects or events to capture attention. Social relevant images such as diverted
eye-gaze or faces are also known to cause an exogenous shift of attention in the
direction of the gaze (Driver et al, 1999, Friesen and Kingstone, 1998; Langton,
Watt and Bruce, 2000). In this sense, observing diverted eye-gaze is perhaps
perceived as an indication of upcoming threat.
Intuitively, it is assumed that one must be aware of objects or events before
they can induce an orienting response. However, recent research has shown that
objects that are not perceived consciously still can have a profound effect on
behavior. For example, oculomotor capture studies found that people make
erroneous saccades to abrupt onset distractors in the absence of awareness
(Belopolsky, Kramer and Theeuwes, 2008; Theeuwes, Kramer, Hahn and Irwin,
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1998). In these studies, people were not only unaware of the saccades they made to
the onset but sometimes even of the abrupt onset itself. In contrast to endogenous
orienting where attention is allocated at will, exogenous orienting may be an
entirely unconscious process driven by stimuli in the environment that
automatically activate this orienting response in the absence of our intentions. To
examine these automatically triggered exogenous orienting processes, we will
focus in this review on studies that investigated attentional orienting in the absence
of awareness. More specifically, we address studies that captured spatial attention
by using subliminally presented cues.
2. Bottom-up attentional capture
There are several important differences between endogenous and exogenous
attentional orienting. First, the time-course of orienting is different. Whereas
endogenous attentional orienting is relatively slow to develop, exogenous
attentional orienting is fast and occurs within 100 ms (see for review Egeth and
Yantis, 1997). Furthermore, once attention is shifted to a location, endogenous
attention is sustained and can last for a longer period of time at the attended
location whereas exogenous attention is transient and may rapidly dissolve from
the attended location. Note that in case of exogenous orienting, after attention has
been captured to a location there is no incentive to attend to that location any
longer because it is not relevant for accomplishing the task goals. Subsequently, in
case of exogenous orienting the attended location is inhibited. This latter finding is
called inhibition of return (IOR; see for review Klein, 2000) and is assumed to be a
mechanism to increase efficiency in visual search by preventing attention from
returning to the previously inspected locations (Klein, Munoz, Dorris and Taylor,
2001). It is important to note that IOR only occurs when attention is captured
exogenously or when an eye movement is made or has to be prepared to a location
(Rafal, Calabresi, Brennan, & Sciolto, 1989). This latter finding signifies the tight
relation between oculomotor programming and automatic capture of attention.
2.1 Spatial cueing
The typical different time-courses of endogenous and exogenous attention can be
measured in a spatial cueing task ( Jonides, 1981; Posner & Cohen, 1984). In a
spatial cueing task, a location is cued after which a target is presented either at the
cued or at an uncued location. If a location is attended, the performance with
respect to a target presented at that location is improved relative to the performance
to a target presented at an uncued location. Usually reaction time and accuracy to
the target are the dependent variables. To examine the allocation of endogenous
spatial attention, typically a cue is presented at fixation that indicates which
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location observers have to attend to (for example a location to the left or to the
right of fixation). An endogenous cue can consist of an arrow (e.g., Jonides, 1981),
a word (indicating “left” or “right”) or a number that indicates the location on an
imaginary clock (e.g., Theeuwes & Van der Burg, 2007). Importantly, the
endogenous cue predicts the upcoming target location in more than 50% of the
trials, typically around 80%. This gives observers an incentive to use the cue and
shift attention to the cued location before the target is presented. Consequently,
because observers shift their attention to the indicated location, processing of the
consecutive target presented at that location is facilitated; shorter reaction times
and increased accuracy are found at validly cued locations relative to invalidly
uncued locations. To examine the allocation of exogenous spatial attention,
typically a cue is used that is known to summon attention. Such exogenous cue can
consist of the presentation of an abrupt onset or a luminance transient, such as
brightening of a placeholder at or near the location where the target will appear
(typically in the periphery). Unlike the endogenous cue, the exogenous cue does
not predict the location of the target. For example, when there are two potential
target locations, the cue has a validity of 50%. In other words, there is no incentive
for observers to attend to the cued location. However, abrupt onsets and luminance
changes at or near the location where the target is going to be presented typically
capture attention in a bottom-up fashion (Yantis and Jonides, 1984). As a result,
after a short delay (short SOA) processing of the consecutive target presented at
that location is facilitated. However, as mentioned before, when attention is
captured exogenously the facilitation effect rapidly dissolves and the location gets
inhibited. Therefore, at longer delays (long SOA) the opposite pattern is found;
reaction time to the target at the cued location increases and accuracy decreases
compared to the opposite uncued location.
Recent studies have suggested that observing the diverted eye-gaze at
fixation also causes an exogenous shift of attention to the direction of the gaze
(Driver et al, 1999, Friesen and Kingstone, 1998; Langton et al., 2000), although
this mode of exogenous attentional orienting is not completely undisputed (Ristic,
Friesen, Kingstone, 2002; Tipples, 2002). Typically, these so-called gaze cueing
studies make use of centrally presented faces or schematically drawn faces with
their eye-gaze directed to a particular location. Even though the directional gaze
cue does not predict the upcoming target location and there is no incentive for
observers to deliberately direct their attention in the direction of the eye-gaze,
cueing effects at that location are observed. Similar to peripheral onset cues,
orienting in response to gaze cues is fast. Note however that unlike peripheral onset
cues, the response is not transient but sustained. Typically no IOR is found with
gaze cues. Although not yet fully understood, it is suggested that this difference
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comes from the different underlying neural pathways in automatic capture of
attention to abrupt onsets and automatic capture of attention by gaze. Whereas the
former is often associated with the subcortical processes that underlie oculomotor
behavior, the latter is more associated with cortical processing (Friesen and
Kingstone, 2003).
3. Neural correlates of visual processing and bottom-up attention
The major pathways of visual information processing can be divided in a
subcortical pathway and two cortical pathways: the ventral and dorsal streams. The
subcortical retinotectal pathway projects from the retina directly to the superior
colliculus (SC) and the pulvinar of the thalamus to extrastriate cortex such as MT
and the parietal cortex. These are important structures for spatial attention and eye
movements (Bell et al. 2004; Dorris et al. 2002; Fecteau and Munoz 2005; Lamme
and Roelfsema 2000, Munoz, 2002; Shipp 2004). The ventral and dorsal pathways
originate in primary visual cortex (V1). The ventral pathway projects from V1 to
temporal cortex via extrastriate cortex. The dorsal pathway projects from V1 to the
parietal cortex via extrastriate cortex. Although both pathways contribute to the
processing of visual information several distinctions have been made between the
function of the pathways. The ventral pathway is assumed to be essential for object
identification subserving vision for perception, whereas the dorsal stream is
assumed to be essential in spatial processing subserving vision for action (Goodale
and Milner, 1992; Mishkin, Ungerleider, and Macko, 1983; Milner and Goodale,
2008, but see Franz, Gegenfurtner, Bülthoff and Fahle, 2000). Another distinction
in the visual system is the segregation of cells processing color and form and cells
processing motion and depth (Livingstone and Hubel, 1988). The first is called the
parvocellular pathway that feeds into the ventral stream; the second is the
magnocellular pathway that feeds into the dorsal stream (Lamme and Roelfsema,
2000). The magno-pathway is known to process visual information faster than the
parvo-pathway.
The distinctive time courses of exogenous and endogenous orienting and in
particular the occurrence of IOR in exogenous orienting and not in endogenous
orienting signifies the role of the superior colliculus. The superior colliculus is one
of the earliest areas to respond to visual information such as abrupt onsets or
luminance transients and is also involved in IOR (Bell, Fecteau and Munoz, 2004;
Fecteau and Munoz, 2005). Together with the frontal eye fields (FEF) and the
lateral intraparietal area (LIP) the superior colliculus forms a network responsible
for covert and overt attentional processing (Colby and Goldberg 1999; Gottlieb et
al. 1998; Kusunoki et al. 2000; Munoz 2002; Schall and Thompson 1999;
Thompson and Bichot 2005). Much research has emphasized the role of the
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superior colliculus in exogenous attentional selection and IOR. For instance,
patient studies showed that damage to the superior colliculus reduces or eliminates
the occurrence of IOR (Rafal et al., 1988). However, neurophysiological research
showed that when IOR occurs the neurons in the SC are not themselves inhibited
but rather receive a reduced input from other brain regions representing the
inhibited location, such as the parietal cortex (Dorris et al., 1999; Klein, 2000). It
has been suggested that the “inhibitory tag” generated in the subcortical
retinotectal pathway is transmitted via the pulvinar to the parietal cortex to be
encoded in spatiotopic coordinates (Danziger et al., 1997).
4. Conscious and unconscious processing of visual stimuli
Most theories on consciousness are based on studies of visual perception because
the neural correlates of the visual system are understood reasonably well (e.g.,
DeHaene, Changeux, Naccache, Sackur, Sergent, 2006; Crick and Koch, 1990;
2003; Kock & Tsuchiya, 2006; Lamme, 2003; 2004; 2006). An important theory
on consciousness has been put forward by Lamme (2003; 2004; 2006). Whereas
other theories on conscious visual processing focus on neural synchronized
oscillation (e.g., Crick and Koch, 1990; 2003; Tononi & Koch, 2008) or on
activations of parieto-frontal network (DeHaene, Changeux, Naccache, Sackur,
Sergent, 2006) Lamme’s theory focuses mainly on the temporal stages of neural
processing. After a visual stimulus is presented, the information is fed forward
(feedforward sweep) via the parallel pathways from lower to higher visual areas.
However, the hierarchy of visual processing in the initial feedforward sweep is not
that sharply defined. Higher visual areas, such as MT are activated at very short
latencies by the feedforward sweep, possibly via the retinotectal subcortical
pathway or via the quick magnocellular cortical pathway (Lamme, 2001; Lamme
and Roelfsema, 2000). At this stage visual processing is unconscious but it can
trigger or modify behavior (Lamme, 2003). The theory proposes that subsequent
recurrent processing through backward and horizontal connections will lead to
visual consciousness. Lamme distinguishes between a conscious stage called
phenomenal awareness and a stage called access awareness. Phenomenal
awareness refers to the continuous rich visual experience we have even though we
are not able to report it. In order to examine processing at this stage, researchers
often divert the observer’s attention which renders some of the supraliminal stimuli
‘invisible’. In these so called inattentional blindness studies attention is focused on
a perceptual task while an additional above-threshold visual stimulus is presented.
Since attention is focused elsewhere, the additional stimulus is not perceived (e.g.,
Mack & Rock, 1998; Most, Scholl, Clifford and Simons, 2005; Rees, Russell,
Frith, Driver, 1999). Whereas in Dehaene‘s theory this stage is pre-conscious, in
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Lamme’s theory this stage is conscious. It is a separate selection process which
Lamme refers to as “attention” that is the mechanism by which a visual stimulus is
transferred from phenomenal awareness into access awareness.
Most current theories agree on the idea that attention can be dissociated
from consciousness (DeHaene et al., 2006; Crick and Koch, 1990; 2003; Kock &
Tsuchiya, 2006; Lamme, 2003; 2004; 2006). However, Dehaene dissociates
attention from consciousness by emphasizing that top-down attention can modulate
automatic processing of subliminally presented stimuli. Lamme dissociates
attention from consciousness by emphasizing that attention is the mechanism by
which one transfers a visual stimulus from one conscious stage (phenomenal
awareness) into the other conscious stage (access awareness). In neither theory
there is room for unconscious attentional orienting and specifically not for
unconscious bottom-up attentional orienting to subliminally presented stimuli.
Nevertheless, in Lamme’s theory the feedforward sweep can trigger a reflex-like
response. If exogenous attentional orienting is comparable to a reflex-like response
(Sokolov, 1963) that occurs before one becomes aware of the stimulus that triggers
this response (Posner, 1980), unconscious feedforward processing could be the
underlying mechanism of unconscious exogenous attentional orienting.
5. Studies investigating unconscious orienting to subliminally presented cues
One of the methods to present stimuli subliminally is backward masking. In
backward masking a visual stimulus is presented very briefly and followed by a
second visual stimulus, called the mask. Due to the mask, visibility of the first
stimulus is abolished (Breitmeyer, 1984). The recurrent processing theory would
state that information of the first stimulus is processed by the feedforward sweep
but at the moment in time that this information is fed back to the lower visual
areas, new information of the visual mask comes in and thereby disrupts the
recurrent interactions that dealt with the first stimulus (DiLollo, Enns and Rensink,
2000). Backward masking is not the only method used to present stimuli
subliminally; some studies manipulate contrast and luminance in such a way that
stimuli are presented below subjective threshold.
Several studies have investigated attentional orienting to stimuli that are
consciously detected, but cannot be consciously identified (e.g., Ansorge,
Heumann and Scharlau, 2002; Ansorge and Neumann, 2005; Jaskowski, van der
Lubbe, Schlotterbeck and Verleger, 2002; Woodman and Luck, 2003). In contrast,
this section focuses on subliminal cueing studies that investigated attentional
orienting to stimuli that are not consciously detected. For each study the particular
shortcomings will be discussed.
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McCormick (1997)
The aim of a study by McCormick (1997) was to provide more compelling
evidence that exogenous attention is an automatic involuntary process. He
reasoned that voluntary endogenous attention cannot be captured by stimuli that
are not consciously perceived. He used peripheral cues that were presented either
above or below subjective threshold. To present the cues below subjective
threshold, monitor brightness, monitor contrast and room luminance were adjusted.
In addition, the cues were informative of the target location in the sense that the
target appeared more often at the opposite location of where the cue was presented
than at the cued location. Observers were explicitly told that they had to shift their
attention to the opposite location of the cue. In this way the design allowed to
obtain qualitative differences between processing of stimuli presented above and
below subjective threshold (Cheesman and Merikle, 1986). That is, peripheral cues
presented below threshold would solely induce an exogenous shift of attention
while cues above threshold would instruct observers to shift attention
endogenously to the opposite location. Immediately after each trial observers were
asked to indicate whether or not they had perceived the cue. Results from this
study revealed that indeed qualitative differences can be obtained between cues
that were consciously perceived and cues that were not consciously perceived
(Experiment 1 and 2). At the short SOA (500 ms), when observers perceived the
cue, they were faster to respond to targets presented at the opposite site of the cued
location. This indicated that they endogenously shifted their attention to the
opposite site. However, when observers did not perceive the cue, they responded
faster to targets that appeared at the cued location compared to the opposite
location. This latter result suggests that the ‘invisible’ cues captured attention in an
exogenous way. However, as mentioned before, true exogenous orienting should
induce inhibition when the delay between cue and target presentation is extended.
Therefore, McCormick also investigated cueing effects with a long cue target SOA
(1000 ms, Experiment 3), however, no inhibitory effect was obtained. McCormick
attributed the lack of IOR to the strategy of the observers to detect the cue. He
reasoned that if observers did not immediately detect the cue they would have
more time to divide their attention between the possible locations to search for it
and therefore inhibition could not be measured at the cued location.
In conclusion, this study showed that peripheral cues presented below
subjective threshold captured attention. However, due to the design of the
experiment (the cues were task relevant), it is not possible to conclude that
attention was captured in a purely exogenous way.
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Lambert, Naikar, McLachlan and Aitken (1999)
In a subliminal spatial cueing study by Lambert, Naikar, McLachlan and Aitken
(1999) an inhibitory effect at the long SOA was found (Experiment 2). In this
study, perceptually faint peripheral cues were presented in each of the two outer
corners of a box presented either to the left or right of fixation. These boxes served
as placeholders in which the target could appear. The strength of the cues had three
different magnitudes: they were either one, two or five pixels large. The observers
were told that the cue was 80% valid and therefore informative of the upcoming
target location. In a separate session, it was shown that none of the observers
perceived the one pixel cue, 9 out of 12 observers were unable to perceive the two
pixel cue and the five pixel cue was perceived above chance level. Of the cues that
were not perceived (one and two pixels), the one pixel cue had no effect on spatial
attention whereas the two pixel cue had a marginal significant effect on spatial
attention. For the observers who were unaware of this cue, they showed facilitation
at the short SOA followed by inhibition at the long SOA.
However, the aim of this study was to investigate implicit learning effects
regarding the relation between cue and target. In Experiment 3 of their study,
Lambert et al. showed that the ‘invisible’ cue had not captured attention
exogenously but rather observers had learned the relation between cue and target in
an implicit way. The biphasic pattern of facilitation followed by inhibition obtained
in Experiment 2 could therefore not be attributed to unconscious exogenous
orienting but rather to implicit learning. They reasoned that the results from
Experiment 2, in which the pattern resembled exogenous orienting instead of
implicit learning was due to the fact that implicit learning can have different timecourses depending on the nature of the relationship, the nature of the cue stimuli,
levels of practice and the nature of the response. In addition, it should be
mentioned that IOR is an exclusive effect of exogenous attention while in their
experiment they used an endogenous cueing procedure; the peripheral cue had a
validity above chance level. Therefore, the inhibitory effect they obtained can
probably not be attributed to IOR.
In conclusion, this study showed that peripheral cues presented below
subjective threshold induced attentional effects. However, these effects were
obtained because of unconscious learning of the cue and target relationship and not
because of unconscious exogenous orienting.
Ivanoff and Klein (2003)
The idea that the absence of IOR is due to the observer’s strategy, as suggested by
McCormick, (1997) motivated a follow-up study by Ivanoff and Klein (2003).
They hypothesized that the design of the McCormick’s study may have biased
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observers to search for the cue because it was informative of the upcoming target
location. Moreover, after each trial observers had to report whether or not they
perceived the cue. Therefore, unconscious orienting to the cue could have been
contingent on the task, i.e., the requirement to report after each trial whether they
perceived the cue. They reasoned that observers probably had an attentional set to
look for the cue (c.f. Folk et al., 1992). The contingent capture theory (Folk et al.,
1992; 1994) states that at the early stage in visual processing, top-down attentional
control settings induced by task demands are crucial for attentional capture to
occur. In the subliminal cueing task by McCormick, the task demands of reporting
the cue after each trial could therefore have induced an attentional set to search for
it. To test this hypothesis, Ivanoff and Klein performed a study with masked
peripheral cues that were uninformative of the upcoming target location and should
therefore not induce an explicit attentional set to search for it. The study consisted
of two experiments. In the first experiment, observers only performed the
experimental task - a go/no go task - and in the second experiment in addition to
the experimental task they had to report after each trial whether or not they had
detected the cue. When cue report was part of the task, the results were consistent
with McCormick’s study and with the attentional control set hypothesis; that is,
facilitation at the short SOA and no IOR at the long SOA. In contrast, when cue
report was not part of the task the results showed the opposite pattern; no
facilitation at the short SOA though IOR at the long SOA. Ivanoff and Klein
explained the lack of IOR in the cue report condition by a failure to disengage
attention from the cued location. They reasoned that observers were unaware of
orienting to the cued location but due to the attentional set to search for the cue
their attention dwelled longer at the cued location (see also Babiloni, Vecchio,
Miriello, Romani and Rossini, 2006). In contrast, the lack of facilitation in the
condition in which observers did not have to detect the cue was explained by rapid
disengagement of attention. Ivanoff and Klein argued that due to rapid
disengagement of attention, the early facilitation was combined with early IOR
which led to similar RT’s at cued and uncued locations.
In conclusion, this study shows that cues that are not consciously perceived
can induce a shift of exogenous attention but an attentional set to search for the cue
alters the temporal dynamics of exogenous orienting.
Mele, Savazzi, Marzi and Berlucchi (2008)
Mele et al. (2008) conducted a spatial cueing study with subliminal cues but they
came to a different conclusion than Ivanoff and Klein (2003). They performed a
spatial cueing study with peripheral low luminance cues which were presented
below subjective threshold and with high luminance cues presented above
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subjective threshold. The high luminance cues resulted in facilitation at the short
SOA and IOR at the long SOA but the low luminance cues did not result in
facilitation at the short SOA though it was followed by IOR at the long SOA
(Experiment 2). In addition, in Experiment 4 they showed that observers responded
slower at the long SOA to a low luminance cued location compared to a condition
in which no cues were used, although no difference was observed between the
conditions at the short SOA. This pattern of results is similar to the results of
Ivanoff and Klein (2003) in the condition in which cue detection was not part of
the task, i.e., lack of facilitation at the short SOA followed by inhibition at the long
SOA. However, Mele et al. claimed that the obtained inhibition effect at the long
SOA was the result of sensori-motor control as postulated by Eimer and
Schlaghecken (1998) rather than the result of attentional modulation. Eimer and
Schlaghecken (1998; 2003) showed that a subliminal prime that is not compatible
with the response to the target induces an exogenous mode of response inhibition.
Eimer and Schlaghecken argued that subliminal primes activate a response that is
automatically inhibited by self-inhibitory circuits in motor control. In these
experiments, subliminal primes were either compatible or incompatible with the
response to the target. For example, arrows (prime and target) pointing to the right
indicating a right hand response. This is in contrast to the spatial cueing task Mele
et al. used in which the cue did not give any information about the target or the
appropriate response to the target and thus exclusively captured attention in an
automatic fashion. Although Mele et al. claimed that the self-inhibitory
mechanisms were related to the fact that the cue and the target shared the same
location (Harvey, 1980), this does not appear to be consistent with the idea of selfinhibitory response activation as proposed by Eimer and Schlaghecken (2003). It is
not consistent because Schlaghecken and Eimer (2000) showed that benefits of
incompatible primes are not present when they are presented in the periphery. In
Mele et al. the cue and target were presented in the periphery. Therefore, a selfinhibitory response activation explanation is not convincing. Furthermore, the
spatial cue satisfied the criteria for exogenous cueing: the cue was the illumination
of one of the placeholders in which the subsequent target was presented, the cue
was uninformative of the target location and target location was irrelevant for the
appropriate response, which was target detection. Therefore, instead of selfinhibitory response activation, the rapid disengagement hypothesis of Ivanoff and
Klein seems more fitting to explain a lack of facilitation at the short SOA when
followed by IOR at the long SOA
In conclusion, this study showed that spatial cues presented subliminally
can induce a shift of exogenous attention resulting in inhibition at the cued location
at the long SOA. Although Mele et al., (2008) do not attribute this effect to
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attentional mechanisms because of the absence of facilitation at the short SOA, it is
most likely that attention was shifted to the cued location in an exogenous way.
The explanation as proposed by Ivanoff and Klein (2003) could account for the
lack of facilitation at the short SOA; that is, due to rapid disengagement of
attention, the early facilitation was combined with early IOR.
The idea that rapid disengagement of task irrelevant cues can conceal
facilitation effects was tested in an ERP study with subliminally presented spatial
cues (Ansorge and Heumann, 2006). The task relevance of the cue was
systematically reduced by decreasing the match between features defining the cue
and the target. Therefore, the attentional set to search for the cue dissipated and
consequently, attentional capture as measured by reaction time was abolished.
However, the PCN (Posterior Contralateral Negativity), an electrophysiological
measure of the capture of visuospatial attention, showed that attention was
captured by the cue even when the cue was task irrelevant. These findings
suggested that the overt manual response lags behind the capture effect as shown
by the PCN. Consistent with Ivanoff and Klein (2003) they concluded that
subliminally presented task irrelevant cues capture attention in a bottom-up fashion
but due to rapid disengagement of task irrelevant cues facilitation effects can be
concealed.
Mulckhuyse, Talsma and Theeuwes (2007)
A recent study by Mulckhuyse confirmed the rapid disengagement hypothesis of
Ivanoff and Klein. They reported facilitation and IOR in a spatial cueing task with
subliminal peripheral cues. The cues they used were uninformative of the
upcoming target location and assessment of cue awareness was performed in a
second separate task performed after the main experiment. Therefore, observers
could not have had an attentional set to search for the cue. The cue consisted of one
of three placeholders: one in the centre, one to the left and one to the right. In
different trials, the placeholder on either the left or right side was presented slightly
before the other two placeholders. Observers were unaware of this temporal
difference. Subsequently, after a short or a long SOA a target was presented either
in the left or the right placeholder. The study showed that there were performance
benefits at the short SOA for a target appearing within the placeholder that was
presented slightly before the other two placeholders signifying early attentional
facilitation. Accordingly, at the long SOA performance was worse at that location
compared to the opposite location, indicating IOR. It was argued that in this study
early facilitation was found because the SOA between cue and target was very
short, i.e., only 16 ms. Because of the very short SOA early facilitation was not
overshadowed by an early onset of IOR as was probably the case in Ivanoff and
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Klein (2003) and Mele et al. (2008). In Ivanoff and Klein the shortest SOA used
was 105 ms; in Mele et al. the shortest SOA was 150 ms.
In conclusion, because Mulckhuyse et al. found the classic biphasic pattern
of early facilitation followed by later inhibition, they concluded that unconsciously
processed spatial cues can capture attention in a purely exogenous way.
Bauer, Cheadle, Parton, Muller and Usher (2009)
Bauer et al (2009) performed an innovative version of a subliminal spatial cueing
paradigm. Based on the hypothesis that synchronized gamma oscillations (40-70
Hz) in neural activity mediate attentional processes, they presented subliminal
gamma flickering stimuli to induce attentional selection. Gamma band synchrony
is associated with top-down visual attention but Bauer et al. examined whether
they could trigger attentional effects by externally evoking gamma band
oscillations. The spatial cue in this paradigm consisted of one of three Gabor
patches, which were presented on an invisible circle around fixation point. The cue
flickered at a different frequency, i.e., 50-Hz (gamma band) or 30-Hz (below
gamma band) than the other two non-flickering patches. The target consisted of a
spatial frequency change of one of the patches and could be presented at the cued
location (50%) or at one of the other two locations. It is important to note that the
50-Hz flickering was not consciously perceived (detection at chance level) and
therefore did not induce attentional selection based on other processes than
temporal modulation. Results showed that observers were faster to detect the target
at the gamma band cued location compared to the other two uncued locations. This
difference was not found for the below gamma band cued location. In addition,
they also examined the time-course of subliminal gamma band induced attentional
modulation and found the typical biphasic pattern associated with exogenous
attention: facilitation at the short SOA and IOR at the long SOA.
In conclusion, subliminally presented synchronized gamma oscillations,
normally associated with top-down attention, can induce a shift of exogenous
attention. However, because the cue was not completely task irrelevant, it was
valid above chance level, the facilitation and inhibition effects can not be totally
attributed to exogenous attention.
Sato, Okada and Toichi (2007)
More evidence for the account that unconsciously perceived cues can induce an
exogenous shift of attention comes from studies with subliminally presented gaze
cues. Presented supraliminal, gaze cues trigger an exogenous shift of attention in
the direction of the gaze (Driver et al, 1999, Friesen and Kingstone, 1998; see for
review Langton et al., 2000). In a study by Sato, Okada and Toichi (2007) the gaze
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cues - either schematic (Experiment 1) or photographs (Experiment 2) - were
presented supraliminally or subliminally at fixation. The direction of the gaze (left
or right of fixation) was not informative of the upcoming target location. The target
consisted of a circle that was presented either to the left or to the right of fixation.
In this study, they only examined facilitation effects at the short SOA. Observers
had to indicate the target location by giving a manual response. To present the gaze
cues subliminally, the cues were presented very briefly and masked with backward
masks (Esteves and Ohman, 1993). In a separate session before the actual
experiment started, threshold assessment of the cue was performed with different
SOA’s between cue and mask. Observers had to indicate whether they perceived
the gaze cue and if so, they had to report the direction of the gaze cue. During the
experiment, an SOA 10ms shorter than the lower limit of cue detection in the
separate task was used. The results of both spatial cueing tasks indicated that the
supraliminally presented cues resulted in a facilitation effect at the cued location
(direction of the gaze). Akin to the supraliminal cues, the subliminally presented
gaze cues also induced an exogenous shift of attention leading to facilitation at the
cued location.
In conclusion, this study shows that exogenous attention can be triggered
by gaze cues that are presented subliminally. Targets presented at the location of
the direction of the gaze are localized faster than targets presented at the opposite
uncued location.
5.1 Conclusions
Table 1 summarizes the results that were obtained with paradigms in which the cue
is informative or task relevant and paradigms in which the cue is uninformative
and task irrelevant. As postulated by Ivanoff and Klein (200) it seems reasonable
that an attentional set to search for the cue alters the temporal dynamics of
exogenous orienting. They claimed that when the cue is task relevant, attention
stays engaged at the cued location. This would explain the lack of IOR in
McCormick (1997). However, this explanation would require the assumption that
the act of staying engaged at a location is an unconscious process although the
attentional set to search for the cue is by definition a conscious process because
observers were asked to look for it. Therefore, one would assume that after the
initial unconscious orienting response to the subliminal cue; one is probably not
aware of the shift of attention, attention would stay at the cued location because of
the attentional set. Although this explanation seems plausible, it would suggest that
one should also find facilitation at the long SOA. This was not found in
McCormick (1997) nor in Ivanoff and Klein (2003). Therefore, since there was no
RT difference at the long SOA between cued and uncued locations, McCormick’s
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explanation that attention is divided between the possible target locations seems to
fit better with the data.
Table 1. Overview of the methods and results of subliminal spatial cueing studies.

When the cue is truly exogenous, as in Ivanoff and Klein Experiment 1 (2003) and
Mele et al., (2008), the lack of facilitation can be attributed to rapid
disengagement. The ERP study by Ansorge and Heumann (2006) in which they
systematically manipulated the task relevance of the cue indicated that attention
can be captured in an exogenous way even though manual responses do not show
evidence of attentional capture. Finally, Mulckhuyse et al. used a very short SOA
between the subliminal cue and the target and were able to demonstrate a biphasic
pattern of facilitation and inhibition, which is characteristic of exogenous attention.
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6. Studies investigating unconscious orienting to emotional cues
In their study with subliminally presented gaze cues, Sato et al. (2007) speculated
that a possible neural mechanism for gaze induced unconscious attentional
orienting may involve a subcortical route involving the amygdala, pulvinar and
superior colliculus. It is clear that the superior colliculus and the pulvinar play an
essential role in exogenous attention (e.g., Shipp, 2004), the role of the amygdala
in exogenous attention is yet not so clearly understood. The amygdala is associated
with face and gaze perception (de Gelder et al., 2003) but also with fear and
emotion processing (e.g., LeDoux, 2000). Below we outline studies that have used
emotional spatial cues to trigger an unconscious shift of attention.
Jiang, Costello, Fang, Huang and He (2006)
Jiang, Costello, Fang, Huang and He (2006) performed a spatial cueing task that
was combined with the method of interocular suppression. In one eye, a pair of
high contrast dynamic noise patches was presented to the left and right of fixation
point. In the other eye, at spatially corresponding locations, an erotic picture (either
male or female) and a control picture (a scrambled version of the erotic picture)
were presented. The erotic picture served as the spatial cue and because of
interocular suppression, the erotic picture as well as the scrambled look-alike was
not consciously perceived. The target, a Gabor patch, was presented either at the
previously cued location (in both eyes) or at the opposite uncued location. The task
of the observers was to indicate the orientation of the patch. The results revealed
that accuracy performance was better for targets that were presented at the cued
location compared to the uncued (opposite) location. However, this effect was
gender specific, meaning that only cues that consisted of erotic pictures of the
opposite gender captured attention. Moreover, when the cue consisted of erotic
pictures of the same gender, accuracy was better at the uncued location (though
this latter finding was only true for heterosexual male observers). Jiang et al.
concluded that the erotic picture, although not consciously perceived, captured and
repelled attention in an automatic yet ecologically complex system. They
speculated that the amygdala plays a key role in unconscious attentional orienting.
Furthermore, because interocular suppression is believed to occur in V1, they
suggested that the information is conveyed through a pathway that bypasses V1 to
parietal areas involved in spatial attention.
Lin, Murray and Boynton (2009).
Further evidence for unconscious attentional orienting to emotional stimuli comes
from a visual search study by Lin, Murray and Boynton (2009). This study
examined whether looming stimuli of which the trajectory was not consciously
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perceived could capture attention. In this paradigm, the search display was
preceded by a looming cue stimulus that could either be on a path that would end
in a collision with the observer or on a path that would miss the observer. Lin et al.
hypothesized that the collision path looming stimulus would be a threatening
stimulus and capture attention as opposed to the other looming stimulus that was
considered as non-threatening. Their results indicated that indeed observers were
faster to respond to targets that were preceded by the threatening looming cue
stimulus compared to targets that were preceded by a non-threatening looming
stimulus. Note that the looming stimulus itself was not masked or presented
subliminally, it was the trajectory of the looming stimulus that was not consciously
perceived.
Lin et al. (2009) pointed out that the appearance and behavior of predators
in natural environments are usually not salient at all. However, a fast orienting
system should orient to predators to prevent us from danger whether they are
salient or not. Their study suggests that the attentional system notices danger
before one may become aware of danger. According to this, subliminally presented
peripheral cues could also be considered as threatening and therefore trigger an
automatic orienting response to their location. Possibly, orienting to invisible
threatening stimuli and orienting to invisible spatial cues are mediated by the same
neural pathway.
7.The neurophysiology of unconscious attentional orienting to subliminal spatial
cues
Studies with hemianopic patients seem to imply that unconscious attentional
orienting is mediated by a subcortical route (e.g., Danziger et al., 1997; Van der
Stigchel et al., 2008). Hemianopic patients have a lesion in the cortical pathway of
visual processing, which projects from the retina to the lateral geniculate nucleus
(LGN) of the thalamus to the striate cortex, but the subcortical pathway is still
intact. Some of the hemianopic patients show evidence of visual processing in their
blind field which is referred to as blindsight (Weiskrantz, 1986). A blindsight
patient can reliably report the stimuli in the blind field even though the patient is
unaware of the presence of the stimulus. For example, in a study by Kentridge et
al. (1999), a patient with blindsight performed a spatial cueing task in which
processing at the validly and invalidly cued locations in his blind field was
compared. The results showed that the patient responded faster to validly cued
targets in his blind field than to invalidly cued targets in his blind field. The same
patient was scanned in an fMRI study by Sahraie and colleagues (1997). They
found that subcortical structures and in particular the superior colliculus were

27

Chapter 1

activated in trials in which the patient reported no awareness of a visual event
although his discrimination performance of this visual event was above chance.
The important role of the superior colliculus in unconscious attentional
orienting was demonstrated in a recent study by Van der Stigchel, Mulckhuyse and
Theeuwes (2009). In this study observers had to make a vertical saccade while a
subliminal spatial distractor was presented next to the saccade path. Typically, a
visible distractor presented next to the saccade path will lead to deviations of the
saccade (see for review Van der Stigchel, Meeter, Theeuwes, 2006). These
deviations are attributed to competition between distractor and target
representations in the oculomotor network and specifically in the superior
colliculus (McPeek, Han and Keller, 2003). Van der Stigchel et al. (2009) showed
that a subliminal distractor still affected the saccade deviation indicating that
subliminally presented visual information evokes competition in the oculomotor
system.
It has been suggested that the essential role of the subcortical retinotectal
pathway and the superior colliculus in particular in attentional orienting comes
from the temporal-nasal asymmetry in this pathway. A temporal-nasal asymmetry
effect becomes clear under monocular viewing conditions; visual stimuli in the
temporal hemifield have stronger attentional effects than visual stimuli in the nasal
hemifield (e.g., Ansorge 2003; Dodds et al. 2002; Posner and Cohen 1980; Rafal et
al. 1990; Rafal et al. 1991; Simion et al. 1995 but see Bompas et al.,2008; Walker
et al. 2000). Anatomical asymmetry in the retinotectal pathway could be
responsible for observed behavioral asymmetry effects in attentional orienting. The
retinotectal pathway is essentially monocular and has more connections from the
nasal hemiretina (corresponding to the temporal hemifield) to the contralateral
superior colliculus than from the temporal hemiretina (corresponding to the nasal
hemifield) to the contralateral superior colliculus. This anatomical asymmetry is
evident in cats (Sherman 1974; Sprague 1966) but is, however, less apparent in
monkeys (Williams et al. 1995). Nonetheless, behavioral studies with hemianopic
patients under monocular viewing conditions indicate that unconscious processing
via the retinotectal pathway is stronger in the temporal hemifield than in the nasal
hemifield. In a study by Dodds et al. (2002), a hemianopic patient was tested in a
forced choice localization task with target stimuli presented either in the temporal
blind hemifield or in the nasal blind hemifield. The results showed that
performance was highly accurate in the temporal hemifield and at chance level in
the nasal hemifield. More recently, this hypothesis was tested with healthy humans
in a subliminal spatial cueing task under monocular viewing conditions
(Mulckhuyse and Theeuwes, submitted). The design was a modification of the
spatial cueing task Mulckhuyse et al. (2007) used. Two placeholders were

28

Unconscious attentional orienting

presented to the left and the right of fixation indicating the possible saccadic target
location. Next to the each placeholder a large filled circle were presented with a
small temporal asynchrony between them. The circle that appeared first served as a
spatial cue. Observers were unaware of the temporal difference between the onsets
of the circles. Subsequently, after a short or a long SOA one of the placeholders
changed color indicating the saccadic target location. Observers were asked to
make a speeded saccade to this location. The study showed that at the short SOA
saccade latencies were shorter to the location that was subliminally cued. However,
this effect was not different across the temporal and nasal hemifields. At the long
SOA there was a temporal-nasal asymmetry difference, but only for those
observers who showed an overall IOR when data from both hemifields were
combined. Therefore, these results give only tentative support for the mediation of
the retinotectal pathway in unconscious attentional orienting.
7.1 The neurophysiology of unconscious attentional orienting to subliminal eyegaze cues
A temporal-nasal asymmetry difference has also been found for face processing. In
a study by de Gelder and Stekelenburg (2004) in which ERPs were measured, it
was shown that observers had a higher sensitivity to faces presented in the
temporal hemifield. The authors suggested that the temporal-nasal asymmetry
effect was due to processing via the subcortical route involving a network that
includes the superior colliculus, pulvinar, amygdala and cortical areas involved in
face processing. Although gaze perception was not tested in this study, these
results provide further evidence for the involvement of a subcortical route in
exogenous attentional capture by eye-gaze. The subcortical pathway involving the
amygdala, which has reciprocal connections with the pulvinar, is able to process
low spatial frequency information of a face (Johnson, 2005). Recently, de Gelder,
Frissen, Barton and Hadjikhani (2003) proposed a model in which a dual route is
responsible for face processing. The cortical pathway is involved in face
identification whereas the subcortical pathway is involved in face expression and
eye gaze perception. Eye gaze information is transmitted to temporal brain areas
via the direct subcortical route. Although speculative, it is possible that the
reflexive nature of orienting based on eye gaze results from processing via the
same direct subcortical pathway that is involved in exogenous orienting to abrupt
onsets. The difference between these two modes of orienting would lie in
subsequent processing. Because eye-gaze is further processed by temporal regions
and not by parietal regions there is no ‘inhibitory tag’ feeding back into the
superior colliculus as is the case in exogenous orienting to abrupt onsets.
Therefore, no IOR is found in gaze induced exogenous orienting. Another
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explanation is that face processing in the cortical pathway overrules information
processing in the subcortical pathway after the initial shift of attention. It has been
suggested that the dominant cortical route takes over processing of the subcortical
route with age (de Gelder and Stekelenburg, 2005). Therefore, it would be
interesting to examine whether IOR does occur when masked gaze cues are used.
In other words, if the subcortical route would dominate in processing eye-gaze
information, cortical activity could less influence these subcortical processes (see
also Jolij & Lamme, 2005). Future research on the neural correlates of gaze
perception could elucidate the paradoxical finding of exogenous orienting induced
by eye gaze without the occurrence of IOR.
7.2 The neurophysiology of unconscious attentional orienting to subliminal fearrelated stimuli
The subcortical retinotectal pathway is associated not merely with unconscious
attentional processes and face processing but also with unconscious processing of
fear related stimuli (Morris, Ohman and Dolan, 1999). It is plausible that the
subcortical route in unconscious attentional processes always involves amygdala
activation since subliminally presented cues in the periphery could imply a
potential threat. Previous research has demonstrated a link between spatial
attention and emotion processing (Pourtois, Thut, Grave de Peralta, Michel and
Vuilleumier, 2005; Vuilleumier, 2005). Some results suggest the link between
unconscious spatial attention and unconscious emotion processing is even stronger.
For instance, an fMRI study with a blindsight patient (Morris, de Gelder,
Weiskrantz and Dolan, 2001) showed a correlation between activation of the
superior colliculus and activation of the amygdala in response to fearful and
conditioned face stimuli in his blind field. The authors reasoned that the
unconsciously perceived visual information was processed by the retinotectal
subcortical pathway subserving automatic unconscious fear processing. In another
study, the same patient was tested for recognition of affect in his blind field while
ERPs were recorded (de Gelder, Vroomen, Pourtois and Weiskrantz, 1999). The
results from this study provided further evidence for the claim of unconscious
processing of facial expression in the retinotectal pathway. The blindsight patient
discriminated successfully the facial expressions, even though he was unaware of
the faces and ERPs showed early activation at occipital cortex in response to
stimulation in his blind field. Therefore, the authors suggested that these
activations result form processing via a subcortical pathway that bypasses V1.

In an fMRI study by Liddell et al. (2005) a network consisting of attentional
areas, such as superior colliculus and pulvinar and fear-related areas, such
as the amygdala was activated by masked fear-related stimuli. In this study,
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either fear faces or neutral faces were presented at fixation that were all backward
masked with neutral faces. Their results indicated that observers were not able to
perceive the affect of the faces but the fear faces activated this attentional
emotional network. They concluded that the network served as an alarm system for
rapid orienting to sources of threat.
It is important to note that in visual masking studies, such as described in
Liddell et al (2005) the stimulus does not reach consciousness because processing
in the cortical pathway is disrupted by the subsequent onset of the mask. Most
likely, the cue will not enter awareness because recurrent processing is interrupted
(Fahrenfort et al. 2007). This halting of reentrant processing does not necessarily
disrupt feedforward processing in the cortical pathway. These cortical feedforward
connections rapidly reach areas important for attention and eye movements such as
MT and frontal eye fields (Lamme, 2003; Lamme and Roelfsema, 2000) and could
result in attentional orienting. This is in contrast to visual processing in hemianopic
patients with a lesion in the cortical pathway. Therefore, one has to be careful in
comparing unconscious attentional orienting processes due to masking in healthy
human observers, where processing during the feedforward sweep in cortical and
subcortical pathways is still intact and unconscious attentional orienting processes
in hemianopic patients where processing in the cortical pathway is completely
abolished.
8. Conclusions
Although it seems contradictory that spatial cues that are not perceived can capture
attention, the studies discussed clearly indicate that bottom-up spatial attention can
be dissociated from consciousness. However, even though subliminal cues can
capture attention, it is questionable whether they are truly exogenous because most
studies do not show the classic biphasic pattern of facilitation followed by
inhibition (except the Mulckhuyse et al., 2007 study). Presumably, attentional
engagement to subliminal spatial cues dissolves more rapidly than attentional
engagement to supraliminal spatial cues. Therefore, short SOAs are required to
measure attentional facilitation at subliminally cued locations. If spatial cues do not
fulfill the criteria of exogenous cueing, because for example the cue is informative
of the upcoming target location or has to be detected after each trial, the temporal
dynamics of exogenous orienting are modulated. Often this is observed by the
absence of IOR following early facilitation.
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Figure 1. A possible fast subcortical pathway for unconscious attentional orienting to
subliminally presented stimuli, including mechanisms important for attention, such as the
superior colliculus and the pulvinar as well as mechanism important for fear processing,
such as the amygdala.

Similar to visible gaze cues, subliminally presented gaze cues summon attention
exogenously to the direction of the gaze. Although orienting to gaze is exogenous
in nature, usually no IOR is found in gaze cueing. This difference in exogenous
attention is attributed to the different underlying pathways in orienting to abrupt
onsets and orienting in response to gaze. Whereas the former is often associated
with subcortical processes, the latter is more associated with cortical processing.
However, there is evidence for a subcortical route of processing in gaze perception.
This subcortical route would not only be involved in exogenous orienting and gaze
perception but also in processing of fear related stimuli.
Processing via the subcortical pathway could be responsible for the rapid
automatic attentional orienting response to unconsciously processed exogenous
cues. This pathway would serve as an attentional system to orient automatically to
possible threatening stimuli in the environment. Figure 1 shows a simplified
network for this attentional system. If visual information implies a possible threat,
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such as abrupt onsets in the periphery or diverted eye-gaze, a fast subcortical
network involving superior colliculus, pulvinar and amygdala rapidly processes
this information and triggers an exogenous orienting response. Interestingly, this
orienting system operates in the absence of awareness, implying that our behavior
can be controlled by mechanisms that go beyond our will but fortunately in most
cases favor survival.
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2. Grabbing attention without knowing: Automatic
capture of attention by subliminal spatial cues

Mulckhuyse, M., Talsma, D., & Theeuwes, J. (2007). Grabbing attention without
knowing: Automatic capture of attention by subliminal spatial cues. Visual
Cognition, 15(7), 779-788.
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Abstract
The present study shows that an abrupt onset cue that is not consciously perceived
can cause attentional facilitation followed by inhibition at the cued location. The
observation of this classic biphasic effect of facilitation followed by inhibition of
return (IOR) suggests that the subliminal cue captured attention in a purely
exogenous way. Since IOR is not observed following endogenous shifts of spatial
attention, but is observed following exogenous, stimulus-driven shifts of spatial
attention, it is unlikely that top-down control settings or other non-attentional
effects played a role. The current findings are interpreted in terms of a
neurobiological model of visual awareness.
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Introduction
It is well-known that abrupt onsets can capture attention in an exogenous way (see
e.g., Theeuwes, 1991, 1994b; Yantis & Jonides, 1990; but see Folk, Remington, &
Johnston, 1992). Peripheral cueing paradigms demonstrate that when a visual
abrupt onset is used as a cue, spatial attention exogenously shifts to the cued
location (e.g., Posner, 1980). In this paradigm, participants fixate the centre of the
screen while a salient abrupt onset cue appears briefly on either the left or the right
of fixation. After a short delay a target is presented. Even though the cue does not
contain any information about the upcoming location of the target, participants are
faster and more accurate in responding to targets that appear at the cued than at the
uncued location, sometimes labelled as the facilitation effect. Furthermore, if there
is a delay between the offset of the cue and the onset of the target, participants are
slower and less accurate in responding to targets at the cued than at the uncued
location, called inhibition of return (IOR; cf. Posner & Cohen, 1984). It is
important to note that IOR at a location in space only follows after attention has
shifted reflexively to that location (see Klein, 2000, for a review). Indeed, IOR
does not follow a shift of attention that is directed endogenously (voluntarily;
Posner & Cohen, 1984; Pratt, Kingstone, & Khoe, 1997), except in conditions in
which participants endogenously prepare an eye movement (Rafal, Calabresi,
Brennan, & Sciolto, 1989).
Recently, spatial cueing paradigms were used with peripheral cues that
were not consciously perceived. Although these cues did not reach subjective
awareness, the results became part of a discussion as to whether visual onsets
capture attention automatically, or capture attention only when they are contingent
on top-down goals. For example, McCormick (1997) investigated the attentional
effects of cues above and below subjective threshold. In order to separate
endogenous from exogenous orienting of attention, he used an informative cue.
When participants were unaware of the peripheral cues, a facilitation effect at
unexpected locations was found, but there was no IOR. He reasoned that the
absence of IOR may be caused by top-down strategy used by the participants.
However, the facilitation effect was induced by exogenous attentional capture of
the cue. A potential problem of McCormick’s study was the fact that part of the
participants task was to report whether or not they had detected the cue after each
trial. Therefore, the cue may have captured attention because it was part of the
attentional set.
Ivanoff and Klein (2003) specifically addressed this issue using a spatial
cueing paradigm. Participants first completed a condition in which they performed
a go/no go task without reporting the presence or absence of the masked peripheral
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cue. Subsequently, they performed the same task in which they were also required
to report whether or not they had detected the cue. Ivanoff and Klein found a
facilitating effect, but no IOR, when cue report was part of the task and found IOR,
but no facilitation effect, when cue report was not part of the task. In their view,
the cue caused an exogenous shift of attention in both conditions, but attention was
disengaged rapidly when the cue was task irrelevant. They argued that the
facilitation effect could not be found because it was combined with early IOR (as
in Danziger & Kingstone, 1999). In contrast, attention would remain engaged at
the cued location when the cue was task relevant and thereby causing the
facilitation effect, but no IOR. Based upon these findings, they concluded that a
facilitation effect can only be found when the cue is part of the attentional set (Folk
et al., 1992).
More recently, Ansorge and Neumann (2005) tried to distinguish between
facilitation effects due to top-down goals and facilitation effects due to bottom-up
or stimulus driven capture. They used a spatial cueing paradigm with
metacontrasted primes in which the target was the mask and the primes were
smaller replicas of the target. In line with the direct parameter specification theory
(DPS; Neumann, 1990), Ansorge and Neumann reasoned that the prime could give
information about the appropriate response, or the prime could be contingent on
top-down goals. Therefore, they systematically reduced the information the prime
could give. Assessment of awareness of the primes was performed after the
reaction time task. First, they found that the facilitation effect of cue validity (same
location as the target) disappeared when the prime differed from the target in
colour - although they did find a nonsignificant difference in the direction
predicted by the bottom-up capture view. Second, the facilitation effect of validity
also disappeared when the position of the prime gave no information about the
appropriate response. Third, they found a significant facilitation effect only when
the position of the prime gave information about the appropriate response. Ansorge
and Neumann concluded that attention was not captured exogenously by these
primes, but was captured only when it fits the top-down attentional setting.
In the current study, we wanted to determine whether it is possible to
obtain cueing effects in a task in which the nonconsciously perceived cue captures
attention in a bottom-up fashion. Therefore we designed a paradigm in which the
cue did not resemble the target, gave no information about the appropriate
response, was uninformative about the location of the upcoming target, and in
which cue report was not part of the task. In addition, we employed a novel
approach to present cue stimuli subliminally. One of the three discs that served as
placeholders was presented just an instant earlier. We expected this disc to attract
attention by its sudden onset and thereby serve as a cue. Because the other two
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discs followed immediately, it gave the impression that all three discs appeared
simultaneously. For this reason, we expected that the ‘‘cue’’ would not be
perceived consciously. If exogenous nonconscious attentional cueing effects exist,
we expected to find faster detection when the target appears immediately after the
cue at the cued location than when it appears at the uncued location. Furthermore,
if this shift of attention is indeed exogenous, with a long delay we expected the
occurrence of IOR, i.e., slower detection of the target at the cued location than at
the uncued location.
Method
Participants
Sixteen paid volunteers (aged 18-24) participated in the experiment. All
participants had normal or corrected to normal vision.
Apparatus and design
The stimuli were presented on a 19-inch monitor using a PC with a 1024 x 768
resolution and a refresh rate of 120 Hz. E-Prime software (Psychology Software
Tools) was used for stimulus presentation and data recording. All stimuli were
presented on a grey background (x = 0.286, y = 0.322: Luminance 4.6 cd/m2).
During the experiment, two different tasks were administered, first a subliminal
cueing task followed by a ‘‘cue report’’ task. The subliminal cueing task consisted
of five blocks of 40 trials. Each condition consisted of 40 trials which were
randomly presented during the experiment. The cue was not informative of the
location of the upcoming target. Catch trials (20%) were included to avoid
anticipation. Each trial began with a black fixation cross in the centre of the screen
that stayed on for 1000 ms (see Figure 1). The fixation cross disappeared for 200
ms, after which one of the discs was presented. The disc consisted of a grey filled
circle, 1.98° in diameter (x = 0.287, y = 0.315: Luminance 12.7 cd/m2) that was
presented for 16 ms either 6.78 to the left or to the right of the centre of the screen.
Following this first disc, a display consisting of two more discs, each with the same
size and luminance as the first disc, was presented. The resulting display
containing the three discs was positioned in a straight line with their centres
separated by 6.78. Either simultaneously with the onset of the latter two discs, or
after an SOA of 1000 ms, a target stimulus appeared.
This target consisted of a small black dot that could appear inside either the
left or right disc. After 80 ms, the target stimulus was extinguished and after
another 200 ms the discs disappeared and the grey background was presented for
1000 ms before the next trial began. The ‘‘cue report’’ task consisted of four

39

Chapter 2

blocks of 20 trials that were identical to the detection time task, including the 20%
catch trials without a target, with the exception that the trial ended when a response
was given.

Figure 1. From bottom to top, succession of events in a trial in which the cue happened to
be valid. On the left the sequence in a trial with a long SOA is depicted, on the right a trial
with a short SOA.

Procedure
Participants were seated 75 cm from the computer screen with their head
positioned on a chinrest. They were explicitly instructed to remain fixated on the
centre of the screen. Participants had to press the space bar as soon as they detected
the target. Note that they were not informed about the temporal difference in onset
of one of the discs. The experiment started with a practice block of six trials. If
participants pressed the spacebar before the presentation of the target, or if they
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responded to late (i.e., more than 630ms after target onset), a sound was presented
indicating a wrong response.
After conducting the subliminal cueing task, we assessed whether
participants were able to perceive the earlier onset of one of the discs when they
were instructed to do so. Participants were asked to ignore the target, but to
indicate which of the discs, the left or the right, was presented an instant earlier
than the other two discs, by pressing respectively the ‘‘z’’ key or the ‘‘m’’ key. In
half of the trials the disc on the left was presented an instant earlier and in the other
half of the trials on the right. Each trial ended when a response was given and no
sound was presented when given a wrong response.
Results
Cue report task
Participants all gave a subjective report afterwards about not being able to perceive
the cue. A one-tailed binomial test for each participants revealed that none of the
participants scored significantly above chance level. Mean detection performance
in the cue report task was 50% (min. 44% and max. 59%) and not significantly
above chance level (p=.98).
Subliminal cueing task
Response reaction times with a latency of less than 100 ms and a latency of more
than 630 ms (0.4% of all trials) were omitted from analysis. Mean response error
rate on the catch trials was 3.4%. A repeated-measures analysis of variance
(ANOVA) with SOA (short and long) and cue validity (cued location vs. uncued
location) on detection time showed a significant main effect of SOA, F(1, 15) =
69.5, p<.01, MSE = 816.8, and a significant interaction effect of SOA and cue
validity, F(1, 15) = 20.9, p<.01, MSE = 46 (see Figure 2).
Planned comparisons showed a facilitation effect at the short SOA;
detection times at the cued location were faster than at the uncued location (402 ms
vs. 413 ms), t(15) = 2.79, p<.05. More importantly, at the long SOA this effect
reversed: At the cued location detection times were slower than at the uncued
location (350 ms vs. 345 ms), t (15 )= 2.24, p<.05.
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Figure 2. Mean response detection time at the cued location (solid line) and the uncued
location (dotted line) with a short and long SOA.

Discussion
The present study shows that cueing effects typically obtained in peripheral cueing
paradigms (e.g., Posner, 1980) persevere even when the peripheral cue is not
consciously perceived. Although the effects are not as pronounced as when a
visible cue is used, the classic biphasic effect of facilitation followed by inhibition
is clearly observed. Whereas previous studies using subliminal cues reported
ambiguous results with respect to the occurrence of facilitation and inhibition (e.g.,
Ivanoff & Klein, 2003), the current study is the first to show the classic effect of
facilitation followed by inhibition using subliminal cues. Since it is generally
agreed that IOR is the product of reflexive, involuntary orienting, the current
findings also provide evidence that subliminal cues can cause exogenous
attentional orienting.
One could argue that the cue we used was part of the attentional set
because (1) the cue was presented at a possible target location and (2) the cue and
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the target were both defined by onsets. Even though we cannot completely rule out
the possibility that attentional set played a role, it should be noted that the cue was
uninformative and we did find IOR. As noted, IOR is associated with reflexive
shifts of spatial attention (Theeuwes & Godijn, 2002).
There may be several reasons why previous studies did not find a
facilitation effect (Ansorge & Neumann, 2005; Ivanoff & Klein, 2003). Contrary to
earlier studies, we used a relatively short SOA (i.e., 16 ms) and presented the target
immediately following the cue instead of using an interval between cue and target.
This corresponds with Ivanoff and Klein’s conclusion that attention at the cued
location is disengaged rapidly when the cue is not task relevant. Theeuwes,
Atchley, and Kramer (2000) investigated the time course of disengagement of a
(visible) distractor that captured attention in a visual search task by using different
SOAs between distractor and target and by manipulating the congruence between
them. They found that although an attentional-set could not prevent attentional
capture by a salient stimulus, it did assert its influence on the time course of
disengagement of attention. The disengagement of attention from the distractor
location took much longer when the distractor and target had the same defining
properties. It is possible that this same process takes place in a short spatial cueing
paradigm with subliminal cues. If the cues are not task relevant, a facilitation effect
would only manifest itself if the cue is immediately followed by the target.
The reason why participants were unable to consciously perceive the cue,
could be explained within the neurobiological model of visual attention and
awareness by Lamme (2003). Presenting the disc for 16 ms without follow up of
the other discs, is enough to lead to visual awareness. However, if the disc is
followed immediately by the other two discs, there is no conscious perception of
the first disc. Central to Lamme’s model is the distinction between an initial
feedforward sweep followed by recurrent processing, which is necessary for a
visual stimulus to reach consciousness (Lamme & Roelfsema, 2000). The visual
information of the first disc could have been replaced by new visual information of
the three discs before recurrent processing of the first disc had led to visual
awareness (Di Lollo, Enns, & Rensink, 2000). The exogenous shift of attention,
caused by the cue, could also be explained within the model. The initial
feedforward sweep can give rise to a reflex-like, unconscious output or
modification of behaviour of information. The superior colliculus is one of the
earliest activated areas by the feedforward sweep and is, among other brain
structures, involved in attentional processes such as attentional capture, IOR, and
oculomotor programming (see for reviews Klein, 2000; Shipp, 2004; van der
Stigchel, Meeter, & Theeuwes, 2006). It receives visual input directly from the
retina as well as from the visual cortex and processes visual information via the
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quick pathway to the parietal cortex (Lamme & Roelfsema, 2000). Given this line
of reasoning, the initial feedforward activation induced by the first disc may have
reached the superior colliculus, which produced the attentional effects. In fact, a
study by Kentridge, Heywood, and Weiskrantz (1999) with a blindsight patient
seems to imply that the superior colliculus is responsible for mediating these
nonconscious attentional processes. The patient in this study responded faster to
targets that appeared at a cued than at an uncued location, although he was neither
aware of the cue nor of the target. Previously, this same patient was scanned in an
fMRI study by Sahraie et al. (1997). They tested brain activity in his blind
hemifield generated by visual events of which the patient was aware - meaning
some sort of ‘‘feeling’’ that something has happened - and visual events of which
the patient was unaware. They found that subcortical structures and in particular
the superior colliculus were activated in trials in which the patient reported no
awareness of a visual event. Because the damage to his visual cortex had been
more than 30 years ago, one could argue that pathways mediating visual attention
in the brain had changed. Nevertheless, future research with healthy participants
using subliminal cueing stimuli could give more insight in the role of the superior
colliculus and orienting attention without awareness.

44

3. Unconscious cueing effects in saccadic eye
movements – facilitation and inhibition
in temporal and nasal hemifield

Mulckhuyse, M., & Theeuwes, J. (submitted). Unconscious cueing effects in
saccadic eye movements - facilitation and inhibition in temporal and nasal
hemifield.
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Abstract
The current study investigated whether subliminal spatial cues can affect the
oculomotor system. To test the hypothesis that subliminal cues are processed via
the retinotectal pathway, we performed the experiment under monocular viewing
conditions. Monocular viewing allows examining temporal-nasal hemifield
asymmetries which presumably arise from the anatomical asymmetry in the
retinotectal pathway. The results show that even though our spatial cues were not
consciously perceived they did affect the oculomotor system: relative to the neutral
condition, saccade latencies to the validly cued location were shorter and saccade
latencies to the invalidly cued location were longer. Although we did not observe
an overall inhibition of return effect, there was a reliable effect of hemifield on
IOR for those observers who showed an overall IOR effect. More specifically,
consistent with the notion that processing via the retinotectal pathway is stronger in
the temporal hemifield than in the nasal hemifield we found an IOR effect for cues
presented in the temporal hemifield but not for cues presented in the nasal
hemifield. We conclude that unconsciously processed spatial cues can affect the
oculomotor system and provide evidence that unconscious attentional processing
may be mediated by the retinotectal pathway.
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Introduction
Attentional processing in the absence of awareness has been shown in studies with
hemianopic patients (e.g., Danziger et al. 1997; Dodds et al. 2002; Kentridge et al.
1999; Rafal et al. 1990) and in studies involving subliminal visual stimuli (e.g.,
Ivanoff and Klein 2003; Lambert et al. 1999; McCormick 1997; Mulckhuyse et al.
2007; Woodman and Luck 2003). For example, McCormick (1997) was the first to
show spatial attentional cueing effects without conscious perception of the
peripheral cues. Typically, in a spatial cueing task, observers fixate their eyes in
the middle of the screen while an uninformative cue is flashed in the periphery
(Posner 1980). Subsequently, a target is presented either at the location where the
uninformative flash was presented (validly cued) or at the opposite location where
no flash was presented (invalidly cued). When the target immediately follows the
cue (short SOA), processing of the target at the validly cued location is facilitated;
Reaction Times (RTs) to validly cued targets are shorter compared to RTs to
invalidly cued targets. In contrast, when the target follows the cue after a relatively
long interval (long SOA), processing of the target at the validly cued location is
impoverished; RTs to validly cued targets are longer compared to RTs to invalidly
cued targets (Posner and Cohen 1984). This last phenomenon is called inhibition of
return (IOR) and is believed to occur only when attention is captured automatically
or when a saccade is endogenously prepared (Rafal et al.1989). Note that this latter
occurrence indicates the strong relation between the oculomotor system and
automatic capture of attention (for review on IOR see Klein 2000). In
McCormick’s study, a facilitation effect at the validly cued location was found at
the short SOA when observers were unaware of the cue. However, at the long SOA
McCormick did not observe IOR. The lack of IOR was attributed to a strategic
effect of the observers as a result of the instruction to detect the cue in each trial
(see also Ivanoff and Klein 2003). Presumably, attention lingered longer at the
cued location because observers had to search for the cue even though they were
unaware of its presence. Nonetheless, subsequent subliminal spatial cueing studies
with manual responses found facilitation at the short SOA as well as inhibition at
the long SOA at validly cued locations (e.g., Ivanoff and Klein 2003; Mulckhuyse
et al. 2007). Since attention, IOR and the oculomotor system are strongly related,
the current study was designed to determine whether the oculomotor system would
be affected by unconscious attentional processing. More specifically we wanted to
determine the effect of subliminal cueing on saccade latencies.
One of the interpretations why unconsciously processed visual stimuli can
induce attentional orienting involves the retinotectal or extrageniculate pathway of
visual information processing. In contrast to the cortical geniculate pathway, which
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projects from the retina to the lateral geniculate nucleus (LGN) of the thalamus to
the striate cortex, the subcortical retinotectal pathway processes visual information
from the retina via the superior colliculus (SC) and the pulvinar of the thalamus to
the parietal cortex, which are important structures for spatial attention and eye
movements (e.g., Bell et al. 2004; Dorris et al. 2002; Fecteau and Munoz 2005;
Lamme and Roelfsema 2000; Shipp 2004).
Hemianopic patient studies seem to corroborate the role of the retinotectal
pathway in unconscious attentional and oculomotor processes (Danziger et al.
1997; Van der Stigchel at al. 2008). Hemianopic patients are unaware of visual
stimuli in their blind visual field due to a lesion of the retinogeniculostriate
pathway or the striate cortex. However, there is evidence of visual processing in
the scotoma (the blind area) in for example blindsight (Weiskrantz, 1986).
Blindsight refers to the ability of hemianopic patients to correctly report stimuli
presented in the scotoma when asked. In a study by Kentridge et al. (1999),
unconscious spatial attentional processing was observed in a hemianopic patient
with blindsight. The patient responded faster to validly cued targets in his blind
field than to invalidly cued targets in his blind field. The same patient was scanned
in an fMRI study by Sahraie and colleagues (1997). They found that subcortical
structures and in particular the SC were activated in trials in which the patient
reported no awareness of a visual event although his discrimination performance of
this visual event was above chance.
To test retinotectal processing in healthy human observers, Ro et al. (2004)
used transcranial magnetic stimulation (TMS) to mimic a lesion of the
retinogeniculostriate pathway. The delivered TMS at striate cortex (V1) interfered
with cortical processing and induced a scotoma near fixation. Observers had to
make a saccade to a target in the periphery while a distractor was presented in the
scotoma. Normally, the presence of a visible remote distractor increases saccade
latencies to a target (e.g., Walker et al. 1997). In Ro’s study, the distractor was
presented in the TMS induced scotoma and therefore observers were unaware of
the distractor. However, saccade latencies to the target were still increased.
Nonetheless, the delay in responding was only observed for saccadic responses.
When observers had to make a manual response to the target, the distractor had no
effect on reaction time. Ro et al. concluded that the selective disruptive effect of a
distractor on saccade latencies and not on manual responses indicated that this
process was mediated by the retinotectal pathway. In particular, they reasoned that
this selective disruptive effect signified the important role of the SC in this
pathway (see also Boyer et al. 2005).
A secondary line of evidence for the essential role of the retinotectal
pathway and the SC in unconscious processing comes from the temporal-nasal

48

Unconscious cueing effects

asymmetry effect in attentional orienting: visual stimuli in the temporal hemifield
have stronger attentional effects than visual stimuli in the nasal hemifield (e.g.,
Ansorge 2003; Dodds et al. 2002; Posner and Cohen 1980; Rafal et al. 1990; Rafal
et al. 1991; Simion et al. 1995). These behavioral asymmetry effects are explained
by the notion that the retinotectal pathway is essentially monocular and has more
connections from the nasal hemiretina (corresponding to the temporal hemifield) to
the contralateral superior colliculus than from the temporal hemiretina
(corresponding to the nasal hemifield) to the contralateral superior colliculus. This
anatomical asymmetry has been found in cats (Sherman 1974; Sprague 1966) but
is, however, less clear in monkeys (Williams et al. 1995). Nonetheless, behavioral
studies with hemianopic patients under monocular viewing conditions indicate that
unconscious processing via the retinotectal pathway is stronger in the temporal
hemifield than in the nasal hemifield. In a study by Dodds et al. (2002), a
hemianopic patient was tested in a forced choice localisation task with target
stimuli presented either in the temporal blind hemifield or in the nasal blind
hemifield. The results showed that performance was highly accurate in the
temporal hemifield and at chance level in the nasal hemifield. Furthermore, in a
study by Rafal et al. (1990) hemianopic patients showed an asymmetry effect of a
remote distractor in a saccade task: when the distractor was presented in the
temporal (blind) hemifield saccade latency to a target increased relative to a no
distractor condition, whereas a distractor in the nasal (blind) hemifield did not
increase saccade latency.
However, the results from Rafal et al. (1990) were not replicated in a
different study with hemianopic patients (Walker et al. 2000). Although this study
reported a small temporal-nasal asymmetry distractor effect in healthy humans the
effect was not present in hemianopic patients. Walker et al. suggested that other
cortical processes rather than the retinotectal pathway are responsible for the
behavioral asymmetry effect. This conclusion was corroborated in a recent study
by Bompas et al. (2008). In this study they used ‘normal luminance’ stimuli, which
are processed via the retinotectal pathway and stimuli of a particular type of color
contrast (S-cone stimuli), which are not processed via the retinotectal pathway. The
task they used was a replication of a saccade choice task in which observers can
choose a saccadic target among two stimuli presented in the temporal and the nasal
hemifield (Posner and Cohen 1980). Observers showed a preference to saccade to
the stimulus in the temporal hemifield irrespective of stimulus type, i.e., whether
the stimuli were processed by the retinotectal pathway (normal luminance stimuli)
or not (S-cone stimuli). The authors concluded that the temporal-nasal asymmetry
cannot be the result of processing via the retinotectal pathway but rather is the
result of higher cognitive processes.
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In the current experiment, our aims were two-fold. First, we wanted to investigate
whether attentional effects such as facilitation and IOR are manifested by saccade
latencies to subliminally cued locations. To avoid strategy effects (Ivanoff and
Klein 2003; McCormick 1997), observers were not informed that a subliminal cue
was presented. Second, we wanted to investigate whether these attentional effects
show a temporal-nasal hemifield asymmetry under monocular viewing. We
expected to find a facilitation effect at the short SOA and IOR at the long SOA
with stronger effects in the temporal hemifield relative to the nasal hemifield.
Method
Participants
Twenty four paid volunteers (aged 18-24) participated in the experiment. All
participants had normal or corrected to normal vision.
Apparatus and Design
A Pentium IV computer with a processor speed of 2.3 GHz controlled the timing of
the events. Displays were presented on an Iiyama 21” SVGA monitor with a
resolution of 1024 x 768 pixels and a 60-Hz refresh rate. A second computer
controlled the registration of eye movement’s data on-line. Eye movements were
registered by means of a video-based eye tracker (SR Research Ltd, Canada). The
Eyelink 1000 Tower Mount system has a 1000 Hz temporal resolution and a gaze
resolution of < 0.01° (noise limited) and a gaze position accuracy of < 0.5°. Data
from the left and the right eye was monitored and analyzed. The distance between
monitor and chin rest was 75 cm. The experiment was conducted in a soundattenuated and dimly lit room.
The experiment consisted of two sessions: in the first session participants
had to perform the spatial cueing task. They were not informed of the subliminal
cue to avoid that they would start searching for it. In the second session,
participants had to perform the cue localization task to examine whether they were
able to perceive the subliminal cue. All sessions were performed under monocular
viewing. The order of eye patching was counterbalanced between participants.
In the first session (spatial cueing task), each eye was tested in two blocks
of 200 trials of which 40% were validly cued trials (20% temporal and 20% nasal
hemifield), 40% invalidly cued trials (20% temporal and 20% nasal hemifield) and
20% neutral trials (both hemifields cued). In addition, half of the trials had a short
SOA and the other half had a long SOA. All trials were randomly distributed
throughout a block.
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The second session (cue localization task) consisted of two blocks of 24 trials
without neutral trials. Again, the cue localization task was also performed under
monocular viewing; each eye was tested in one block. On half of the trials the cue
was presented on the left and in the other half on the right of fixation point. In
addition, half of the trials had a short SOA and the other half had a long SOA. All
trials were randomly distributed throughout a block.
All stimuli were presented on a gray background (x = 0.282, y = 0.313, 6
cd/m2). Target locations were indicated by two placeholders on the horizontal
meridian at a distance of 6.5° left and right from fixation point. The placeholders
were two gray (x = 0.287, y = 0.319, 14 cd/m2) filled circles of 0.4° in diameter.
Next to the placeholders, at a distance of 8° left and right from fixation point, two
larger filled circles of 1.4° in diameter (the mask) were presented. These circles
had the same color and luminance as the placeholders. One of these two larger
circles next to the placeholders was presented 16 ms earlier. This circle, with a lead
time of one refresh rate, served as a cue. The target consisted of a color change of
one of the placeholders to black. The distance between cue and target was 1.5° to
avoid summation of luminance and lateral forward masking. At the same time, the
cued location was close enough to induce attentional processing at the target
location (Maylor and Hockey, 1985; Posner and Cohen, 1984).
Figure 1 shows an example of a trial sequence in which the target was
validly cued. Each trial began with a bold fixation point. After 500 ms, the
placeholders were presented for 1400 ms with an additional random jitter between
16 ms and 300 ms. The fixation point was dimmed 200ms before cue onset to
disengage the visual fixation system (Munoz, Dorris, Paré and Everling, 2000).
The cue (left, right or both) was presented 16ms before the mask onset. In the short
SOA trials, the target was presented simultaneously with the mask. In the long
SOA trials, the target was presented 1000ms after mask onset.

Procedure
Session one: Before the experiment started the Eyelink 1000 system was
calibrated. Participants had to fixate nine calibration targets that were
presented randomly in a 3 x 3 grid across the monitor. On each trial in the
experiment, participants were instructed to fixate the centre fixation point
and to press the space bar in order to recalibrate the position of the eye. The
fixation point then changed into a plus sign as an indication that the position
of the eye was recalibrated.
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Figure 1. Example of a trial sequence. Initially, observers fixated a fixation cross for 500
ms after which two placeholders indicated the possible saccade target locations. After a
variable interval between 1400 and 1700 ms, a large circle was presented near one of the
placeholders. After 16 ms the other large circle was added to the display. The circle with a
lead time of 16 ms served as the subliminal spatial cue (in a separate task observers could
not tell at which side the cue was presented). Then one of the placeholders turned black
indicating to the observer that a saccade had to be made to that location. The placeholder
turned black either immediately following the presentation of the cue (left side) or after an
interval of 1000 ms (right side) In this example, a trial is displayed in which the cue
happened to be valid (cue and target on same side).

Session two: Participants were asked to report which of the two outer circles
appeared first, the left or the right. To be sure that all participants understood the
task, they were shown pictures of a sequence of a trial on paper. Participants
responded by pressing the 1 or 3 on the numeric keyboard. The locations on the
keyboard corresponded with the locations on the monitor. Each trial started with
the same procedure as in the first session, but they did not have to make an eye
movement to the saccadic target.
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Results
Cue localization task: A one-tailed binomial test for each participants revealed that
none of the participants scored significantly above chance level. Mean
performance in the cue localization task was 51% (min. 40% and max. 60%) and a
one-sample t-test showed that this was not significantly above chance level (p =
0.52). Because accuracy does not reveal a potential response bias, we also
calculated sensitivity (d’) and response criterion (C) for 2AFC response data for
each participant (Macmillan and Creelman, 2004). A low d’ with an extreme C
value would indicate that participants scored at chance level not because they were
unaware of the cue but rather because they did not search for the cue. The analysis
revealed that one of the participants showed an extreme C value (-2.45). This
participant was excluded from further analyses. The mean d’ of the remaining
participants was 0.03 (min. d’ -0.43 and max. d’ 0.54) and the mean C was -0.06
(min. -0.72 and max. 0.69). Both did not differ significantly from zero (p’s > 0.5).
Furthermore, to exclude the possibility that localization performance was
at chance level because performance was averaged out, we performed several
additional tests on percentage correct. To test whether performance was above
chance level in one hemifield and below chance level in the other hemifield, we
performed a two-related Wilcoxon test on percentage correct between cues
presented in the temporal hemifield (mean 49%) and cues presented in the nasal
hemifield (mean 53%). This test revealed no difference in localization performance
between the two hemifields (p= 0.27). Furthermore, we examined whether the
location of the color change of the saccadic target would have influenced
localization performance. A two-related Wilcoxon test revealed no difference (p=
0.88) between cue localization performance for cues presented in the same
hemifield as the color change (mean 51%) and cues presented in the opposite
hemifield of the color change (mean 51%).
Saccade task: If the endpoint of the initial saccade was within 3° of the centre of
the target position and the saccade latency was between
80 ms and 600ms, the
saccade was defined as a correct saccade. Based on these criteria, one participant
was excluded because of to many errors (36.5%). Of the remaining 22 participants,
7% of all trials were excluded from analyses.
Overall effects: To determine the overall effect of the cueing conditions on saccade
latency, we collapsed the data from the separate hemifields and performed a 3 x 2
repeated measures ANOVA with cue validity (valid, neutral and invalid) and SOA
(short and long) as factors. The results revealed a main effect of cue validity
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(F(2,42) = 6.55, p < 0.01, with Greenhouse–Geisser correction), a main effect of
SOA (F(1,21) = 67.04, p < 0.01) and an interaction effect (F(2,42) = 16.73, p <
0.01). Planned comparisons revealed that at the short SOA, mean saccade latency
in the valid condition was significantly shorter (311ms, SE 7.9ms) than mean
saccade latency in the neutral condition (317ms, SE 8.4ms; t (21) = 2.70, p < 0.05).
In addition, the mean saccade latency in the neutral condition was significantly
shorter than in the invalidly cued condition (324ms, SE 8.2ms; t (21) = 3.08, p <
0.01). This result indicates that the cue captured attention even though observers
were unaware of its presence. However, none of the mean saccade latencies for the
long SOA differed significantly from each other (see Figure 2).
Effect of target per hemifield: To examine whether the targets in the different
hemifields would affect saccade latency, we tested the difference in the neutral
condition between mean saccade latency in the temporal hemifield and mean
saccade latency in the nasal hemifield. Neither at the short SOA (p = .27) nor at the
long SOA (p =.11) mean saccade latencies to targets in the temporal and the nasal
hemifield differed, suggesting that there were no differences in making a saccade
to the temporal or to the nasal hemifield.

Figure 2. Mean saccade latency for the validly (filled diamonds), the neutral (filled
squares) and the invalidly (filled triangles) cued locations for the short and the long SOA
collapsed across hemifields.
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Effect of cue per hemifield: Planned comparisons revealed that at the short SOA,
mean saccade latency in the valid temporal hemifield condition was significantly
shorter (311ms, SE 8.2ms) than mean saccade latency in the invalid temporal
hemifield condition (321ms, SE 8.5ms; t (21) = 3.18, p < 0.01). In addition, the
mean latency in the valid nasal hemifield condition was significantly shorter
(312ms, SE 8ms) than mean saccade latency in the invalid nasal hemifield
condition (327ms, SE 8.3ms; t (21) = 4.84, p < 0.01). These results suggest that
attention was captured by the subliminal cue irrespective of hemifield presentation.
However, at the long SOA, the valid and invalid condition did not differ for the
temporal hemifield nor for the nasal hemifield.

Figure 3. Mean saccade latency for the validly (diamonds) and the invalidly (squares) cued
locations in the temporal hemifield (closed symbols) and for the validly (triangles) and the
invalidly (circles) cued locations the nasal hemifield (open symbols) for the short and the
long SOA.

Post-hoc analyses: The individual data showed that not all observers demonstrated
an inhibition effect at the long SOA when data from both hemifields were
collapsed. Previous research showed that in contrast to the facilitation effect, IOR
is prone to large individual differences (Avila, 1995). Therefore, we wanted to
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determine whether an asymmetry effect would occur for observers who showed an
IOR effect when data from both hemifields were collapsed. To determine an effect
of hemifield given that observers showed IOR, only those observers were included
that showed a higher mean saccade latency in the validly cued condition compared
to the invalidly cued condition at the long SOA when the data was collapsed over
both hemifields. This analysis involved 13 participants.
Cue in nasal hemifield: Post-hoc comparisons revealed that, at the short SOA mean
saccade latency to the validly cued location in the nasal hemifield was significantly
shorter (315ms, SE 11.3ms) than mean saccade latency to the invalidly cued
location in the nasal hemifield (333ms, SE 12.9ms; t (12) = 4.08, p < 0.01).
However, at the long SOA, as can be seen in Figure 4 left panel, saccade latencies
did not differ between the validly and the invalidly cued location (p = 0.8).
Cue in temporal hemifield: The mean saccade latency at the short SOA to the
validly cued location in the temporal hemifield was significantly shorter (317ms,
SE 11.9ms) than mean saccade latency to the invalidly cued location in the
temporal hemifield (326ms, SE 12.4ms; t (12) = 1.98, p < 0.05, one-tailed). In
addition, at the long SOA, as can be seen in Figure 4 right panel, an inhibition
effect for the validly cued condition was observed in the temporal hemifield. The
difference between the valid (285ms, SE 11ms) and invalid (274ms, SE 11ms)
condition was significant t (12) = 2.44, p < 0.05).

Figure 4. Mean saccade latency for observers who showed an overall IOR effect. On the
left panel the mean saccade latencies for the validly (triangles) and the invalidly (squares)
cued locations in the nasal hemifield (open symbols) and on the right panel the mean
saccade latencies for the validly (diamonds) and the invalidly (squares) cued locations in
the temporal hemifield (closed symbols), both for the short and the long SOA.
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Discussion
The cue localization task showed that all but one participant searched for the cue
but performed at chance level, indicating that these participants were unaware of
the location of the cue. Despite being unaware of the cue, the results showed that
the subliminal spatial cue triggered attentional orienting to its location. Whereas
previous subliminal spatial cueing studies showed the effect of unconscious
attentional processing with manual responses (Ivanoff and Klein 2003; Lambert et
al. 1999; McCormick 1997; Mulckhuyse et al. 2007), we show the effect of
unconscious attentional processing on the oculomotor system. At the short SOA,
saccade latencies in the validly cued condition were shorter relative to the neutral
cued condition, and, in addition, saccade latencies in the invalidly cued condition
were longer relative to the neutral cued condition. This result is consistent with
spatial cueing studies with visible peripheral cues (Posner, 1980).
As noted, the current experiment was performed under monocular viewing
to test the hypothesis that the retinotectal pathway, which is believed to have
stronger contralateral connections from the nasal hemiretina to the SC is mediating
unconscious attentional processes. However, at the short SOA we did not find a
temporal-nasal asymmetry effect. This results is consistent with the results of Rafal
et al. (1989), although in their study observers did not make a saccadic but a
manual response. They argued that the SC and the retinotectal pathway is less
involved in initial covert orienting of attention and more involved in IOR which is
stronger associated with the oculomotor system. Our results support the notion that
initial unconscious orienting of attention is less dependent on the retinotectal
pathway than IOR is. Consistent with this hypothesis, we found a temporal-nasal
asymmetry effect at the long interval: IOR at the validly cued location in the
temporal hemifield but not in the nasal hemifield. However, the asymmetry effect
was only shown for those observers who showed IOR when data from both
hemifields were collapsed.
The occurrence of the temporal-nasal asymmetry effect in IOR could
signify the role of the SC in the retinotectal pathway. The SC receives direct input
from the retina via the retinotectal pathway (Munoz 2002) and is essential for IOR
(Rafal et al. 1988). Recently, it has been shown that the SC is especially involved
in oculomotor IOR. In several studies, Sumner and colleagues (2004; 2006)
showed that cueing with S-cone stimuli, which are not processed via the
retinotectal pathway resulted in IOR when a manual response was required but not
when a saccadic response was required. They concluded that oculomotor IOR
relies more on the retinotectal pathway while ‘manual’ IOR relies more on other
collicular pathways.
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A neurophysiology study involving macaques provided direct evidence for the role
of the SC in oculomotor IOR (Dorris et al. 2002). Neurons in the SC were recorded
while the monkeys performed a saccadic spatial cueing task. The results showed a
close correspondence between behavior and neural activity: when saccade latencies
to the cued location exhibited IOR, target related activity at the cued location in the
SC was attenuated (see also Fecteau and Munoz, 2005). Although the correlation
between IOR and neural responses in the SC may provide evidence that the SC is
involved in IOR, the authors failed to replicate the pattern of behavior with
electrical micro stimulation of the SC. Therefore, they concluded that not the SC
itself is inhibited but the SC receives inhibitory signals from cortical areas,
possibly the posterior parietal cortex. Danziger et al. (1997) came to a similar
conclusion in an IOR study with hemianopic patients. They investigated whether
the retinotectal pathway mediates IOR and found conflicting results. Whereas one
hemianopic patient showed an IOR effect in the blind field, the other patient did
not. Because this latter patient also had a pulvinar lesion, they suggested that the
pulvinar, which projects to the parietal cortex, plays the important role in the
mediation of IOR.
Taken together, our results do not exclude the idea that other pathways or
processes than the retinotectal pathway are responsible for unconscious attentional
processing (e.g., Bompas et al. 2008; Walker et al. 2000). For example, the
orienting response to the subliminal cues could have been the result of feedforward
processing via cortical projections (Fahrenfort, 2007). However, our results give
tentative support for the view that unconscious attentional orienting is mediated by
the retinotectal pathway (see also Boyer et al. 2005; Dodds et al 2002; Rafal et al.
1989; 1990; Ro 2008; Ro et al. 2004). To conclude, the current study showed that
unconsciously attending to spatial locations affect the oculomotor system, a
process possibly mediated by the retinotectal pathway.
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4. Eye cannot see it: The interference of subliminal
distractors on saccade metrics

Van der Stigchel, S., Mulckhuyse, M., & Theeuwes, J. (2009). Eye cannot see it:
The interference of subliminal distractors on saccade metrics. Vision Research, 49,
2104-2109.
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Abstract
The present study investigated whether subliminal (unconsciously perceived)
visual information influences eye movement metrics, like saccade trajectories and
endpoints. Participants made eye movements upwards and downwards while a
subliminal distractor was presented in the periphery. Results showed that the
subliminal distractor interfered with the execution of an eye movement, although
the effects were smaller compared to a control experiment in which the distractor
was presented supraliminal. Because saccade metrics are mediated by low level
brain areas, this indicates that subliminal visual information evokes competition at
a very low level in the oculomotor system.
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Introduction
Previous research has revealed that visual stimuli can affect visual attention
without reaching awareness (e.g., Ansorge & Neumann, 2005; Ivanoff & Klein,
2003; Lambert, Naikar, McLachlan, & Aitken, 1999; McCormick, 1997;
Mulckhuyse, Talsma, & Theeuwes, 2007; Woodman & Luck, 2003). For example,
spatial cueing studies have found that a peripheral cue captured attention even
though participants are unaware of this cue (McCormick, 1997; Mulckhuyse et al.,
2007). In a traditional cueing study, a peripheral onset cue that is not informative
of the upcoming target location is flashed briefly either to the right or the left of
fixation point. A subsequent response to a target that appears at the cued location is
faster and more accurate than to a target at the uncued location (Posner, 1980;
Posner & Cohen, 1984). The same effect was found with a peripheral cue that did
not reach awareness, indicating that that the subliminal cue captured attention
(McCormick, 1997; Mulckhuyse et al., 2007).
Patients with visual field defects provide additional evidence for the effects
of subliminal information on basic behavior. Due to a lesion of the
retinogeniculostriate pathway or the striate cortex, these patients are unaware of
visual stimuli in their blind visual field, but in some patients certain visual
information is still processed, a phenomenon called ‘blindsight’ (Weiskrantz,
1986). For example, in a study by Kentridge, Heywood, and Weiskrantz (1999) a
patient with blindsight responded faster to targets that appeared at the cued than at
the uncued location, although he was unaware of both cue and target. This same
patient was scanned in an fMRI study by Sahraie and colleagues (1997) in which
they found that subcortical structures were activated in trials in which the patient
reported no awareness of a visual event, although his discrimination performance
of this visual event was above chance.
Recent evidence from patients with visual field defects demonstrated that
visual information that is blind to the observer can still influence eye movement
metrics, like saccade trajectories (Van der Stigchel, van Zoest, Theeuwes, &
Barton, 2008). Patients were asked to make a vertical saccade to a visible target
while a distractor appeared in their blind field. Results of two out of five patients
showed that saccade trajectories deviated away from the distractor presented in the
blind visual field. The goal of the present study was to investigate whether
subliminal information can also influence basic oculomotor behavior in normal
vision.
Saccade trajectory deviations are considered to reflect the competition
between multiple saccade programs in the oculomotor system (for a review see,
Van der Stigchel, Meeter, & Theeuwes, 2006). For instance, when participants
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have to search for a target presented in a search array, saccade trajectories to the
target deviate towards the most salient distractor (Godijn & Theeuwes, 2002;
McPeek, Skavenski, & Nakayama, 2000; Walker, McSorley, & Haggard, 2006).
Besides deviations towards irrelevant distractors, deviations away are also
frequently observed (Doyle & Walker, 2001; Van der Stigchel & Theeuwes, 2005,
2008). Deviations in saccade trajectories are generally explained in terms of the
population coding theory (Tipper, Howard, & Jackson, 1997; Tipper, Howard, &
Paul, 2001), which claims that both target and distractor are coded by active
populations of neurons that represent a movement vector. When multiple vectors
are active due to the presence of a distractor, the distractor vector has to be
inhibited to resolve the competition. If not, the saccade will be initiated in the
direction of the average vector, resulting in deviations towards a distractor. The
inhibitory process shifts the final vector further away from the original target
vector and thereby causing deviation away.
In the present study, participants had to make a vertical eye movement to a
saccadic target that was either presented above or below fixation while in some
trials a subliminal distractor was presented. In order to ensure that the distractor
was presented at a subliminal level, we used the same method as Mulckhuyse et al.
(2007). One of four circles in each trial was presented 17 ms earlier than the other
three circles. Because the other three circles followed immediately after onset of
the first circle (‘distractor’), participants are unaware of this earlier onset. The
circles were presented in a mirror symmetric position: two in the same field as the
saccadic target and two in the opposite field of the target. Previous research has
shown that a saccade trajectory is straightened when symmetric bilateral distractors
are presented relative to when a single distractor is presented either in the same
hemifield as the saccadic target or the opposite hemifield of the saccadic target
(McSorley, Haggard, & Walker, 2004). To ensure that participants were unaware
of the subliminal distractor they were not informed about its presence. Assessment
of awareness of the distractor was performed in a separate task after participants
performed the saccade task.
Note that the subliminal distractor was completely irrelevant and was not
part of the attentional set of the participant: it did not resemble the target, it did not
provide information about the appropriate response, it appeared at a location at
which the saccadic target never appeared and participants did not have to report its
presence in the session in which eye movements were recorded. We expected that
the subliminal distractor would affect saccade metrics when it was present relative
to when it was absent.
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Experiment 1
Method
Participants
Seventeen paid volunteers (aged 18–25) participated in the experiment. All
participants had normal or corrected to normal vision.
Apparatus
A Pentium IV computer with a processor speed of 2.3 GHz controlled the timing of
the events. Displays were presented on an Iiyama 21 in. SVGA monitor with a
resolution of 1024 x 768 pixels and a 60-Hz refresh rate. A second computer
controlled the registration of eye movement’s data on-line. Eye movements were
registered by means of a video-based eye tracker (SR Research Ltd., Canada). The
Eyelink 1000 Tower Mount system has a 1000 Hz temporal resolution and a
<0.01° of gaze resolution (noise limited) and a gaze position accuracy of <0.5°.
Data from the left eye was monitored and analyzed. The distance between monitor
and chin rest was 75 cm.
Design
All stimuli were presented on a gray background (x = 0.284, y = 0.320, 6 cd/m2).
The target display consisted of a light gray open diamond (x = 0.286, y = 0.318, 11
cd/m2) of 1.8° in diameter on both sides (‘saccadic target’), and four filled circles
each 1.4° in diameter of the same colour and luminance as the diamond. The
circles were spaced in an imaginary square around the fixation point with a
distance of 7.6° from fixation point to the centre of each circle. The distance
between fixation point and the saccadic target was 9.1°.
Each trial began with a black plus sign. After 1400 ms and an additional
random jitter between 0 and 400 ms, the fixation point disappeared and the
saccadic target and circles were presented. In the distractor present trials, one of
the circles was presented 17 ms before the offset of the fixation point and the
saccade target and other circles were presented. We will refer to this item as the
distractor. Fig. 1a shows the sequence of a trial in which the distractor was
presented in the opposite field of the saccadic target.
The experiment consisted of two sessions. One session with eye
movements (eye movement task) and one session without eye movements
(distractor report task). The first session (eye movement task) consisted of 320
trials: 64 trials without a distractor (neutral condition), 128 trials in which a
distractor was presented in the same field as the saccadic target (same field
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condition) and 128 trials in which a distractor was presented in the field that was
opposite to the saccadic target (opposite field condition). Participants started the
experiment with a practice block of 25 trials. The trials were randomly distributed
throughout a block. The saccadic target appeared equally often above or below
fixation point. The second session (distractor report task) consisted of 64 trials in
which the distractor was always presented and the saccadic target was absent.
Procedure
Eye movement task.
Before the experiment started, the Eyelink 1000 system was calibrated. Participants
had to fixate nine calibration targets that were presented randomly in a 3 x 3 grid
across the monitor. On each trial in the experiment, participants were instructed to
fixate the fixation point and to press the space bar in order to recalibrate the
position of the eyes. The fixation point then changed into a plus sign as an
indication that the positions of the eyes were recalibrated.
Participants were told to make a saccade to the saccadic target. To avoid
anticipation saccades a warning beep was presented when participants responded
too fast, before 80 ms. The warning beep was also presented when participants
responded too slow, after 600 ms.

Fig. 1. (a) Experiment 1: from bottom to top, the sequence of a trial in which the distractor
was presented in the visual field opposite to the saccadic target; (b) the same type of trial,
but now for Experiment 2.
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Distractor report task
Participants were asked to report the location of the distractor. Participants
responded by pressing the 7, 9, 1 or 3 on the numeric keyboard. The locations on
the keyboard corresponded with the locations on the monitor. Each trial started
with the same procedure as in the first session with respect to the recalibration of
the eye tracker. The likelihood that the distractor appeared at one of the four
possible locations was similar in the both tasks.
Data analysis
A saccade was defined as a correct saccade if the starting position was within 1° of
horizontal distance and within 2° of vertical distance from the centre fixation point.
Furthermore, the end position of the saccade had to have an angular deviation of
less than 22.5° from the centre of the saccadic target. Saccade latency was defined
as the interval between target onset and the initiation of a saccade. Saccade
latencies shorter than 80 ms and higher than 600 ms were excluded from analyses.
Latencies shorter or higher than 2.5 standard deviations away from the mean
latency were also excluded. Moreover, too small saccades (<3°) were excluded
from analyses.
Saccade trajectories to the target location were examined by calculating the
mean angle of the actual saccade path relative to the mean angle of a straight line
between the starting point of the saccade and the saccadic target. The angle of the
actual saccade was calculated for each 2-ms sample point by examining the angle
of the straight line between the starting point of the saccade and the current sample
point. Angles were averaged across the whole saccade and subtracted from the
angle of the straight line between fixation and the target location (for a more
detailed overview of saccade trajectory computation, see, Van der Stigchel et al.,
2006). To compute the influence of the distractor on saccade trajectories, for each
saccade we compared trials with a distractor to the averaged mean-path-angles of
all trials without a distractor (i.e. the neutral condition) to determine whether the
saccade in the presence of a distractor deviated towards or away from the location
of the distractor. Deviations were signed so that a positive value indicated
deviation towards the distractor and a negative value deviation away.
Results
Distractor report task
A one-tailed binomial test for each participant revealed that five of the 17
participants scored significantly above chance level (25%) on the distractor
detection task suggesting that they were aware of the presence of the distractor.
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Because our study was about subliminal cueing these subjects were excluded from
further analyses. There was no difference between the detection of distractors
presented near or far from the target (t(11) = 0.17; p > 0.80). There was also no
difference between detection of distractors at the four locations (F(3, 33) = 0.74, p
> .50). For the 12 participants included in further analyses, Fig. 2 shows individual
performance per position.

Fig. 2. Individual performance per position for the twelve participants included in further
analyses. Although performance for some participants seems to be higher than chance level
for some locations, this is always accompanied by a location at which performance is
lower than chance level. This likely reflects response biases for answering a certain
location.

Eye movement session
Based on the criteria described above, 12.3% of all trials were excluded from
analyses.
A repeated measures ANOVA on saccade latency with Distractor
Condition (no distractor, distractor in same field, distractor in opposite field) as a
factor showed that there was no main effect of Distractor Condition (F(2, 22) =
2.24, p > .10). The mean saccade latency was 217 ms (SEM = 5.77 ms).
Mean saccade deviation in the same field condition was 0.0859° (SEM = 0.0943°)
and did not differ from zero (t(11) = .91; p > .30). Mean saccade deviation in the
opposite field condition was -0.1776° (SEM = 0.0612°) and differed significantly
from zero (t(11) = 2.86, p < .02). In addition, there was a significant difference
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between the same and the opposite condition (t(11) = 3.26, p < .01). See Fig. 3 for
an example of mean trajectories for one participant.
An effect of saccade deviation was only observed when the distractor was
presented in the opposite field of the saccadic target. There was no effect of the
distractor when it was presented in the same field as the saccade target. To
investigate whether an effect of the distractor might be observed on the saccade
endpoint, we investigated whether the endpoint of the saccade was shifted when
the distractor was present compared to when the distractor was absent.

Fig. 3. An example of mean trajectories for one participant. Displayed are the mean
trajectories for upward saccades when the distractor was either absent, presented on the
left side in the same visual field as the saccadic target or presented on the left side in the
visual field opposite to the saccadic target. It can be seen that the endpoint of the saccade
is shifted in the direction of the distractor when the distractor is presented in the same
visual field as the saccadic target. However, when the distractor is presented in the visual
field opposite to the saccadic target, the trajectory deviates away compared to the
condition in which no distractor is presented.
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An analysis of endpoint deviation showed that the endpoint was shifted towards the
distractor when it was presented in the same field as the saccadic target (mean
endpoint deviation differed significantly from zero; mean = 0.2693°; SEM =
0.0711°; t(11) = 3.84; p < .01). This effect was absent when the distractor was
presented in the opposite field of the saccade target (mean = -0.0011°; SEM =
0.0645°; t(11) = 0.13; p > .90). In addition, there was a significant difference
between the same and the opposite condition (t(11) = 3.55, p < .01).

Discussion
Experiment 1 investigated whether a subliminal distractor influences saccade
trajectories. Results showed that when participants made saccades upwards and
downwards, a task irrelevant distractor presented in the opposite hemifield
influenced saccade trajectories in that the eye movement deviated away from the
distractor. However, when the subliminal distractor was presented in the same field
as the target, the effect on saccade deviation was absent. In this condition, a small
but significant effect on saccade endpoint was observed. The endpoint was shifted
towards the distractor. To compare these results with supraliminal behavior, a
control experiment was conducted in which the distractor was visible to the
participant.
Experiment 2
Method
Participants
Twelve paid volunteers (aged 19–27) participated in the experiment.
Apparatus, design, procedure, and data analysis
Experiment 2 was similar to Experiment 1 except that no masks were presented.
The distractor was present 17 ms before the target but was not removed during the
trial. It was therefore visible to the participant from the moment it was presented
until the end of the trial. Fig. 1b shows the sequence of a trial in which the
distractor was presented in the opposite field of the saccadic target.
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Results and discussion
Distractor report task
All participants were aware of the presence of the distractor.
Eye movement session
Based on the criteria described, 19.9% of all trials were excluded from analyses.
A repeated measures ANOVA on saccade latency with Distractor
Condition (no distractor, distractor in same field, distractor in opposite field) as a
factor showed that there was a main effect of Distractor Condition (F(2, 22) =
58.12, p < .0001). Post hoc t-tests showed that the latency in the no-Distractor
Condition was significant lower (mean = 180 ms; SEM = 5.20 ms) than when the
distractor was presented in the same field (mean = 188 ms; SEM = 5.20 ms; t(11) =
5.29; p < 0.001) and when the distractor was presented in the opposite field (mean
= 203 ms; SEM = 6.06 ms; t(11) = 8.05; p < 0.0001). Furthermore, saccade
latencies were lower when the distractor was presented in the same field compared
to when it was presented in the opposite field (t(11) = 7.96; p < 0.0001). This is
different from the results of Experiment 1 in which no significant effect on saccade
latency was observed.
Mean saccade deviation in the same field condition was 1.4496° (SEM =
0.5954°) which differed from zero (t(11) = 2.44; p < .05). Mean saccade deviation
in the opposite field condition was -0.4240° (SEM = 0.1323°) and differed
significantly from zero (t(11) = 3.15, p < .01). In addition, there was a significant
difference between the same and the opposite condition (t(11) = 3.25, p < .01). To
sum up, saccades trajectories deviated towards the distractor when it was presented
in the same field as the target, whereas they deviated away from the distractor
when it was presented in the opposite field.
An analysis of endpoint deviation showed that the endpoint was shifted
towards the distractor when it was presented in the same field as the saccadic target
(mean 0.8824°; SEM = 0.3473°; t(11) = 2.59; p < .03). The endpoint was shifted
away from the distractor when it was presented in the opposite field of the saccade
target (mean = -0.4297°; SEM = 0.0992°; t(11) = 4.32; p < .01). In addition, there
was a significant difference between the same and the opposite condition (t(11) =
3.73, p < .01).
Experiment 1 versus Experiment 2
To test whether there is a difference in the magnitude of the distractor interference
between the two experiments, we run a mixed ANOVA with Experiment as a
between-subjects factor. For saccade deviation, there was a significant effect of
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Experiment for the condition in which the distractor was presented in the same
field as the target (F(1, 22) = 5.12, p < .05), in that deviations were stronger in
Experiment 2. This effect was absent for distractors in the opposite field (F(1, 22)
= 2.84, p = .11). For saccade endpoint, there was a trend for an effect of
Experiment when the distractor was presented in the same field as the target (F(1,
22) = 3.08, p = .09). There was an effect of Experiment when the distractor was
presented in the opposite field (F(1, 22) = 13.19, p < 0.01), in that the shift of
saccade endpoint was stronger in Experiment 2. Overall, saccade latencies were
shorter in Experiment 2 compared to Experiment 1 (F(1, 22) = 10.74, p < 0.01).
General discussion
The goal of the present study was to investigate whether subliminal information
influences basic oculomotor behavior. To this end, we studied the effect of a
distractor circle which was presented 17 ms earlier than three other non-target
circles. When asked which circle appeared earlier, participants were unaware of
this earlier onset (‘distractor’). Even though the earlier presented distractor circle
was not consciously perceived, earlier research using the same paradigm revealed
that such an earlier distractor circle still can capture attention reflexively
(Mulckhuyse et al., 2007). To understand whether this visual subliminal
information affects basic oculomotor behavior as well, we tested whether this
distractor circle would evoke interference on the execution of an eye movement.
Distractors were presented both in the same or the opposite field as the target.
Results showed that the subliminal distractor had a small, but significant, effect on
the saccade metrics. When the distractor was presented in the visual field opposite
to the saccadic target, saccade trajectories deviated away from the distractor.
However, when the distractor was presented in the same visual field as the target,
the saccade endpoint was influenced but no effect on the saccade trajectory was
observed. In this condition, the saccade endpoint was shifted towards the distractor.
In Experiment 2, we determined how these effects relate to the
supraliminal behavior. By only presenting the distractor and the target, we
determined whether the results of the subliminal experiment were specific to
unconscious behavior. Results showed that the effects were similar as those
observed in Experiment 1, even though they were stronger. When a supraliminal
distractor was presented in the same field as the target, not only the saccade
endpoint was shifted, but also the trajectory deviated towards the distractor. The
stronger effects might partly have been caused by the shorter saccade latencies in
Experiment 2, because saccade deviations towards a distractor have been found to
be stronger for shorter latencies (McSorley, Haggard, & Walker, 2006).
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The finding of a global effect for same field distractor in our experiment
was somewhat surprising, because it is known that this effect typically occur when
the distractor is presented in a limited zone (±20°) around the target location
(Walker, Deubel, Schneider, & Findlay, 1997). In our experiment, the distractor
was presented outside this zone (at 45_). The finding that this effect was also
observed for a supraliminal distractor excludes the possibility that this effect is
specific for supraliminal information. There are various possible explanations why
a global effect was observed in the present experiment. For instance, saccades were
fast, increasing the possibility of a global effect (e.g., Van der Stigchel &
Theeuwes, 2005). Furthermore, both elements were presented with abrupt onset,
which increases the likelihood of a global effect (Van der Stigchel, Meeter, &
Theeuwes, 2007a).
One could argue that the distractor was not subliminal and the visibility
measure was not significant in the distractor report task because of the lower
number of trials than in the eye movement task (limiting the statistical power
compared to the eye movement task). This would implicate that the distractor was
not subliminal in the eye movement task. Even though possible, we consider this
highly unlikely because the status of the distractor was different between the two
tasks. In the eye movement task, the distractor did not have to be reported, but an
eye movement had to be made to the target which was clearly visible. Therefore,
the distractor was task-irrelevant and its localization was not part of the task set of
the participant. However, in the distractor report task, participants were explicitly
asked to report the location of the distractor. This is a very stringent test because in
the distractor report task, participants actively tried to determine the location of the
distractor. Note that we only included those participants in the eye movement task
who truly did not see the distractor in the distractor report task even when they
explicitly tried to do so. We therefore feel comfortable that these participants were
unaware of the distractor in the eye movement task.
The present results are reminiscent of a study investigating whether
subliminal colour primes influence trajectories of pointing movements to a target
(Schmidt, 2002). Results showed that pointing trajectories were affected by
priming, because movements were initiated towards the prime whose colour was
inconsistent with the colour of the target. Note that the masked stimulus was
presented at the possible target locations, while in the present study the distractor
was presented at a task-irrelevant location. Although the finding that in our study
eye movement trajectories deviated away from the subliminal distractor might
seem inconsistent with the deviation towards observed in the study of Schmidt
(2002), it has to be noted that differences in the direction of the deviation between
hand and eye movements are commonly observed (Sheliga, Craighero, Riggio, &
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Rizzolatti, 1997; Van der Stigchel, Meeter, & Theeuwes, 2007b). This is in line
with the idea that inhibitory effects underlying deviations away are not observed in
similar situations for hand and eye movements (Van der Stigchel et al., 2007b).
One possible neural interpretation why a visual stimulus that is not
consciously perceived may still be able to affect oculomotor processes involves the
superior colliculus (SC), a motor area in the midbrain. Among other brain
structures, the SC is very much involved in attentional and oculomotor processes
(see for reviews, Munoz, 2002; Shipp, 2004). Interestingly, saccade deviations are
believed to reflect competition between saccade goals in the SC (McPeek, Han, &
Keller, 2003). Because the present study shows that subliminal distractors
influence saccade dynamics, this indicates that subliminal information evokes
competition at a low level in the oculomotor system.
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5. Enhanced visual processing: the after-effect of
occipital subthreshold single pulse TMS

Mulckhuyse, M., Kelley, T.A., Theeuwes, J., Walsh V., & Lavie, N. (in
preperation). Enhanced visual processing: the after-effect of occipital subthreshold
single pulse TMS.
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Abstract
Previous research has shown that transcranial magnetic stimulation (TMS) can
disrupt or facilitate visual processing. In the current study, we examined the
facilitory effects of occipital subthreshold TMS (i.e., below phosphene threshold)
on visual processing. Observers performed a classic spatial cueing task in which a
target was presented in one of two peripheral placeholders. The stimulated area at
the occipital pole of one hemisphere corresponded with the retinotopic location of
the placeholder in the visual field contralateral to the TMS. At different points in
time, 150 ms or 750 ms before cue onset, or 150 ms or 200 ms before target onset,
a subthreshold single pulse was delivered. Results showed that subthreshold TMS
150 ms or 200 ms before stimulus onset facilitates visual processing: observers
responded faster to targets in the visual field contralateral to the TMS compared to
targets in the visual field ipsilateral to the TMS. Moreover, enhanced visual
processing of the cue due to TMS amplified the cue validity effect. This resulted in
stronger facilitation when the cue was valid and stronger interference when the cue
was invalid. We conclude that occipital subthreshold TMS enhances visual
processing presumably because of TMS induced cortical excitability in primary
visual area.
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Introduction
Transcranial magnetic stimulation (TMS) has proven to be an efficient method to
investigate the relationship between brain and behavior (Pascual-Leone, Walsh and
Rothwell, 2000; Walsh and Cowey, 2000; Walsh and Rushworth, 1999). Much
research concerning the underlying neural mechanisms of visual processing has
used TMS as a method to disrupt visual processing (e.g., Amassian et al., 1989;
1998; Beckers and Homberg, 1991; Pascual-Leone and Walsh, 2001; Kammer,
Puls, Strasburger, Hill, Wichmann, 2005; Ro, Breitmeyer, Burton, Singhal and
Lane, 2003) but more recently TMS is also used as a method to enhance visual
processing (e.g., Grosbras and Paus, 2002; 2003; Silvanto, Lavie and Walsh, 2006;
Silvanto, Muggleton, Lavie and Walsh, 2009; Silvanto, Muggleton and Walsh,
2008).
For example, by applying TMS at brain areas associated with spatial
attention, such as frontal eye fields (FEF; Schall and Thompson 1999) it has been
shown that behavioral performance can improve. In a study by Grosbras and Paus
(2002), the FEF were stimulated while observers performed an endogenous spatial
cueing task. The results indicated that TMS applied during the cue-target interval
to the left FEF improved performance for contralateral targets in all cueing
conditions and stimulation of the right FEF improved performance for bilateral
targets in valid and neutral cueing condition. Grosbras and Paus argued that FEF
stimulation facilitated conscious visual detection and examined this idea in a
follow up study. In this study (Grosbras & Paus, 2003) FEF TMS was applied
shortly before target onset in a backward masking task. The results revealed that
indeed TMS facilitated visual sensitivity. More specifically, visual sensitivity was
enhanced for both hemifields when TMS was delivered at the right FEF and for the
contralateral hemifield when TMS was delivered at the left FEF. The dominance of
the right hemisphere which is associated with spatial attention strengthened the
idea of Grosbras and Paus (2003) that FEF stimulation modulated activity in the
visual system via top-down influences. This was also seen in a covert spatial
cueing study by Taylor, Nobre and Rushworth (2007) in which they recorded
visually evoked potentials (VEPs) while TMS was applied to FEF. The FEF TMS
was applied during the cue-target interval and the VEPs indicated that TMS
modulated the neural activity in sensory visual brain areas, which was stronger for
contralateral visual events. Taylor et al. concluded that FEF modulates visual
activity in extrastriate cortex when attention is being allocated.
The causal relation between FEF stimulation and activity in the visual
cortex was further investigated in a study by Silvanto Lavie and Walsh (2006).
They stimulated the FEF with one TMS coil and subsequently measured
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phosphene threshold by applying TMS with another coil to extrastriate cortex (V5).
Phosphenes are flashes of light (or dark) that are perceived when the posterior
occipital cortex is stimulated (Cowey & Walsh, 2000; Meyer, Diehl, Steinmetz,
Britton, Benecke, 1991; Kammer, 1999). By stimulating the FEF Silvanto et al.
found a decreased threshold to elicit a phosphene when V5 was stimulated. In a
follow up study (Silvanto, Muggleton, Lavie and Walsh, 2009), they showed that
PPC TMS had a similar effect on phosphene threshold when stimulating striate
cortex (V1) and V2.
These studies show that TMS to FEF or PPC modulates responses in visual
cortex in a similar way as exerting top-down attentional control. Correspondingly,
in a study by Bestmann, Ruff, Blakemore, Driver and Thilo (2007) it was shown
that top-down spatial attention modulates phosphene threshold induced by TMS to
the striate cortex. Observers in this study were asked to either transiently shift
attention to one side of fixation (Experiment 1) or to keep attention sustained at
one side of fixation (Experiment 2). After attention was allocated to one side of the
visual field, they presented a target or delivered a single occipital TMS pulse. The
location of the target in the contralateral field of the applied TMS corresponded
with the location of the induced phosphene. As expected, observers were faster to
respond to targets presented at the attended side compared to the unattended side.
Likewise, phosphene threshold decreased for the attended visual field compared to
the unattended visual field. Bestmann et al. concluded that top-down spatial
attention modulates visual cortical excitability and thereby enhances visual
awareness (see also Muggleton, Lamb, Walsh & Lavie, 2008).
The studies described above all indicate that a top-down modulation of
cortical excitability in visual areas is the underlying neural process of enhanced
visual processing. In these studies neural processing in the visual cortex was
modulated by top-down influences either induced by frontal or parietal TMS or by
top-down spatial attention. In the current study, we wanted to investigate whether
TMS delivered directly at primary visual cortex can enhance visual processing. By
stimulating the occipital pole of one hemisphere, only the target location in the
contralateral visual field corresponded with the delivered TMS. Thereby, the target
location in the opposite visual field (ipsilateral to the delivered TMS) served as the
control condition. We used the classic exogenous spatial cueing task (Posner and
Cohen, 1984) that allowed us to investigate the influence of TMS on cue as well as
target processing. We applied TMS at different points in time i.e., 750 ms, and 150
ms before cue onset, and 200 ms and 150 ms before target onset. We expected to
find enhanced processing of targets presented in the visual field contralateral to the
stimulated hemisphere compared to targets presented in the visual field ipsilateral
to the stimulated hemisphere. In addition, we expected to find stronger cueing
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effects irrespective of cue validity for cues presented in the visual field
contralateral to the stimulated hemisphere compared to cues presented in the visual
field ipsilateral to the stimulated hemisphere.
Method
Participants
Eight paid participants (5 female, aged 21-38) performed the experiment. All
participants had previous experience participating in TMS experiments and gave
informed consent before participation. All participants were naive to the timing of
stimulation in each TMS block. Seven participants were naive to the objective of
the study, the other participant was author M.M. The study was approved by the
UCL ethics committee.
Apparatus
E-Prime software (Psychology Software Tools) was used for stimulus presentation,
data recording and to control the TMS timing. Displays were presented on a
monitor with a resolution of 1024 x 768 pixels and a 60-Hz refresh rate. The
distance between monitor and chin rest was 50 cm. Single pulse TMS was
delivered using a 70-mm figure eight coil with a Magstim Rapid stimulator
(Magstim Company). The experiment was conducted in a dimly lit room.
Procedure
The experiment consisted of two sessions. In one session, TMS was applied at 950
ms or 350 ms before target onset (750 ms or 150 ms before cue onset) and in the
other session TMS was applied at 200 ms or 150 ms before target onset (0 ms or 50
ms after cue onset). The sessions were counterbalanced across subjects. Before a
session started phosphenes were localised for each participant. Participants wore
swimming caps in order to mark the stimulated site on the head. Localisation was
conducted by starting 2cm dorsal and 0.5cm to the left from the inion. Every
participant started with single pulses of 75 % of maximum output of the stimulator.
The coil handle pointed horizontally to the right for all participants. If no
phosphene was observed, the coil was moved slightly around the starting point.
Once participants reported a lateralised phosphene, they were asked to fixate a
dimly lit fixation point in the centre of the monitor and to point the curser in the
middle of the phosphene. By clicking in the middle of the phosphene, the x and y
coordinates relative to fixation point were recorded. The stimulated TMS site was
marked with a sticker on the head of the participant. In two participants, no
phosphenes were elicited in the right visual field, therefore the right hemisphere
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was stimulated which resulted in phosphenes in the left visual field. All reported
phosphenes were elicited in the lower visual field contralateral to the stimulated
hemisphere. Because of the retinotopically corresponding location of the TMS, we
presume that striate (e.g., Engel, Glover and Wandell, 1997) and not extrastriate
cortex was stimulated. For two participants, machine output had to be set to 80% to
elicit a phosphene. During the task, maximum output of the stimulator was lowered
below phosphene threshold to 60% with the exception of two participants for
which the output was lowered to 57%. At these outputs, none of the participants
reported seeing phosphenes.

Figure 1. The sequence of a trial in which the cue was valid. Placeholders were presented
for 1000 ms when TMS was applied 200 ms or 150 ms before target onset. When TMS was
applied 950 ms or 350 ms before target onset (750 ms or 150 ms before cue onset), the
placeholders were presented for 1750 ms or 1150 ms respectively. The cue consisted of the
brightening of one of the placeholders for one refresh rate. Two hundred milliseconds
after cue onset, the target, a small horizontal or vertical line was presented for 80 ms.
Participants responded to the line orientation of the target.
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Design
All stimuli were presented on a gray background (4.2 cd/m2). Participants initiated
a trial by pressing the space bar. After pressing the space bar, a black fixation cross
with two placeholders, one to the left and one to the right of fixation point were
presented. The distance between fixation and placeholder was dependent on the
location of the reported phosphene. The previously recorded x and y coordinates
were used to align the visual stimulus position, i.e., one of the placeholders, with
the TMS induced phosphene position. The other placeholder was moved to the
opposite symmetrical location. The mean horizontal distance between the centre of
the placeholders and fixation was 7.4° and mean vertical distance between fixation
and the centre of the placeholders was 2.3°.
The placeholders consisted of an open square of 2.3° on each side. The
square had two line segments, an inner line segment and an outer line segment. The
inner line segment was dark gray (0.14 cd/m2) and the outer line segment light gray
(5.4 cd/m2). When a cue was presented, the light gray line segment of one or both
boxes were illuminated (46 cd/m2) for one refresh rate (17 ms). Two hundred
millisecond after cue onset, the target was presented for 80 ms. The target
consisted of a small green (8.99 cd/m2) horizontal or vertical line segment of 0.6°
that was presented either within the left or the right placeholder. Participants were
asked to keep their eyes fixated at the fixation point and press as fast as they could,
with their right hand on the numeric keyboard, a “1” when the line segment was
vertical or a “2” when the line segment was horizontal.
Each session consisted of 15 blocks. Each block consisted of 32 trials in
which the cue was either valid (in 25% of trials the cue was presented at the same
location as the target), invalid (in 25% of trials the cue was presented at the
opposite location to the target), neutral (in 25% of trials the cue was presented at
both locations simultaneously) or absent (in 25% of trials no cue was presented).
The target could appear with equal probability on the left (50%) or the right (50%)
of fixation and was either vertical (50%) or horizontal (50%). These conditions
were randomly presented during a block. In three blocks, no TMS was delivered.
These blocks were interleaved between every four TMS blocks. Half of the
participants started with a no TMS block and half of the participants ended with a
no TMS block. In one session, TMS was delivered either 950 ms or 350 ms before
target onset (i.e., 750 ms or 150 ms before cue onset) and in the other session, TMS
was delivered at 200 ms or 150 ms before target onset (i.e., 0 ms or 50 after cue
onset). These TMS timings were randomly applied in a session. See figure 1 for the
sequence of a trial.
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Results
For each participant, mean RT was calculated and trials with RT’s above and
below 2.5 standard deviations of the mean were excluded from analyses. Incorrect
responses were also excluded from analyses.
Effect of TMS on target processing:
To investigate whether target processing was affected by TMS irrespective of the
cue, we performed a repeated measures ANOVA on RT for each session in the cue
absent condition (see Fig. 2). TMS (contralateral to target, ipsilateral to target) and
timing (-950 ms and -350 ms) for one session and timing (-200 ms and -150 ms)
for the other session were factors. Note, that the TMS timings are relative to the
target onset.
For the session in which TMS was applied 950 ms or 350 ms before target
onset, the results only showed a main effect of timing (F (1,7) = 18.705, p < 0.01).
This resulted from significant faster reaction times when TMS was applied 950 ms
before target onset compared to 350 ms before target onset ( p < 0.01). For the
session in which TMS was applied 200 ms or 150 ms before target onset, the
results showed a main effect of TMS (F (1,7) = 10.972, p < 0.05). Planned
comparisons showed that mean reaction times were significantly faster to targets in
the visual field contralateral to TMS compared to targets in the visual field
ipsilateral to TMS. This was observed when TMS was applied 200 ms (t (7) = 2.82,
p < 0.05) and 150 ms before target onset (t (7) = 3.17, p < 0.05).
These results indicate that occipital subthreshold TMS enhances visual
processing in the contralateral visual field when applied 200 ms or 150 ms before
stimulus onset. At earlier timings, 950 ms or 350 ms before target onset, TMS
neither facilitated nor disrupted visual processing.
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Figure 2. Mean reaction times in the absent cue condition as a function of TMS timing
relative to target onset for each session. Filled squares and solid lines depict mean
reaction time when the target was presented in the visual field contralateral to TMS and
open diamonds and dashed lines depict mean reaction time when the target was presented
in the visual field ipsilateral to TMS. For each session, the mean reaction time in the no
TMS condition is depicted as a closed triangle.

Effect of TMS on cue and target processing:
To investigate whether target processing was affected by TMS in the presence of
both cues, we performed a repeated measures ANOVA on RT for each session in
the cue neutral condition (see Fig. 3). TMS (contralateral to target, ipsilateral to
target) and timing (-950 ms and -350 ms) for one session and timing (-200 ms and 150 ms) for the other session were factors. Note, that the TMS timings are relative
to the target onset. For the session in which TMS was applied 950 ms or 350 ms
before target onset, the results showed a main effect of timing (F (1,7) = 8.77, p <
0.05), resulting from significant faster reaction times when TMS was applied 950
ms before target onset compared to 350 ms before target onset (p < 0.05), a main
effect of TMS (F (1,7) = 7.077, p < 0.05) and a marginally significant interaction
(F (1,7) = 4.083, p = 0.08). Subsequent planned comparisons showed that mean
reaction time was significantly faster to targets in the visual field contralateral to
TMS side compared to targets in the visual field ipsilateral to TMS side when
applied 350 ms before target onset (t (7) = 2.461, p < 0.05). Note that cues were
also presented in this condition, which means that at an interval of 350 ms between
TMS and target, the interval between TMS and cue is 150 ms. Therefore, the TMS
could have enhanced mainly cue processing contralateral to the TMS.
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Consequently, faster reaction times were obtained when the target was also
presented contralateral to the TMS but, as can be seen in Figure 3, reaction times
increased when the target was presented at the opposite site (ipsilateral to TMS).
For the session in which TMS was applied 200 ms or 150 ms before target
onset, the results showed a marginal main effect of TMS (F (1,7) = 5.557, p= 0.05).
The results confirm the facilitation effect 200 ms and 150 ms after occipital
subthreshold TMS in the cue absent condition. Although in this condition we also
found an effect when TMS was applied 350 ms before target onset, the timing
between TMS and cue was 150 ms. At an interval of 950 ms between TMS and
target (or 750 ms between TMS and cue) TMS neither facilitated nor suppressed
visual processing.

Figure 3. Mean reaction times in the neutral cue condition as a function of TMS timing
relative to target onset for each session. Filled squares and solid lines depict mean
reaction time when the target was presented in the visual field contralateral to TMS and
open diamonds and dashed lines depict mean reaction time when the target was presented
in the visual field ipsilateral to TMS. For each session, the mean reaction time in the no
TMS condition is depicted as a closed triangle.

Effect of TMS on cue validity:
To examine whether TMS had the same effect on cue processing, we performed an
ANOVA on RT for each TMS timing with TMS (contralateral to cue, ipsilateral to
cue) and cue validity (valid, invalid) as factors. The results showed a main effect of
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cue validity when TMS was applied at 750 ms (F (1,7) = 66.28, p < 0.01), at 150
ms (F (1,7) = 45.53, p < 0.01) and at 0 ms (F (1,7) = 28.01, p= 0.01) before cue
onset. As can be seen in Figure 4, mean reaction times in the valid condition were
significantly faster than in the invalid condition for all three timings (p < 0.05).
More importantly, however, at 150 ms before cue onset there was an interaction
between TMS and cue validity (F (1,7) = 7.4, p < 0.05).

Figure 4. Mean reaction times for each different TMS timing relative to cue onset as a
function of cue validity. Filled squares and solid lines depict mean reaction time when the
cue was presented in the visual field contralateral to TMS and open diamonds and dashed
lines when the cue was presented in the visual field ipsilateral to TMS.
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Planned comparisons showed that mean reaction time was faster in the valid cue
condition when the cue was presented in the visual field contralateral to TMS
compared to the visual field ipsilateral to TMS (t (7) = 1.76, p = 0.06, one-tailed).
In contrast, mean reaction time was higher in the invalid cue condition when the
cue was presented in the visual field contralateral to TMS compared to the visual
field ipsilateral to TMS (t (7) = 1.92, p < 0.05, one-tailed). Similar to our previous
finding, this result suggests that occipital subthreshold TMS enhances visual
processing in the contralateral visual field. Moreover, enhanced visual processing
of the cue amplified the cue validity effect. This resulted in stronger facilitation
when the cue was valid and stronger interference when the cue was invalid.
Discussion
This study shows that occipital subthreshold TMS affects visual processing when
applied 150 ms or 200 ms before stimulus onset. TMS was applied at different
points in time before stimulus onset while observers responded manually to targets
in the visual field contralateral to the delivered TMS or to targets in the visual field
ipsilateral to the delivered TMS. In addition, the targets were either precued
(neutral, validly or invalidly) or not cued before presentation. When no cue was
presented, mean reaction time was faster to targets presented in the visual field
contralateral to the TMS compared to targets presented in the visual field ipsilateral
to the TMS. This was also observed when the neutral cue (both cues) was
presented but only when TMS was applied 150 ms before cue onset or 200 ms
before target onset. Furthermore, the neutral cue condition implied that TMS 150
ms before cue onset enhanced cue processing which resulted in faster reaction
times when the target was presented at the same location (contralateral to TMS)
compared to the opposite location (ipsilateral to TMS). In other words, enhanced
cue processing at one location (contralateral to TMS) interfered with target
processing at the opposite location.
Additionally, TMS affected the validity of the cue when applied 150 ms
before cue onset. When the cue was presented in the visual field contralateral to the
TMS the validity effect of the cue was stronger: in the valid cue condition mean
reaction time was faster when the cue was presented in the visual field contralateral
to the TMS and in the invalid cue condition mean reaction time was higher when
the cue was presented in the visual field contralateral to the TMS. In other words,
the slope was steeper for cues presented in the visual field contralateral to TMS
than for cues presented in the visual field ipsilateral to TMS.
One could argue that this latter result reflects TMS induced enhanced
visual processing of the target rather than enhanced processing of the cue and
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especially so in the invalid cue condition when the cue was presented ipsilateral to
TMS and the target contralateral to TMS, when target processing could have been
facilitated and thus lead to the faster reaction times. However, the TMS was
delivered 350 ms before target presentation and this TMS timing only affected
target processing when it was preceded by a cue, as in the neutral cue condition. In
the cue absent condition, TMS at 350 ms before target onset had no effect. This
suggests that processing of the cue was enhanced which subsequently resulted in a
stronger cueing effect at that location.
At 750 ms before cue onset or 950 ms and 350 ms before target onset in
the no cue condition, TMS had no effect on reaction time. Normally, in covert
spatial cueing studies effects on reaction time are still found at long delays between
cue and target, either facilitatory when targets are endogenously cued or inhibitory
when targets are exogenously cued (Posner and Cohen 1984). Although our finding
that TMS enhances visual processing when applied 150 ms or 200 ms before
stimulus onset resembles the time-course of enhanced visual processing in an
exogenous spatial cueing task, the TMS did not result in an IOR effect at a longer
delay nor in a facilitatory effect. Note that a visual stimulus reaches striate cortex
around 50 ms after stimulus onset and reaches awareness through recurrent
processing around 100 ms after onset (e.g., Lamme, 2003). Therefore, the time
between the TMS pulse and the first time the visual stimulus reached the occipital
cortex is at least 50ms longer. Accordingly, we can conclude that the effects of a
subthreshold single pulse TMS delivered at primary visual cortex do not persevere
beyond 400 ms.
The neural mechanism underlying the facilitation effect we found may be
cortical excitability (see for review Pascual-Leone et al.,1998). Our results are
consistent with the hypothesis that TMS induced cortical excitability in visual
cortex is the underlying process of enhanced visual
detection. However, in previous studies visual enhancement was induced in a topdown fashion. Either by stimulating areas that are known to be important for topdown spatial attention (Grosbras and Paus, 2002; 2003; Silvanto et al., 2006; 2009;
Taylor et al., 2007) or by allocating top-down attention endogenously to a location
in space (Bestmann et al., 2007). In the current study, we delivered TMS directly at
primary visual cortex. Nonetheless, studies that examined the effect of paired TMS
pulses (conditioning and test stimulus) on the motor cortex suggested a similar
mechanism for the facilitation of motor evoked potentials (MEPs). In a study by
Valls-Sole, Pascuale-Leone, Wassermann and Hallett (1992) facilitation of the
response was observed after a TMS test pulse was preceded by a lower intensity
conditioning pulse (see also Nakamura, Kitagawa, Kawaguchi and Tsuji, 1997).
The facilitation was found at stimulation intervals between 50ms and 90ms.
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Possibly, the same mechanism works in the visual cortex by which the second
pulse is the actual visual stimulus. However, a study by Thut et al. (2003; see also
Romei, Murray, Merabet and Thut, 2007) showed that occipital single pulse TMS
suppressed subsequent neural responses to visual stimuli. They recorded visually
evoked potentials (VEPs) while the occipital cortex was stimulated at stimulus
onset or shortly after stimulus onset. They reported no modulation of the VEPs
when TMS was applied at stimulus onset, but a reduced response to the visual
stimulus when TMS was applied shortly after stimulus onset. Unfortunately, they
did not measure VEPs to visual stimuli 150 ms or 200 ms after TMS stimulation. It
would be interesting to examine the effect of TMS on VEPs in the time-window in
which we observed facilitation. To conclude, occipital subthreshold single pulse
TMS enhances visual processing around 150 ms to 200 ms after stimulation.
Although the neural mechanisms of visual enhancement are still unclear, cortical
excitability due to direct stimulation at primary visual area seems a plausible
process.
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Abstract
During early visual processing the eyes can be captured by salient visual
information in the environment. Whether a salient stimulus captures the eyes in a
purely automatic, bottom-up fashion or whether capture is contingent on task
demands is still under debate. In the first experiment, we manipulated the relevance
of a salient onset distractor. The onset distractor could either be similar or
dissimilar to the target. Error saccade latency distributions showed that early in
time, oculomotor capture was driven purely bottom-up irrespective of distractor
similarity. Later in time, top-down information became available resulting in
contingent capture. In the second experiment, we manipulated the saliency
information at the target location. A salient onset stimulus could be presented
either at the target or at a non-target location. The latency distributions of error and
correct saccades had a similar time-course as those observed in the first
experiment. Initially, the distributions overlapped but later in time task-relevant
information decelerated the oculomotor system. The present findings reveal the
interaction between bottom-up and top-down processes in oculomotor behavior.
We conclude that the task relevance of a salient event is not crucial for capture of
the eyes to occur. Moreover, task-relevant information may integrate with saliency
information to initiate saccades, but only later in time.
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Introduction
Imagine walking along a path next to a lake. You are searching for a particular red
flower that grows only along the waterfront. While searching, all red flowers will
probably attract your attention. Your eyes will fixate on the red flowers while at
the same time you ignore other colorful flowers. You can ignore the other flowers
because they do not share the feature you are set to look for; the color red.
However, if suddenly a fish jumps up out of the water your attention and your eyes
are captured automatically by this event even though it has nothing to do with your
current goal. These two examples illustrate the balance between top-down and
bottom-up attentional and oculomotor capture. The former is induced by the
contingency of top-down goals and the latter is induced by the salience information
in the environment. However, whether a salient event captures attention in a purely
automatic, bottom-up fashion or whether capture is always contingent on task
demands is still under debate. The aim of this study was to investigate the role of
these bottom-up and top-down selection processes in a visual search task using
oculomotor capture as the dependent measure.
Attentional capture is commonly measured by presenting an additional
irrelevant - but salient - distractor during visual search (e.g., Theeuwes 1992,
1994a, b, 1996; Yantis and Jonides 1984, 1990). Typically, the presence of this
distractor slows manual responses to the target. Results from these studies led to a
bottom-up capture hypothesis proposed by Theeuwes (1992, 1994a, 2004). This
view states that during early visual processing, bottom-up saliency signals in the
environment can cause an involuntary shift of spatial attention that cannot be
overridden by attentional top-down goals. Bacon and Egeth (1994), however,
proposed an alternative explanation. Not the saliency of the distractor, but the fact
that both target and distractor were defined by a unique singleton in the display,
caused a shift of attention. They hypothesized that participants adopted a top-down
search strategy for singletons and therefore any singleton would capture attention
(but see Theeuwes 2004). This view is consistent with the contingent capture
hypothesis of Folk and colleagues (e.g., Folk et al. 1992, 1994). This hypothesis
states that even at the early stage in visual processing, top-down goals induced by
task demands are crucial for attentional capture (e.g., Folk et al. 1992, 1994). In
these studies, a distractor cue, that can be similar or dissimilar to the to search for
target, is presented preceding the target display to measure attentional capture.
Results showed that a distractor cue caused a shift of spatial attention only if
distractor and target were defined by the same feature properties.
In the oculomotor domain, studies on saliency and contingency have
provided additional insights regarding the mechanism underlying attentional
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capture (e.g., Ludwig and Gilchrist 2002, 2003a; van Zoest and Donk 2006). For
example, in a recent study by van Zoest and Donk (2006), subjects had to make a
speeded saccade to a vertical line-element (i.e., the target) that was presented in a
display full of background line-elements. These background line-elements all had
the same contrasting orientation relative to the target. An irrelevant singleton (i.e.,
distractor) that differed in orientation from the homogeneous group of background
elements was presented in each trial. They manipulated the saliency of this
distractor by increasing or decreasing the orientation contrast to the surrounding
background line-elements. In addition, the similarity of the distractor to the target
was manipulated by making the orientation of the distractor line-element more or
less similar to the target. Results showed that the short-latency saccades went more
often to the salient distractor while long latency saccades were not affected by
distractor saliency. In contrast, the short-latency saccades were not affected by
target-distractor similarity while long-latency saccades went more often to the
similar distractor. Moreover, no interaction was found between distractor saliency
and target- distractor similarity suggesting that saccades driven by saliency were
independent of saccades driven by top-down goals. Although this study shows that
short-latency saccades are driven by bottom-up saliency, consistent with a bottomup capture view, the results are not in line with the idea of a contingency between
bottom-up and top-down control. Based on their results, van Zoest and Donk
suggest that saliency and top-down processes operate in different and independent
time-windows and do not integrate to guide behavior.
In the studies by Ludwig and Gilchrist (2002, 2003a), subjects had to make
a speeded saccade to one of four possible target locations while ignoring a
distractor at two other possible locations. The distractor could be similar (i.e.,
identical) or dissimilar to the target. In addition, the saliency of the similar or
dissimilar distractor type was manipulated by presenting it either as an abrupt onset
or as a color change. Relative to baseline, in which no distractor was present, a
dissimilar distractor, regardless whether it was more or less salient, had no effect
on saccade latencies to the target and hardly captured the eyes. On the contrary, the
similar distractor, whether it was more or less salient, increased saccade latencies
to the target and could capture the eyes up to 56% of the trials. They concluded
that their results are consistent with the contingent capture hypothesis (Folk et al.
1992, 1994) although in a weaker version. Ludwig and Gilchrist argued that their
results are in line with a weaker version of the contingent capture hypothesis
because the eyes were captured significantly more often by the more salient similar
distractor (abrupt onset) than by the less salient similar distractor (color change).
Furthermore, when the eyes were captured, saccade latencies were shorter to onset
distractors than to no-onset distractors. Therefore, the saliency of this contingent

90

Capture of the eyes

stimulus not only affected the number of times the eyes were captured but also the
latencies of these error saccades. In contrast to van Zoest and Donk (2006),
Ludwig and Gilchrist argued that bottom-up saliency signals are integrated with
top-down information onto a common oculomotor saliency map to determine the
saliency of an item (see also Godijn and Theeuwes 2002 for a similar conclusion).
However, Ludwig and Gilchrist (2002, 2003a), based their conclusion on
the results obtained with the similar distractor. In their study, the dissimilar salient
distractor did not affect saccade latencies and hardly captured the eyes. This could
be due to the fact that the location of the distractor was highly predictable.
Moreover, unlike the design used by van Zoest and Donk (2006) the irrelevant
distractor could never occur at a potential target location. Possibly, subjects in
Ludwig and Gilchrist’s studies could have inhibited the possible distractor
locations beforehand. Indeed as shown in a study by Van der Stigchel and
Theeuwes (2006) the mere expectation that a distractor will appear at a specific
location can result in inhibition of that location. In this study, Van der Stigchel and
Theeuwes found saccade deviations away from a location where a distractor was
expected. In Ludwig and Gilchrist study, this location-based inhibition may have
allowed the participants to successfully ignore the dissimilar distractor, but not the
similar distractor (see also Ludwig and Gilchrist 2003b). In the present study, we
used four possible distractor locations, which makes the distractor location less
predictable in contrast to using two possible locations. The paradigm we used was
a variant of the additional singleton paradigm in which subjects make a speeded
saccade to a color singleton while a sudden onset can appear at one of the four
possible locations (Godijn and Theeuwes 2002). In the first experiment, the
saliency of the distractor (an abrupt onset) was equal in both conditions. We
manipulated the contingency of the additional distractor by making the color
similar (similar onset condition) or dissimilar (dissimilar onset condition) to the
target. In addition, the distractor in both conditions differed in shape from the
target to eliminate any other shared features. The baseline (neutral condition)
consisted of trials without an onset distractor. In contrast to the original additional
singleton paradigm in which the nontargets change color in an equiluminant
fashion (see Theeuwes et al. 1998), we changed the color of the target in an
equiluminant fashion. In a previous study, Godijn and Theeuwes (2002) showed
that an equiluminant color change of the target basically gives the same results as
changing all colors except the one of the target as was done in the original
oculomotor capture paradigm of Theeuwes et al. (1998). Note that equiluminant
color changes do not capture attention (see Theeuwes 1995). In addition, because
our main interest was in the error saccades, we removed the fixation point at the
moment of target onset. Fixation disengagement is known to decrease saccade
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latencies (e.g., Munoz et al. 2000) and short-latency saccades are associated with
an increase in oculomotor capture (Godijn and Theeuwes 2002).
We expected to find an effect of distractor presence and distractor
similarity on correct saccades: slower saccades on trials with an onset
distractor relative to baseline and slower saccades on trials with a similar onset
distractor relative to trials with a dissimilar onset distractor. Furthermore, we
expected both types of onset distractors to capture the eyes automatically; yet, we
predicted that this would occur only when responses are triggered very early in
time. Top-down information about distractor similarity may become evident only
later in time due to the contingency of the distractor on task demands.
Experiment 1
Method
Participants
Twelve paid volunteers (aged 18–24) participated in the experiment. All
participants had normal or corrected to normal vision.
Apparatus and design
A Pentium IV computer with a processor speed of 2.3 GHz controlled the timing of
the events. Displays were presented on an Iiyama 21" SVGA monitor with a
resolution of 1024 pixels x 768 pixels and a 100-Hz refresh rate. A second
computer controlled the registration of eye movement data on-line. Eye
movements were registered by means of a video-based eye tracker (SR Research
Ltd, Canada). The Eyelink2 system has a 500-Hz temporal resolution and a < 0.01°
of gaze resolution (noise limited) and a gaze position accuracy of < 0.5°. The
system uses an infrared videobased tracking technology to compute the pupil
center and pupil size of both eyes. An infrared head mounting tracking system
tracked head motion. Both the eyes were monitored, but only those data from the
right eye were analyzed. Although the system compensates for head movements,
the participant’s head was stabilized using a chin rest. The distance between
monitor and chin rest was 75 cm. The experiment was conducted in a soundattenuated and dimly lit room.
The experiment consisted of three blocks. One block without an
onset (neutral condition), one block with a gray square onset (similar onset
condition) and one block with a red square onset (dissimilar onset condition). The
distractor conditions each consisted of 384 trials and the neutral condition of 32
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trials. Each block started with ten practice trials. The blocks were counterbalanced
between participants.
We used a variant of the oculomotor capture task (Godijn and Theeuwes
2002). All stimuli were presented on a black background. The display consisted of
six filled circles, each 1.45° in diameter that were equally spaced around the
fixation point on an imaginary circle with a radius of 9.8°. The circles were
presented at 1, 3, 5, 7, 9 and 11 o’clock with an angular separation of 60° between
the circles. In the distractor conditions a filled square, 1.3° in diameter, was
presented on the imaginary circle exactly between two filled circles. The stimuli
could be either red (x = 0.591, y = 0.333) or gray (x = 0.285, y = 0.306). The red
and gray colors were matched for luminance (14.55 cd/m2).
Figure 1a shows the sequence of a trial in the similar distractor condition.
Each trial began with a white plus sign. After 1,400 ms the red circles were
presented for at least 500 ms with an additional random jitter between 0 and 200
ms. One of the red circles changed to gray indicating the target location.
Simultaneously with the color change, the Fixation point disappeared and in the
distractor conditions, the square was presented. The target appeared equally often
at each of the four possible target locations: 1, 5, 7 or 11 o’clock. The distractor
could appear at 2, 4, 8 or 10 o’clock, but always with an angular separation of 90°
or 150° between distractor and target.
Procedure
Before the experiment started, the Eyelink2 system was calibrated. Participants had
to fixate nine calibration targets that were presented randomly in a 3 x 3 grid across
the monitor. As soon as a point was fixated, the next target was displayed on the
screen. On each trial in the experiment, participants were instructed to fixate the
center fixation point (a cross) and to press the space bar in order to recalibrate the
position of the eyes. The fixation point then changed into a plus sign as an
indication that the positions of the eyes were recalibrated. Participants were told to
make a speeded saccade to the gray circle. To ensure that participants tried to be as
fast as possible, we presented a warning beep if participants responded to slow
(i.e., after 300 ms) and excluded these slow responses from analyses. To avoid
anticipation saccades the warning beep was also presented when participants
responded to fast, i.e., before 50 ms. Participants were asked to be as quick as
possible and to minimize the warning beeps. In the distractor condition, feedback
about their response time was displayed on the screen after every 24th trial and in
the neutral condition after every 16th trial.
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Fig. 1 a Experiment 1. From bottom to top, succession of events in a trial in the similar
onset condition in which target and distractor have the same color. b Experiment 2. From
bottom to top, succession of events in a trial in the valid onset condition in which an onset
is presented at target location.

Results
Of all trials, the initial saccade latencies below 80 ms (4.95%) and above 300 ms
(4.72%) were excluded from analysis. The first because these are anticipation
saccades and the second because these responses were to slow (see Sect.
“Procedure”). The initial saccade was assigned to a target or a distractor if the
endpoint of the initial saccade was within 3° of the center of the target or distractor
position.
Initial saccades
In the neutral condition 87% of all initial saccades went to the target. In the
dissimilar onset condition 77% and in the similar onset condition 55% of all initial
saccades went to the target. A Friedman test on percentage correct saccades
showed that there was a significant effect of condition [χ2 (2, N = 12) = 18.667, P <
0.01].
In the dissimilar onset condition 8% of all initial saccades went to the
distractor and in the similar onset condition 26% of all initial saccades went to the
distractor. A two-related Wilcoxon test showed a significant effect between the two
conditions (z = 3.059, N-ties = 12, P < 0.01).
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In the neutral condition 13% of all initial saccades went to locations elsewhere than
the target, in the dissimilar onset condition 15% went to locations elsewhere than
the target or the distractor and in the similar onset condition 19%. A Friedman test
revealed that there was no difference between these various conditions. Initial
saccades to the target An ANOVA on latency for saccades correctly directed to the
target showed that there was a significant main effect of condition [F(2,22) =
47.699, P < 0.01]. Planned comparisons showed that the mean saccade latency in
the neutral condition (198 ms, SE 5 ms) was significantly shorter than the mean
saccade latency in the dissimilar onset condition [214 ms, SE 6 ms; t(11) = 5.670,
P < 0.01] and significantly shorter than the mean saccade latency in the similar
onset condition [229 ms, SE 5 ms; t(11) = 9.304, P < 0.01], suggesting that the
distractor captured attention in both onset conditions. Furthermore, the mean
saccade latency in the dissimilar onset condition was significantly shorter than the
mean saccade latency in the similar onset condition [t(11) = 4.480, P < 0.01].
Time-course of correct saccades
To examine the effect of the two types of onset distractors on the latencies of
saccades directed to the target, we calculated individual cumulative distribution
functions of the saccade latencies for each subject. These were averaged in five
bins using the vincentizing procedure (Ratcliff 1979). Figure 2 shows the
distributions of the saccade latencies to the target in the three conditions. An
ANOVA with conditions (neutral, dissimilar onset and similar onset) and bin as
factors, revealed a main effect of condition [F(2,22) = 44.687, P < 0.01]. Planned
comparisons revealed that in all bins, saccade latencies to the target in the neutral
condition were significantly shorter than saccade latencies to the target in the
dissimilar onset condition and the similar onset condition (P < 0.01). Furthermore,
in all bins saccade latencies to the target in the dissimilar onset condition were
significantly shorter than saccade latencies to the target in the similar onset
condition (P< 0.05). As is clear in Fig. 2, in addition to the effect of onset
distractor, an effect of similarity of the distractor was found in all bins. The finding
that the whole distribution in the similar onset condition is shifted relative to the
distribution in the dissimilar onset condition, may be explained by assuming that
once attention is captured by the distractor, it is more difficult to disengage
attention from a similar distractor than from a dissimilar distractor.
Fixation duration on distractor
To determine whether the longer correct saccade latencies in the similar onset
condition relative to the dissimilar onset condition may be explained in terms of
disengagement of attention, we analyzed the fixation durations on the two types of
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onset distractors. Fixation durations included only those trials in which the error
saccade was followed by a correct saccade to the target. Subjects (5) who had too
few observations (<10) of fixation durations given the above criteria were excluded
from this analysis. Planned comparisons showed that mean fixation duration on the
dissimilar distractor was shorter (94 ms, SE 8 ms) than the mean fixation duration
on the similar distractor [128 ms, SE 22 ms; t(6) = 2.206, P < 0.05, one-tailed].

Fig. 2 Cumulative distribution functions of the latencies of the error saccades to the
distractor in the dissimilar onset and the similar onset condition (open squares and
triangles) and of the correct saccades in the neutral, the dissimilar onset and the similar
onset condition (closed circles, squares and triangles).

Initial saccades to the distractor
Some of the subjects (4) had very few observations (n < 10) of saccades to the
distractor in the dissimilar onset condition and were excluded from the following
parametric analysis. In the dissimilar onset condition, mean saccade latency to the
distractor (158 ms, SE 6 ms) was significantly shorter than mean saccade latency to
the target [213 ms, SE 9 ms; t(7) = 10.077, P < 0.01]. In addition, in the similar
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onset condition mean saccade latency to the distractor (169 ms, SE 5 ms) was
significantly shorter than mean saccade latency to the target [229 ms, SE 7 ms; t(7)
= 15.556, P < 0.01]. Importantly, the mean saccade latency to the dissimilar onset
distractor was significantly shorter than the mean saccade latency to the similar
onset distractor [t(7) = 3.600, P < 0.01].
Time-course of error saccades
To examine the effect of the similarity of the distractors on saccade latencies to the
distractor, we calculated individual cumulative distribution functions of the
latencies. Figure 2 shows the distributions of the error saccades. An ANOVA with
condition (dissimilar onset and similar onset) and bin as factors revealed a main
effect of condition [F(1,7) = 12.383, P < 0.01] and an interaction [F(1.7,11.9) =
7.439, P = 0.01, with Greenhouse–Geisser correction]. Furthermore, planned
comparisons showed that the shortest saccade latencies in the first bin did not
differ significantly (P = 0.62) between the two conditions and all other bins
differed significantly (P < 0.05).
Initial saccades directed elsewhere than the target or distractor
In the neutral condition, all but one subject had very few observations (n < 10) of
saccades directed to locations elsewhere than the target. Therefore, no parametric
analysis was conducted for these saccade latencies. To conduct a t-test between the
error saccades directed elsewhere than the target or distractor and the error
saccades directed to a distractor, we excluded the same subjects (4) who had less
than ten observations of error saccades directed to the dissimilar onset distractor. In
the dissimilar onset condition, the mean latency of saccades directed elsewhere
than the target or distractor (189 ms, SE 9 ms) was significantly longer than mean
latency of saccades directed to the distractor [158 ms, SE 6 ms; t(7) = 5.048, P <
0.01]. In the similar onset condition, the mean latency of saccades directed to a
location elsewhere than the target or distractor (199 ms, SE 8 ms) was significantly
longer than mean latency of saccades directed to the distractor [169 ms, SE 5 ms;
t(7) = 7.084, P < 0.01]. The shorter latencies of error saccades directed to the
distractor relative to the error saccades directed elsewhere indicate that the
distractor directed saccades were driven by the saliency information at that
location.
Discussion
The results of Experiment 1 show that saccade latencies to the target are delayed
by the presence of an additional distractor. This is consistent with the results

97

Chapter 6

obtained in a study by Godijn and Theeuwes (2002) (for similar finding see
Theeuwes et al. 2003).
The phenomenon of increased saccade latencies in the presence of a
remote distractor is called the remote distractor effect and is extensively
investigated in a study by Walker et al. (1997) (see also Walker et al. 1995). They
showed that the latencies of saccades to a visual target are increased when a distant
onset distractor at a non-target location is presented simultaneously. In the present
experiment, a similar distractor increased latencies of correct saccades more than a
dissimilar distractor. The increase of correct saccade latencies in the presence of a
similar distractor may be the result of slower attentional disengagement from a
similar distractor. The fixation durations of error saccades to the distractors seem
to corroborate this notion: fixation durations on a similar distractor were longer
than fixation durations on a dissimilar distractor.
An important finding of the current experiment is that latencies of the
saccades to the two types of distractors show a different time-course (see Fig. 2).
Very early in time, the distributions do not differ, indicating that these saccades
were driven purely on saliency information generated by the abrupt onset. Only
later in time (after ~150 ms), the distributions begin to differentiate showing the
influence of the similarity of the distractor. From these results we conclude that
early in time, saliency information captures attention and the eyes automatically.
Top-down goal processes initially do not prevent attentional capture by bottom-up
saliency information, but rather becomes manifest later in time. Therefore,
contingent capture may have a different time-course than automatic capture.
However, the results can also be interpreted from a conflict resolution point of
view. Relative to the target, the signal of the similar onset is a stronger competitor
than the signal of the dissimilar onset. Due to the stronger competition in the
similar onset condition, simple lateral inhibition (Ludwig et al. 2005; Usher and
McClelland 2001) may account for the results. In this view, the conflict that arises
between activity generated at the location of the target and at the location of the
distractor would have taken extra time to resolve before the threshold is reached to
execute a saccade.
To investigate whether the difference in saccade latencies was the result of
processes resolving conflict or due to top-down processes driven by task relevance
of the distractor, we presented the onset in Experiment 2 either surrounding the
target location (valid onset condition) or surrounding one of the non-target
locations (invalid onset condition). As such, when the onset was presented at the
target location, there was no conflict. In this way, the saliency information was
either relevant for the task (when the onset was presented at the target location) or
was irrelevant for the task (when the onset was presented at a non-target location).
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Figure 1b shows the sequence of a trial in the valid onset condition. The conditions
were blocked across trials and mixed with neutral (no-onset) trials. Thus, in one
block, the onset, if present, always appeared at the target location while in the other
block the onset always appeared at a non-target location. Given this set-up, the
subjects knew in advance that either the onset was always valid (indicating
consistently the target location) or always invalid (indicating consistently a
distractor location). In the valid condition, conflict resolution cannot play a role
because the task relevant salient signal is presented at the very same location as the
target. In other words, there are no conflicting signals present in the visual field. If
processes resolving conflict influenced the difference between the error saccade
latencies in the different similarity conditions in Experiment 1, the saccade
latencies to the valid onset should be shorter than the error saccade latencies to the
invalid onset in this experiment. However, if top-down processes driven by taskrelevance of the distractor caused the difference between the error saccades in
Experiment 1, we should find similar saccade latency distributions in Experiment 2
as in Experiment 1.
Experiment 2
Method
Participants
Fourteen paid volunteers (aged 18–25) participated in the experiment. All
participants had normal or corrected to normal vision.
Apparatus and design
The same apparatus set-up as in Experiment 1 was used. Experiment 2 consisted of
two blocks. One block with an onset at one of the non-target locations (invalid
onset condition) mixed with no-onset trials (neutral condition) and one block with
an onset at the target location (valid onset condition) mixed with no-onset trials
(neutral condition). The block with the invalid onset condition consisted of 480
onset trials and 240 no-onset trials. The block with the valid onset condition
consisted of 96 onset trials and 48 no-onset trials. Each block started with ten
practice trials. The trials were randomly presented within a block and blocks were
counterbalanced between participants.
We used the same paradigm as in Experiment 1 with the exception that in
the onset conditions an open square, 3.05° in diameter with a line thickness of 0.2°,
was presented surrounding one of the filled circles. The non-targets and the square
were red and the target gray.

99

Chapter 6

Each trial began with a white plus sign. After 1,400 ms the red circles were
presented for at least 500 ms with an additional random jitter between 0 and 200
ms. One of the red circles changed to gray indicating the target location.
Simultaneously with the color change, the fixation point disappeared and in the
onset trials, the square was presented surrounding one of the circles, either one of
the nontargets (invalid onset condition) or the target (valid onset condition). The
target was presented equally often at each of the four possible target locations: 1, 5,
7 or 11 o’clock. The onset was also presented either at 1, 5, 7 or 11 o’clock. In the
valid onset condition, the onset was presented at target location and in the invalid
onset condition at one of the other three remaining locations.
Procedure
The same as in Experiment 1 except that the feedback about their response time
was displayed on the screen after every 24th trial in both blocks.
Results
Of all trials the initial saccade latencies below 80 ms (4.4%) and above 300 ms
(3.7%) were excluded from analysis.
Initial saccades
In the neutral condition 95% of all initial saccades went to the target. In the invalid
onset condition 65% of all initial saccades went to the target and in the valid onset
condition 96%. A Friedman test on percentage correct saccades showed that there
was a significant effect of the various conditions χ 2 (2, N = 14) = 23.286, P <
0.01].
In the invalid onset condition 18% of all initial saccades went to the
distractor. In the neutral condition 5% of all initial saccades went to locations
elsewhere than the target and in the valid onset condition 4%. In the invalid onset
condition 17% went to locations elsewhere than the target or the distractor. A
Friedman test on percentage saccades directed elsewhere showed a significant
effect of condition [χ 2 (2, N = 14) = 23.286, P < 0.01], indicating that a distractor
present at a non-target location disturbed performance.
Initial saccades to the target
Saccade latencies to the target in the neutral condition did not differ significantly
between the two blocks (P = 0.81), therefore the neutral condition trials in the two
blocks were pooled. An ANOVA on saccade latency showed that there was a
significant main effect of condition [F(1.2, 15.6) = 41.514, P < 0.01, with
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Greenhouse–Geisser correction]. Planned comparisons showed that the mean
saccade latency in the neutral condition (192 ms, SE 5 ms) was significantly
shorter than the mean saccade latency in the invalid onset condition [208 ms, SE 6
ms; t(13) = 5.647, P < 0.01]. In addition, mean saccade latency in the valid onset
condition (166 ms, SE 6 ms) was significantly shorter than mean saccade latency in
the neutral condition [t(13) = 5.982, P < 0.01].
Time-course of correct saccades
To examine the effect of the relevance of the location of the onset on saccade
latency, we calculated individual cumulative distribution functions of the saccade
latencies to the target for each subject (see Fig. 3). An ANOVA with condition
(neutral, valid onset and invalid onset) and bin as factors revealed a main effect of
condition [F(1.2,15.7) = 40.707, P < 0.01, with Greenhouse–Geisser correction).
Planned comparisons revealed that in all bins, saccade latencies to the target in the
valid onset condition were significantly shorter than saccade latencies to the target
in the neutral condition and the invalid onset condition (P < 0.01). Furthermore, in
all bins saccade latencies to the target in the neutral condition were significantly
shorter than saccade latencies to the target in the invalid onset location (P < 0.01).
Initial saccades to the valid and the invalid onset
To examine whether initial saccade latencies to the valid onset differed from initial
saccade latencies to the invalid onset, we compared the mean saccade latencies.
Mean saccade latency to the invalid onset (error saccades) was significantly shorter
(154 ms, SE 4 ms) than mean saccade latency to the valid onset [166 ms, SE 6 ms;
t(13) = 2.463, P < 0.05].
Time-course of correct and error saccades
To examine the effect of the relevance of the onset on saccade latencies, we
calculated individual cumulative distribution functions of the latencies of error
saccades and correct saccades (see Fig. 3). An ANOVA with condition (valid onset
and invalid onset) and bin as factors revealed a main effect of condition [F(1,13) =
5.890, P < 0.05] and an interaction [F(1.5,19) = 18.374, P < 0.01, with
Greenhouse– Geisser correction]. Furthermore, planned comparisons showed that
the saccades in the first three bins did not differ significantly. All other bins
differed significantly (P < 0.05).
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Fig. 3 Cumulative distribution functions of the latencies of the correct saccades in the valid
onset, the neutral and the invalid onset condition (closed triangles, circles and squares)
and of the error saccades to the onset in the invalid onset condition (open squares).

Initial saccades directed elsewhere than the target or invalid onset
In the neutral condition, there was no significant difference between the mean
latency of saccades directed elsewhere than the target (185 ms, SE 5 ms) and mean
latency of saccades directed to the target (192 ms, SE 5 ms). In the valid onset
condition, all but one subject had very few observations (n < 10) of saccades
directed to a location elsewhere than the target. Therefore, no parametric analysis
was conducted for these saccade latencies. In the invalid onset condition, the mean
latency of saccades directed elsewhere than the target or distractor (178 ms, SE 4
ms) was significantly longer than mean latency of saccades directed to the invalid
onset [154 ms, SE 4 ms; t(13) = 10.714, P < 0.01]. The shorter latency of error
saccades directed to the invalid onset relative to the error saccades directed
elsewhere indicate that the onset directed saccades were driven by the saliency
information at that location.
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Discussion
The results of Experiment 2 show again that latencies of saccades to the target are
delayed by the presence of an additional distractor (at a non-target location). The
most revealing result of Experiment 2 concerns the time-course of the saccades in
the valid onset condition. In this condition, both saliency information and task
relevance information acted in favor of target selection. Note that the valid onset, if
present, was presented at target location in 100% of time. Accordingly, subjects
should have been fastest to select this location compared to any other locations in
other conditions. However, subjects were fastest to select the invalid onset at a
non-target location. This is consistent with Experiment 1 in which saccade
latencies to a dissimilar distractor (task irrelevant) were shorter than saccade
latencies to a similar distractor (task relevant).
As can be seen in Fig. 3, the latency distributions show a similar timecourse as those observed in Experiment 1. The distribution of the error saccades to
the invalid onset and the distribution of the correct saccades to the valid onset show
that there is no difference between saccade latencies early in time, but later in time
(after »160 ms) the distributions start to differentiate. Whereas the information at
target location was salient and relevant for the task, the information at a non-target
location was salient but not relevant for the task. These results suggest that the
difference between the distribution of correct saccades in the valid onset condition
and the distribution of error saccades in the invalid onset condition may be the
result of an interaction between bottom-up and top-down information. Importantly,
the fact that these time-courses show the same pattern as in Experiment 1 indicates
that the results of Experiment 1 cannot be attributed to processes resolving conflict.
Whereas in Experiment 1, two signals at different locations would have to be
resolved, in this experiment either two signals at one location (valid onset
condition) or two signals at different locations (invalid onset condition) would
have to be resolved. However, saccade latencies to the onset at a nontarget location
(two signals at different locations) were shorter than saccade latencies to the onset
at target location (two signals at the same location), suggesting that the interaction
between bottom-up and top-down information affected these latter saccade
latencies.
General discussion
Results of the two experiments lead to the conclusion that automatic capture and
contingent capture differ in time-course. Early in time, capture was completely
independent of task relevance, indicating that saliency information is processed

103

Chapter 6

first resulting in automatic capture. Later in time, task relevance influenced
saccade latencies, indicating that task relevant information is processed later
resulting in contingent capture.
The idea that bottom-up information can be influenced by top-down
processes later in time would explain the difference between the obtained results in
the additional distractor paradigm (Theeuwes 1992, 1994a, b; Yantis and Jonides
1984, 1990) and the distractor cueing in advance studies (Folk et al. 1992, 1994).
In the first 150 ms, saliency information guides attentional selection and after 150
ms slower additional top-down processes become available. As a result, a
distractor that is contingent on task demands will be more difficult to inhibit only
later in time. In addition, the results of Experiment 2 showed that a top-down
search strategy for singletons (Bacon and Egeth 1994) is not sufficient to explain
attentional capture. In the valid onset condition, the onset at target location is the
only unique singleton in the display. If participants had adopted a search strategy
for singletons, saccade latencies to the valid onset at the target location should have
been shorter than saccade latencies to an invalid onset at a non-target location.
However, we found that saccade latencies to a singleton (invalid onset) in a display
with another singleton (the target) were shorter than saccade latencies to one
unique singleton (valid onset) in the display. Accordingly, these results suggest
that a top-down strategy for unique singletons, even when appropriate as in our
valid onset condition, does not necessarily speed up selection but may in fact
increase saccade latencies.
Although our results are consistent with the notion that saccade latencies
driven by saliency are shorter than saccades driven by top-down goals (e.g., Godijn
and Theeuwes 2002; van Zoest and Donk 2005; van Zoest et al. 2004), the current
findings seem to suggest an integration of saliency and top down information. In
contrast to earlier conclusions of van Zoest and colleagues (van Zoest and Donk
2005; van Zoest et al. 2004) who claimed that saliency and top-down processes
operate in different and independent time-windows, our findings imply that topdown processes integrate with saliency information (see also Godijn and Theeuwes
2002; Ludwig and Gilchrist 2002, 2003a, b). This is consistent with the
competitive integration model (Godijn and Theeuwes 2002). This functional model
states that saccades are generated in a common spatiotopic saccade map in which
bottom-up and top-down information is integrated (see also Ludwig and Gilchrist
2002, 2003a, b). If a location in the saccade map is activated, neighboring locations
will also get activated but due to lateral inhibition, more distant locations will be
inhibited. In addition, inhibition can also be achieved through an additional topdown mechanism that directly affects the activation within the saccade map (e.g.,
Tipper et al. 2001). If the activation in the map reaches a certain threshold, a
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saccade to that location is executed. Results from studies with the additional
distractor paradigm (Godijn and Theeuwes 2002) suggested that bottom-up
saliency information activates the saccade map first before top-down information is
available. Godijn and Theeuwes (2002) concluded this on the basis of several
findings. First, error saccades to a salient distractor were faster than correct
saccades to the target and second, the location of the target in relation to the
location of the distractor had no effect on the fastest saccades while it did have an
effect on the slower saccades. They argued that top-down information reaches the
saccade map later because additional processing is necessary for goal-directed
saccades in order to determine if the properties of the stimulus are related to the
goal.
The competitive integration model is supported by the neurophysiology of
saccade programming. Godijn and Theeuwes placed their model in the superior
colliculus (SC) which plays an essential role in saccade programming (for reviews,
see Schall 1995; Van der Stigchel et al. 2006) and is assumed to integrate topdown activation and saliency activation from the environment (Trappenberg et al.
2001). The SC receives top-down activations from the frontal eye fields (FEF),
supplementary eye fields, the lateral intraparietal area and the dorsolateral
prefrontal cortex. Integration of bottom-up and top-down information in the
process of target selection, however, is not only observed in the SC but also in
other areas involved in oculomotor programming such as the FEF (see for example
Everling and Munoz 2000; for review Schall 1995).
Whereas Godijn and Theeuwes (2002) argue that bottom- up and top-down
control are integrated in a common saccade map, Irwin et al. (2000) argued that the
two different selection mechanisms are each controlled by different parallel
pathways: one cortical pathway, responsible for voluntary goal-directed saccades
and one sub-cortical pathway depending on the SC and responsible for reflexive
involuntary saccades (e.g., Schall 1995). They reached this conclusion after they
determined which salient items induced oculomotor capture. Abrupt onsets,
luminance increments and color changes were used as the salient distractor. Results
showed that abrupt onsets and luminance increment of an irrelevant distractor
captured the eyes. A color change of the distractor, however, did not have these
effects. Based on the idea that neurons in the SC appear not to discriminate color
(Marrocco and Li 1977), Irwin et al. argued that the color change in their
experiment could never elicit a reflexive like saccade. However, although the
initial activity in the SC does not reflect color discrimination, target identity
information on the basis of color does reach the SC 100 ms after stimulus onset
(McPeek and Keller 2002, 2004).
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The hypothesis that involuntary saccades based on saliency are processed by a
different pathway than goal directed saccades (e.g., Irwin et al. 2000; Schall 1995)
seems not consistent with our results. However, we cannot completely rule out the
idea that the generation of saliency driven saccades is processed by a sub-cortical
route. In this study, bottom-up saliency information is processed faster than topdown color information. Nevertheless, our results seem to contradict a clear
dissociation between a sub-cortical pathway responsible for involuntary saccades
and a cortical pathway responsible for voluntary saccades. In this study, top-down
activation seems to enhance bottom-up saliency information. The integration of
information is not only present in the error saccades to a similar salient distractor,
but also shown by the shorter correct saccade latencies to the salient valid onset
relative to correct saccade latencies in the baseline condition when no onset is
presented. However, integration of top-down and bottom-up information also
seems to slow the oculomotor system. Saccade latencies to the similar and valid
onset were longer than saccade latencies to a dissimilar or invalid onset.
Especially, experiment 2 reveals that top-down goal information could decelerate
instead of accelerate the oculomotor system. Subjects in this experiment had no
reason to inhibit the saliency information at the target location because it was
100% valid. Nevertheless, the saccade latency distributions showed that saccades
were slowed by this saliency information (for similar results see van Zoest and
Donk 2005). Initial automatic inhibition of saliency information could explain
these results. Kramer et al. (2005), already speculated in addition to an intentional
type of inhibition about an automatic type of inhibition. However, how and where
these two types of inhibition are controlled is not yet clear. Future research about
automatic and contingent capture could give more insight into the processes
involved in the activation and inhibition of saliency information and top-down
signals acting upon this information, whether inhibitory or excitatory.
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7. Early and late modulation of saccade deviations by
target distractor similarity

Mulckhuyse, M, Van der Stigchel, S, & Theeuwes, J (2009). Early and late
modulation of saccade deviations by target distractor similarity. Journal of
Neurophysiology, 102 (3), 1451-1458.
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Abstract
In the current experiment, we investigated the time-course of oculomotor
competition between bottom-up and top-down selection processes using saccade
trajectory deviations as dependent measure. We used a paradigm in which we
manipulated saccade latency by offsetting the fixation point at different time points
relative to target onset. In Experiment 1, observers made a saccade to a filled
colored circle while another irrelevant distractor circle was presented. The
distractor was either similar (i.e. identical) or dissimilar to the target. Results
showed that the strength of saccade deviation was modulated by target distractor
similarity for short saccade latencies. To rule out the possibility that the similar
distractor affected the saccade trajectory merely because it was identical to the
target, the distractor in Experiment 2 was a square shape of which only the color
was similar or dissimilar to the target. The results showed that deviations for both
short and long latencies were modulated by target distractor similarity. When
saccade latencies were short, we found less saccade deviation away from a similar
than from a dissimilar distractor. When saccade latencies were long the opposite
pattern was found: more saccade deviation away from a similar than from a
dissimilar distractor. In contrast to previous findings, our study shows that taskrelevant information can already influence the early processes of oculomotor
control. We conclude that competition between saccadic goals is subject to two
different processes with different time-courses: one fast activating process
signaling the saliency and task relevance of a location and one slower inhibitory
process suppressing that location.
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Introduction
Each time the eyes move, a point of interest in the visual field is selected as a
saccadic goal. These points of interest are assumed to be represented in a
topographic salience map that guides the saccadic target selection process (e.g.,
Findlay and Walker 1999; Itti and Koch 2000; 2001). In this map, salient objects in
the environment may capture the eyes through a bottom-up selection process
(Theeuwes et al. 1998). These bottom-up selection processes can compete strongly
with a saccadic goal that is based on top-down selection processes. Top-down
selection processes refer to the voluntary selection of a saccadic goal, for example
guided by knowledge of a specific color or shape. In visual search, competition
between bottom-up and top-down selection processes is reflected by longer
saccade latencies to a saccade target in the presence of a salient distractor, by the
number of erroneous saccades to a distractor and by saccade trajectory deviations
in the presence of a distractor (Godijn and Theeuwes 2002; Theeuwes and Godijn
2004; Van der Stigchel et al. 2005; 2006). When bottom-up information becomes
task relevant, for example by increasing similarity between target and distractor,
the top-down task relevant information integrates with the bottom-up saliency
information. The combined information of task relevance and bottom-up saliency
is represented in a so called priority map (Fecteau and Munoz, 2006). These task
relevant salient distractors are given priority by the oculomotor system. As a result,
the competition between salient distractors that are in addition task relevant and
top-down target goals becomes stronger. In visual search, this is reflected by longer
saccade latencies in the presence of a similar distractor compared to a dissimilar
distractor, by more erroneous saccades to a similar distractor compared to a
dissimilar distractor and by longer fixation durations on a similar distractor than on
a dissimilar distractor (i.e., Ludwig and Gilchrist 2002, 2003a; Mulckhuyse et al.
2008). The aim of the current study is to investigate the time-course of competition
between bottom-up and top-down selection processes using saccade trajectory
deviation as the dependent measure.
Saccade trajectory deviations refer to the modulation of saccade trajectory
in the presence of competing stimuli (see for review Van der Stigchel et al. 2006;
Walker and McSorley 2008) and can deviate towards or away from the competing
stimulus. Saccade deviations are explained by a neural map in which distractor and
target location both evoke activity. Saccade direction within this map is encoded
by populations of neurons with broad and overlapping receptive fields. The initial
activity at the target and distractor location is averaged and as a consequence the
saccade trajectory deviates towards the distractor (McPeek et al. 2003; 2006).
Saccade deviations away from distractors are believed to result from an additional
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inhibitory process (see e.g., Doyle and Walker 2001; 2002; McSorley et al. 2004;
Sheliga et al. 1994, 1995, 1997; Tipper et al. 2001; Walker et al. 2006). If the
distractor related activity is inhibited below a baseline level, the average result will
be negative. As a consequence, the saccade trajectory will deviate away from the
distractor location (Van der Stigchel et al. 2006; Walker and McSorley 2008).
Neural correlates of saccade target selection and saccade trajectory
deviations are found in the superior colliculus (SC) and the frontal eye fields (FEF)
(McPeek et al. 2002, 2003, 2006). In non-human primates, the SC and the FEF are
part of the network for saliency mapping (Munoz 2002; Schall and Thompson
1999; Thompson and Bichot 2005). This network also includes the lateral
intrapariatal area (LIP; Kusunoki et al. 2000) that projects to the FEF and the
intermediate layers of the SC (Munoz and Everling 2004), but activity in LIP is
independent of saccade generation and saccade execution (Colby and Goldberg
1999; Gottlieb et al. 1998). McPeek et al. (2003) recorded activity of neurons in
the SC and found an association between saccade deviation towards a distractor
and enhanced activity at the distractor location just before saccade initiation. In
addition, subthreshold electrical microstimulation in the SC immediately before
saccades to single targets produced saccades that deviated towards the location
coded by the stimulated site. McPeek and colleagues suggested that ongoing
competition between target and distractor stimuli are associated with saccade
deviation towards the distractor. More recently, McPeek (2006) found a similar
pattern of neural activity in the FEF, i.e., enhanced activity just before saccade
initiation was associated with saccade deviation towards.
While saccade deviation towards has been shown in monkeys and in humans (e.g.,
Walker et al. 2006), saccade deviation away has been shown in humans only (Van
der Stigchel et al. 2006). In one of the classic studies on saccade deviations
(Sheliga et al. 1994, 1995, 1997) saccade trajectories deviated away from a
previously attended location. For instance, in one of these studies (Sheliga et al.
1994), participants had to attend to a cue that indicated the subsequent oculomotor
behavior. This cue was presented within one of four peripheral boxes positioned in
the upper or lower visual field and to the left or right of the target locations.
Results showed that the eyes deviated away from the imperative stimulus that was
previously attended, indicating that covert spatial attention also affects saccade
trajectories.
Previous research investigating the competition between bottom-up and
top-down selection processes has shown that saccades with short latencies tend to
deviate towards distractors while saccade with longer latencies tend to deviate
away from distractors (Godijn and Theeuwes 2002; McSorley et al. 2006;
Theeuwes and Godijn 2004). McSorley et al. (2006) for instance, manipulated
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saccade latency by using a fixation gap paradigm (Saslow 1967): the longer the
gap between fixation offset and target onset, the shorter the saccade latencies will
be. In contrast, the shorter the gap - or the longer the overlap between fixation
offset and target onset - the longer the saccade latencies will be. In the study of
McSorley and colleagues, subjects made saccades to a target that could appear at
one of four possible locations while a distractor was presented simultaneously. The
results showed basically a linear relationship between saccade latency and saccade
deviation: saccade with short latencies deviated towards the distractor while
saccades with long latencies deviated away from the distractor. The authors
suggested that two separate neural mechanisms are responsible for the different
directions of deviation. In their view, deviation towards a distractor is the result of
a fast feed-forward process without top-down inhibition. The initial decrease in
deviation towards a distractor reflects the local competitive inhibition processes
between target and distractor locations in the neural map (Port and Wurtz 2003).
The neural mechanism that causes deviation away from a distractor is a second
slower top-down inhibitory process suppressing distractor related activity in the
neural map.
Ludwig and Gilchrist (2003b) found that the stronger competition between
distractor and target modulated exclusively this latter inhibitory process. In their
study, subjects had to make an eye-movement to a no-onset target along the
vertical meridian while an onset distractor was presented on the horizontal
meridian. The color of the onset distractor was either similar or dissimilar to the
target. Results showed that saccade latencies increased in the presence of a similar
distractor relative to a dissimilar distractor, but the similar distractor modulated the
saccade trajectory only late in time: when the onset of the distractor preceded the
target display or when saccade initiation was delayed due to a continuous fixation
point. Only under these conditions stronger deviation away from the similar
distractor relative to a dissimilar distractor was observed. Ludwig and Gilchrist
concluded that distractor related activity is initially bottom-up driven while later in
time additional top-down signals (such as task relevant color information) can
enhance the distractor related activity. They explained their results by claiming that
early in time, resolving the competition between target and distractor related
activity requires less suppression than later in time, because not until later in time
the top-down activity of the color being relevant becomes available. In other
words, only later in time, the task relevant color information enhances the
distractor related activity. However, in Ludwig and Gilchrist the mean saccade
latencies were all well above 200ms, which is believed to be the point in time
where saccade deviation towards a distractor turns to saccade deviation away from
a distractor (e.g., McSorley et al 2006; McSorley, Haggard and Walker, 2009;
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Theeuwes and Godijn 2004). Because of these relatively long saccade latencies, it
is possible that they could only reveal the late modulation reflecting the
suppression of a distractor that was similar to the target but not the early
modulation reflecting the enhancement of that same distractor.
In the current experiment, we investigated whether top-down information
relevant for the task at hand can influence the oculomotor system early in time, that
is, before inhibitory processes start playing a role. To this end, we used the fixation
gap and overlap paradigm (McSorley et al. 2006; Saslow 1967) to induce both
short and long saccade latencies. The onset distractors could either be similar or
dissimilar to the target and were presented to the left or the right of the target.
Target locations were indicated by placeholders on the vertical meridian. We
expected to find an effect of saccade latency on saccade deviation: deviation
towards the distractor for shorter saccade latencies and deviations away from the
distractor for longer saccade latencies. Furthermore, we expected that saccade
deviation would be modulated by target distractor similarity.
Experiment 1
Method
Participants
Twelve paid volunteers (aged 18-24) participated in the experiment. All
participants had normal or corrected to normal vision.
Apparatus and Design
A Pentium IV computer with a processor speed of 2.3 GHz controlled the timing of
the events. Displays were presented on an Iiyama 21” SVGA monitor with a
resolution of 1024 x 768 pixels and a 100-Hz refresh rate. A second computer
controlled the registration of eye movement’s data on-line. Eye movements were
registered by means of a video-based eye tracker (SR Research Ltd, Canada). The
Eyelink 1000 Tower Mount system has a 1000 Hz temporal resolution and a <
0.01° of gaze resolution (noise limited) and a gaze position accuracy of < 0.5°.
Data from the left eye was monitored and analyzed. The distance between monitor
and chin rest was 70 cm. The experiment was conducted in a sound-attenuated and
dimly lit room.
The experiment consisted of two blocks. One block without a distractor
(baseline condition) and one block with a distractor, either similar (similar
distractor condition) or dissimilar (dissimilar distractor condition) to the target. In
addition, during both blocks the fixation cross was removed at five different

112

Early and late modulation

stimulus onset asynchronies (SOA’s) of: -150, -50, 0, 50 or 150 ms relative to
target onset. In total, each of the distractor condition consisted of 400 trials, 80
trials for each of the five gap intervals. The baseline condition consisted of 200
trials, 40 trials for each of the five gap intervals. Trials were randomly distributed
throughout a block. The target appeared equally often above or below the fixation
point. Half of the participants started with the baseline block, the other half with
the distractor block.
All stimuli were presented on a black background. Two possible target
locations, 7.73º above and below fixation point at the centre of the display, were
indicated by filled gray (x=0.279, y=0.312) circles of 1.23º. An equiluminant color
change of one of these gray circles indicated the saccadic target location. Half of
the subjects made a saccade to a red circle target (x=0.519, y=0.332) and the other
half to a green circle target (x=0.285, y=0.533). In the distractor conditions an
onset distractor, either red or green, was presented at the moment of target onset,
either to the left or to the right of fixation in the same upper or lower visual field as
the target. These conditions were randomized within a block. The vertical distance
of the distractor from fixation was 5.31º; the horizontal distance of the distractor
from fixation was 6.52º. All colors were matched for luminance (14cd/m2). Figure
1a shows the sequence of a trial in the similar distractor condition with a fixation
offset before target onset.
Procedure
Before the experiment started the Eyelink 1000 system was calibrated. Participants
had to fixate nine calibration targets that were presented randomly in a 3 x 3 grid
across the monitor. On each trial in the experiment, participants were instructed to
fixate the centre fixation point and to press the space bar in order to recalibrate the
position of the eyes. The fixation point then changed into a plus sign as an
indication that the positions of the eyes were recalibrated.
Participants were told to make a saccade to the saccadic target. To avoid
anticipation saccades a warning beep was presented when participants responded
too fast, before 80 ms. The warning beep was also presented when participants
responded to slow, after 600 ms. Participants started each block with 20 practice
trials.
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Figure 1a. On the left: from top to bottom, succession of events in a trial in Experiment 1 in
which the target and distractor have the same color and shape. Fixation point offset
occurred before target onset.
Figure 1b. On the right: from top to bottom, succession of events in a trial in Experiment 2
in which the target and distractor have the same color but not the same shape. Fixation
point offset occurred before target onset.

Data analysis
A saccade was defined as a correct saccade if the starting position was within 1° of
horizontal distance and within 2° of vertical distance from the centre fixation point.
Furthermore, the initial saccade was assigned to a target if the endpoint of the
initial saccade was within 3° of the center of the target position and to a distractor
if the endpoint was within 3° of the center of the distractor position. Saccade
latencies shorter than 80 ms or longer than 600 ms were excluded from analyses.
Latencies shorter or longer than 2.5 standard deviations away from the mean
latency were also excluded. Moreover, too small saccades (<3°) were excluded
from analyses.
Saccade trajectories were examined by calculating the mean angle of the
actual saccade path relative to the mean angle of a straight line between the starting
point of the saccade and the saccadic target. The angle of the actual saccade was
calculated for each 2-msec sample point by examining the angle of the straight line
between fixation and the current sample point. Angles were averaged across the
whole saccade and subtracted from the angle of the straight line between fixation
and the target location (for a more detailed overview of saccade trajectory
computation, see, Van der Stigchel et al. 2006). To compute the influence of the
distractor on saccade trajectories, we compared each saccade in a trial with a
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distractor to that of the averaged mean-path-angles of all trials without a distractor,
to determine whether the saccade in the presence of a distractor deviated towards
or away from the location of the distractor. Deviations were signed so that a
positive value indicated deviation towards the distractor and a negative value
deviation away. All deviations are given in radians.
Results
Based on the criteria described above, 15.8% of the trials in the similar condition
were excluded from analyses, 13.7% in the dissimilar condition and 14.3% in the
baseline condition. A Friedman test on percentage of errors revealed that there was
no difference between the three conditions.
Saccade direction: In the similar condition 4.7% of all initial saccades ended on the
distractor and in the dissimilar condition 1.8% of all initial saccades. A two-related
Wilcoxon test showed a significant effect between the two (Z= 2.986, N-ties = 12,
p < 0.01), demonstrating that the similar distractor captured the eyes more often
than the dissimilar distractor.
Saccade latency: Figure 2 shows the mean saccade latency for each condition per
fixation offset SOA. As can be seen, fixation offset SOA influenced saccade
latencies. A repeated measures ANOVA with condition (baseline, dissimilar
distractor and similar distractor) and fixation offset SOA as factors revealed a main
effect of fixation offset SOA (F(4,44) = 123.641, p < 0.01, with Greenhouse–
Geisser correction). The earlier the fixation offset prior to target onset, the shorter
the saccade latencies in each condition (p < 0.01). Similar, the later the fixation
offset after target onset, the longer saccade latencies in each condition (p < 0.01).
This pattern of results is similar to McSorley et al. (2006) and indicates that the
fixation gap manipulation was successful in generating both short and long saccade
latencies within one paradigm. In addition to the main effect, we found an
interaction between fixation offset SOA and condition (F(8,88) = 7.487, p < 0.01,
with Greenhouse–Geisser correction).
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Figure 2. Mean saccade latency in Experiment 1 for the similar distractor (filled circle),
the dissimilar distractor (filled square) and the baseline (filled triangle) condition per
fixation offset SOA (-150, -50, 0, 50, 150).

To examine the effect of saccade latency on saccade deviation, the latency
distribution for each subject and for each distractor condition was divided into five
bins. Figure 3 shows the mean saccade latency per bin per distractor condition. An
ANOVA with condition (dissimilar distractor and similar distractor) and bin as
factors revealed a main effect of condition (F(1,11) = 6.492, p < 0.05). Planned
comparisons showed that the main effect of condition was due to significant
shorter saccade latencies in the dissimilar distractor condition compared to the
similar condition in the first (t(11) = 2.341, p < 0.05), the second (t(11) = 4.458, p
< 0.01), and the third bin (t(11) = 3.717, p < 0.01). This is consistent with previous
research (e.g., Ludwig and Gilchrist, 2003a,3b; Mulckhuyse et al., 2008) in which
shorter saccade latencies were found in the presence of a dissimilar distractor
compared to a similar distractor. The absence of an interaction between bin and
condition (F =1.79) indicates that the effect of target distractor similarity on
saccade latency was independent of the effect of bin on saccade latency.
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Figure 3. Mean saccade latency in Experiment 1 for the similar distractor (filled circle)
and the dissimilar distractor (filled square) per bin.

Saccade deviation: Figure 4 shows the mean saccade deviation per condition per
bin, and mean saccade latency per condition per bin. As can be seen, target
distractor similarity had an effect on saccade deviation. An ANOVA on saccade
deviation with condition (similar and dissimilar) and bin as factors revealed a
significant main effect of bin (F(4,44) = 6.213, p < 0.05, with Greenhouse–Geisser
correction). More importantly, however, the interaction between condition and bin
was highly significant (F(4,44) = 4.194, p < 0.01). Post-hoc comparisons showed
that saccade deviations in the first and the second bin differed significantly
between the two conditions: in the first bin, target distractor similarity modulated
saccade deviations in such a way that the saccades in the similar distractor
condition deviated towards the distractor while saccades in the dissimilar distractor
condition deviated away from the distractor (t(11) = 2.968, p < 0.05). In the second
bin, saccades deviated away from the distractor in both conditions but less so in the
similar distractor condition compared to the dissimilar distractor condition (t(11) =
3.981, p < 0.01).
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Figure 4. Mean saccade deviation and mean saccade latency in Experiment 1 for the
similar distractor (filled circle) and the dissimilar distractor (filled square) per bin.

In addition to the target distractor similarity effect on saccade deviation, a one
sample t-test showed that in the similar distractor condition saccades deviated
away significantly from zero in the last two bins (p < 0.05) and in the dissimilar
condition the saccades deviated away significantly from zero in all but the first bin
(p < 0.05).
Discussion
Results showed that saccade latency affected saccade deviation and in addition,
this effect was modulated by target distractor similarity. For the short latencies,
saccades in the similar distractor condition tended to deviate towards a distractor
whereas saccades in the dissimilar distractor condition already tended to deviate
away from a distractor. At longer saccade latencies, saccades deviated away from
the distractor in both conditions and were no longer modulated by target distractor
similarity. These results are not consistent with the results obtained by Ludwig and
Gilchrist (2003b). In contrast to our findings, they found that modulation of
saccade deviations by target distractor similarity occurs only late in time. Ludwig
and Gilchrist explained their results by claiming that only later in time the task
relevant color information enhances the distractor related activity which in turn
resulted in stronger suppression. Our results suggest that early in time, task
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relevant color signals enhances distractor related activity in such a way that
suppression has not been accomplished yet.
However, it is possible that our findings can be explained by other factors
than the enhancement of distractor related activity due to task relevant signals.
Even though the distractor was always presented at a different location than the
target, the distractor had the same color and shape as the target. It is feasible that in
this condition, saccades deviated more towards the distractor not so much because
of target-distractor similarity per se but more because observers were confused
about what the target and what the distractor was. Note that in the similar
condition, the target could only be distinguished from the distractor on the basis of
location. In Experiment 2 we ensured the shape of the distractor was clearly
different from the target and thus could be distinguished on the basis of the feature
shape. While in Experiment 1, both target and distractor were filled colored circles,
in Experiment 2, the target was always a filled colored circle while the distractor
was always a filled colored square. Previous research has shown that observers can
easily distinguish a circle from a square (e.g., Theeuwes, 1992).
In Experiment 2, we addressed another potential concern. In Experiment 1,
we presented distractor present and absent conditions in a blocked fashion,
allowing different search strategies between experimental and control conditions.
Notably it has been shown that the mere expectation of a distractor can already
cause saccades to deviate away from a distractor location (Van der Stigchel and
Theeuwes, 2006). To prevent anticipation of the distractor, we presented distractor
present and absent trials mixed within a block of trials.
Experiment 2
Method
Participants
Twelve paid volunteers (aged 18-24) participated in the experiment. All
participants had normal or corrected to normal vision.
Apparatus and Design Procedure and Data Analyses
The procedure was the same as in Experiment 1 with the exceptions that distractor
absent and distractor present trials were mixed within a block and that the
distractor was a filled square ( 1.06° on each side) instead of a filled circle. The
filled square either had the same color as the filled target circle (similar condition)
or had a different color (dissimilar condition). Figure 1b shows the sequence of a
trial in the similar distractor condition with a fixation offset before target onset.
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Results
Based on the criteria described above, 16.2% of the trials in the similar condition
were excluded from analyses, 16.3% in the dissimilar condition and 17.3% in the
baseline condition. A Friedman test on percentage of errors revealed that there was
no difference between these conditions.
Saccade direction: In the similar condition 2.9% of initial saccades ended on the
distractor and in the dissimilar condition 1.2% of initial saccades. A two-related
Wilcoxon test showed a reliable effect between the two (Z= 2.866, N-ties = 12, P <
0.01), demonstrating that the similar distractor captured the eyes more often than
the dissimilar distractor.
Saccade latency: A repeated measures ANOVA with condition (baseline,
dissimilar distractor and similar distractor) and fixation offset SOA as factors
revealed a main effect of fixation offset SOA (F(4,44) = 78.329, p < 0.01, with
Greenhouse–Geisser correction). As can be seen in Figure 5, the earlier the fixation
offset prior to target onset, the shorter the saccade latencies in each condition (p <
0.01). Similar, the later the fixation offset after target onset, the longer saccade
latencies in each condition (p < 0.01).

Figure 5. Mean saccade latency in Experiment 2 for the similar distractor (filled circle),
the dissimilar distractor (filled square) and the baseline (filled triangle) condition per
fixation offset SOA (-150, -50, 0, 50, 150).
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This pattern of results is similar to Experiment 1 and again confirms that the
fixation gap manipulation was successful in generating both short and long saccade
latencies within one paradigm. In addition to the main effect, we found an
interaction between fixation offset SOA and condition (F(8,88) = 3.327, p < 0.05,
with Greenhouse–Geisser correction) and a main effect of condition (F(2,22) = 6.1,
p < 0.05, with Greenhouse–Geisser correction). The mean saccade latency in the
dissimilar condition was significantly shorter than the mean saccade latency in the
similar condition (p < 0.05), and the mean saccade latency in the similar condition
was significantly shorter than the mean saccade latency in the baseline condition (p
< 0.01).
To examine the effect of saccade latency on saccade deviation, the latency
distribution for each subject and for each distractor condition was divided into five
bins. An ANOVA with condition (dissimilar distractor and similar distractor) and
bin as factors revealed a main effect of condition (F(1,11) = 11.166, p < 0.01).
Planned comparisons revealed that the main effect of condition was due to
significant shorter saccade latencies in the dissimilar distractor condition compared
to the similar condition in all but the last bin (p < 0.05). As Figure 6 shows, the
absence of an interaction between bin and condition (F <1) indicates that the effect
of target distractor similarity on saccade latency was independent of the effect of
bin on saccade latency. These results are consistent with the results obtained in
Experiment 1.
Saccade deviation: Figure 7 shows the mean saccade deviation per
condition per bin, and mean saccade latency per condition per bin. As can be seen,
target distractor similarity had a clear effect on saccade deviation for the short as
well as for the long latencies. An ANOVA on saccade deviation with condition
(similar or dissimilar) and bin as factors revealed a significant main effect of bin
(F(4,44) = 6.128, p < 0.01, with Greenhouse–Geisser correction). And, replicating
Experiment 1, the interaction between condition and bin was significant (F(4,44) =
3.266, p < 0.05).
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Figure 6. Mean saccade latency in Experiment 2 for the similar distractor (filled circle)

and the dissimilar distractor (filled square) per bin.
Post-hoc comparisons showed that saccade deviations in the first and the last bin
differed significantly between the two conditions. In the first bin, target distractor
similarity modulated the saccade deviations in such a way that the saccades
deviated less away from the similar distractor than from the dissimilar distractor
(t(11) = 1.940, p < 0.05, one-tailed). The last bin showed exactly the opposite
pattern: saccades deviated away more from the similar distractor than from the
dissimilar distractor (t(11) = 2.150, p < 0.05, one-tailed). In addition to the target
distractor similarity effect on saccade deviation, a one sample t-test showed that in
the similar distractor condition saccades deviated away significantly from zero in
the last three bins (p < 0.05) while in the dissimilar condition saccades already
deviated away significantly from the first bin (p < 0.05).
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Figure 7. Mean saccade deviation and mean saccade latency in Experiment 2 for the
similar distractor (filled circle) and the dissimilar distractor (filled square) per bin.

Discussion
Experiment 2 shows the same pattern of results as Experiment 1; saccade latency
affected saccade deviation and in addition, this effect was modulated by target
distractor similarity. At short latencies, saccades in the similar distractor condition
deviated less away from the distractor than saccades in the dissimilar distractor
condition. In contrast, at long latencies, saccades deviated away more from the
distractor in the similar condition than in the dissimilar condition. The latter result
is consistent with the results obtained by Ludwig and Gilchrist (2003b) and
demonstrates the stronger inhibitory processes necessary to inhibit the stronger
enhancement of the distractor related activity when the distractor is similar to the
target. The early modulation of saccade deviation shows that the similar distractor
is not yet suppressed while the dissimilar distractor already is. This is also evident
from the finding that the saccades in the dissimilar condition deviated away from
zero significantly from the first bin on while the saccades in the similar condition
did not deviated away significantly from zero until the third bin.
General Discussion
The aim of the present study was to investigate the time-course of competition
between bottom-up and top-down selection processes using saccade trajectory
deviations as the dependent measure. Results showed that saccade latency affected
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saccade deviation and in addition, this effect was modulated by target distractor
similarity.
At short latencies, saccade deviations in the presence of a similar distractor
were not or less suppressed than saccade deviations in the presence of a dissimilar
distractor. Furthermore, in both experiments saccades in the dissimilar distractor
condition deviated away from zero before saccades in the similar distractor
condition started to deviate away from zero. Since it is assumed that deviation
away represents suppression in the oculomotor system (e.g., Van der Stigchel et
al., 2006), these results indicate that suppression of a distractor dissimilar to the
target is accomplished before a distractor similar to a target is suppressed. Early
suppression of a dissimilar distractor may possibly be resolved through local
inhibitory processes between target and distractor locations. The slower additional
top-down inhibitory process suppressing distractor related activity is manifested
later in time (McSorley et al., 2006). In both experiments saccades deviated away
more strongly from the distractor at long latencies compared to short latencies and
in addition, these deviations were modulated by target distractor similarity in
Experiment 2. The reason why we did not find target distractor modulations at long
saccade latencies in Experiment 1 could be explained by the difference in search
strategies. In Experiment 2, distractor present and distractor absent trials were
mixed and therefore observers may have asserted less inhibition of the potential
distractor locations before a trial started. When observers were unable to anticipate
a distractor there was more suppression (i.e., more deviation away) of a similar
than a dissimilar distractor.
This latter result is consistent with Ludwig and Gilchrist (2003b).
However, their conclusion that task relevant color information enhances the
distractor related activity late in time does not appear to be not consistent with our
results. Early in time saccade trajectories were already affected by whether the
color of the distractor was task relevant or not. In their paper Ludwig and Gilchrist
do, however, note that it would be paradoxical to assume that task related
information (i.e. the target color) would not available to the saccadic system early
in time since the endpoint of the saccade is selected on the basis of color
information. They explained this paradox by the small number of possible target
locations (two) in their study. In their view, a limited number of possible target
locations requires only a small amount of sensory evidence for the saccadic system
to select that location. In other words, they claimed that the task related color
information was not yet fully processed, neither at the target location nor at the
distractor location at the time of saccade initiation. Although we agree that limiting
the number of possible target locations may have an effect on distractor processing,
our results indicate that color information was processed at the time of saccade

124

Early and late modulation

initiation as revealed by the early modulation of saccade deviation. One
explanation for the different findings between Ludwig and Gilchrist and our study
is the difference in paradigms. Because we used a fixation offset procedure our
saccades were initiated faster than those in their study. It is possible that the early
modulation of the saccade deviation dependent on target distractor similarity only
shows up when saccades can be generated very quickly.
Several studies investigating the neural basis of saccade target selection
with non-human primates showed that neurons in the FEF are modulated by
activation based on target distractor similarity in visual search (Thompson et al.
2005; Bichot 2001). Bichot and Schall (1999), for instance, showed that after an
initial non-selective response, distractors similar to the target elicited higher
activity in the FEF than distractors dissimilar to the target. Higher activation within
the FEF (McPeek 2006) and within the SC (McPeek et al. 2003) before saccade
onset is associated with stronger deviation towards distractors. It is possible that
enhanced activity in the FEF, signaling the priority of the location due to its task
relevance, causes the modulation of saccade deviation early in time. Possibly this
fast activating process is transferred via the direct connection from the FEF to the
SC (Schlag-Rey et al. 1992; Sommer and Wurtz, 2000). Subsequently, because of
the enhanced activity at the distractor location, stronger inhibition is necessary to
resolve the competition between distractor and target (see also Ludwig and
Gilchrist, 2003). Consistent with this idea, we found more deviation away from the
similar distractor than from the dissimilar distractor later in time. And in line with
the suggestion by McSorley et al. (2006), this additional inhibitory signal seems to
reach the neural map after 200ms. The indirect inhibitory signal (Hikosaka and
Wurtz 1983; McHaffie et al. 2005) from the FEF to the SC could be responsible for
this later suppression.
How can we reconcile the current findings showing an early top-down
modulation of saccade trajectories given the generally accepted view that early
saccades are basically driven by bottom-up salience only (Donk and van Zoest
2008; Godijn & Theeuwes, 2002; Ludwig and Gilchrist 2002, 2003a,b;
Mulckhuyse et al. 2008; van Zoest et al. 2004; 2005; 2006)? We assume that
bottom-up salience and top-down information signals integrate in a spatiotopic
saccade map (Findlay and Walker 1999; Godijn and Theeuwes 2002; Kopecz
1995; Trappenberg et al. 2001). According to this notion, saccadic target selection
is initially based on bottom-up salience information. After the initial bottom-up
activity, top-down influences can enhance or inhibit this activation. In the current
study, the saccadic target goal – an equiluminant color change - was presented
simultaneously with the distractor – an onset. It is assumed that due to its bottomup salience the presentation of the distractor results in a quick build up of
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activation in the saccade map at the location of the distractor. Therefore, the onset
of the distractor may have captured attention in a bottom-up fashion in at least a
subset of the trials (e.g., Mulckhuyse et al. 2008; Theeuwes, 1992; Theeuwes &
Van der Burg, 2007). When the distractor is dissimilar from the target the
subsequent suppression of the distractor location is rather fast. This inhibitory
process may be accomplished through local inhibition: enhanced activity at one
location in the saccade map inhibits more distant locations (Godijn and Theeuwes,
2002). In the current study, top-down task relevant information enhancing target
related activity in the map may have initially been sufficient to inhibit the
dissimilar distractor location. However, the similar distractor shared task relevant
features with the target and as a consequence the task relevant information may
have also enhanced the distractor location. Therefore, slower top-down inhibitory
processes are necessary to resolve the competition. In terms of attentional
allocation we assume that once attention is captured by the onset distractor, it takes
longer to disengage attention from that location when the distractor is similar to the
target than when the target is dissimilar to the target (Mulckhuyse et al. 2008;
Theeuwes et al. 2003). In the current study, the longer disengagement of attention
from a distractor is also shown by the longer saccade latencies in the similar
distractor condition compared to the dissimilar distractor condition (see Ludwig
and Gilchrist, 2003b; Mulckhuyse et al, 2008 for similar results). In other words, in
the latter condition we assume that it takes more time to decide that the distractor is
not the target. Although the neural correlates of the mechanisms remain unclear,
we conclude that competition between saccadic goals is subject to two different
processes with different time-courses: one fast activating process signaling the
priority of a location, i.e., the saliency and task relevance, and one slower
inhibitory process suppressing that location.
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Bewuste en Onbewust Verwerking in Visuele Spatiele Selectie
Dit proefschrift onderzoekt de onderliggende neurale selectie mechanismen van
visuele spatiele aandacht. Spatiele aandacht kan top-down of bottom-up gedreven
zijn. Top-down aandachtsprocessen zijn vrijwillig, intentioneel and doel
gerelateerd terwijl bottom-up aandachtsprocessen onvrijwillig, niet intentioneel
and niet gerelateerd zijn aan een doel. Ook al is het richten van top-down aandacht
een vrijwillig proces, fouten kunnen altijd gemaakt worden. Stelt u zich
bijvoorbeeld voor dat u een boek zoekt met een rode kaft in een overvolle
boekenkast. Omdat rood een onderdeel is van de top-down gerichte zoekactie,
zullen alle rode voorwerpen uw aandacht trekken. Dit wordt contingent-capture
genoemd (Folk et al, 1992; 1994). Bottom-up capture is het tegendeel van
contingent capture. Bottom-up capture is een automatisch proces waarbij de
aandacht wordt getrokken door opvallende objecten of gebeurtenissen in de
omgeving, zoals een rood boek tussen groene boeken (Theeuwes, 1992, 1994a;
1994b). Beide selectiemethoden hebben gemeen dat ze met de ogen (overt
attention) en zonder de ogen (covert attention) kunnen plaatsvinden.
Dit proefschrift bestaat uit twee delen. Het laatste deel beslaat studies
waarin we de interactie tussen bottom-up en top-down selectie van aandacht
onderzoeken met oogbewegingen. Het eerste deel beschrijft studies waarin we
onbewuste selectieprocessen van aandacht onderzoeken. De introductie van dit
proefschrift behelst uitsluitend dit laatste onderwerp.
Intuïtief gaat men ervan uit dat objecten zichtbaar moeten zijn om
geselecteerd te kunnen worden door het aandachtsysteem. Onderzoek heeft echter
uitgewezen dat zeer opvallende objecten geselecteerd kunnen worden zonder dat
deze objecten bewust worden waargenomen (Theeuwes et al, 1998). Objecten die
door de manier van presenteren (subliminaal) niet bewust waargenomen kunnen
worden, blijken echter wel te kunnen worden geselecteerd. De perceptie van een
visuele stimulus kan bijvoorbeeld worden verstoord doordat deze stimulus kort
wordt gepresenteerd en snel opgevolgd wordt door een tweede visuele stimulus
(het masker). In Hoofdstuk 1 wordt een overzicht gegeven van studies die
onbewuste spatiele aandacht processen onderzochten, in het bijzonder onbewuste
bottom-up aandacht processen. In het review wordt een mogelijk onderliggend
neuraal netwerk van onbewuste aandachtsprocessen voorgesteld.
In Hoofdstuk 2 wordt een studie beschreven waarin werd onderzocht of
een abrupte onset cue die niet bewust kon worden waargenomen wel de aandacht
naar die locatie kon trekken. In deze studie werden spatiele cues subliminaal
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gepresenteerd. Na een lange of een korte vertraging verscheen de target op de
gecuede (valide) of op de tegenovergelegen ongecuede (invalide) locatie. In een
spatiele cueing taak zoals deze treedt er gewoonlijk op de valide locatie na een
korte vertraging facilitatie op en na een lange vertraging inhibitie (Posner and
Cohen, 1984). Het is van belang op te merken dat dit biphasisch patroon alleen
wordt geobserveerd wanneer aandacht op een bottom-up manier wordt getrokken.
Onze studie liet dit klassieke biphasisch patroon zien met cues die niet bewust
werden waargenomen waardoor geconcludeerd werd dat subliminale cues bottomup de aandacht kunnen trekken. Een directe subcorticale route van de retina naar
mechanismen essentieel voor aandacht (retinotectale pad) zoals de superior
colliculus zou verantwoordelijk kunnen zijn voor onbewuste aandachtsprocessen.
De studie beschreven in Hoofdstuk 3 onderzocht of subliminale spatiele
cues ook het oogbewegingsysteem kunnen beïnvloeden. Om de hypothese te testen
dat onbewuste aandachtsprocessen worden gemedieerd door het retinotectale pad
dekten we in dit experiment éen oog van de deelnemers af (monoculair viewing).
Hierdoor waren we in staat om een temporaal-nasaal asymmetrie in gedrag te
onderzoeken die waarschijnlijk resulteert uit de anatomische asymmetrie in het
retinotectale pad. De resultaten lieten zien dat de subliminaal gepresenteerde
spatiele cues het oogbewegingsysteem beïnvloedden. Ten opzichte van de neutrale
conditie waren de latenties van de saccades naar de valide gecuede locatie korter
en latenties van de saccades naar de invalide gecuede locatie langer. Hoewel we
geen totaal inhibitie of return (IOR) effect observeerden vonden we wel een
temporaal-nasaal asymmetrisch effect voor de deelnemers die een IOR effect lieten
zien wanneer beide condities werden samengevoegd. Consistent met de notie dat
verwerking via het retinotectale pad sterker is voor stimuli gepresenteerd in het
temporale visuele veld dan voor stimuli in het nasale visuele veld, werd er een IOR
effect gevonden voor cues die gepresenteerd waren in het temporale visuele veld
maar niet voor cues die gepresenteerd waren in het nasale visuele veld. Er werd
geconcludeerd dat onbewust verwerkte spatiele cues het oogbewegingsysteem
kunnen beïnvloeden en dat dit waarschijnlijk verloopt via het retinotectale pad.
De studie beschreven in Hoofdstuk 4 onderzocht of een subliminale
distractor invloed heeft op meetbare eigenschappen van saccades zoals de baan en
het eindpunt van een saccade. Deviaties van de baan van een saccade zijn
waarschijnlijk het resultaat van competitie tussen target en distractor gerelateerde
activiteit binnen het oogbewegingsysteem, zoals competitieve activaties in de
superior colliculus (McPeek et al., 2003). In het experiment maakten deelnemers
een saccade naar boven of naar beneden terwijl er een subliminale distractor werd
gepresenteerd in de periferie. De resultaten lieten zien dat de subliminale distractor
invloed had op de baan en op het eindpunt van een saccade. Dit suggereert dat
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visuele informatie die niet bewust wordt waargenomen wel competitie veroorzaakt
in het oogbewegingsysteem.
In Hoofdstuk 5 wordt een studie beschreven waarin werd onderzocht of
occipitale transcraniële magnetische stimulatie (TMS) onder een bepaalde
drempelwaarde een faciliterend en inhiberend effect kan hebben op de visuele
verwerking van een target in een spatiele cueing taak. De deelnemers voerden een
klassieke spatiele taak uit waarbij de target werd gepresenteerd in een van twee
perifere placeholders. Op verschillende momenten in de tijd werd er een puls
gegeven op de occipitale pool van een van de hemisferen. De locatie op de
occipitale pool correspondeerde met de locatie van de placeholder in het
contralaterale visuele veld. De resultaten lieten zien dat visuele verwerking werd
gefaciliteerd door TMS onder de drempelwaarde wanneer het werd toegediend 150
ms en 200 ms voor stimulus onset: deelnemers reageerde sneller op targets in het
visuele veld contralateraal van de TMS dan op targets in het visuele veld
ipsilateraal van de TMS. Bovendien versterkte TMS het cue validiteits effect door
de verhoogde visuele verwerking van de cue. Dit resulteerde in sterkere facilitatie
wanneer de cue valide was en in sterkere interferentie wanneer de cue invalide
was. In het artikel werd geconcludeerd dat het mechanisme voor verhoogde visuele
verwerking door TMS geïnduceerde corticale excitabiliteit is.
Zoals de exogene spatiele cueing taak een beproefde taak is om bottom-up
capture te onderzoeken, zo is een bepaalde oogbewegingstaak excellent voor
onderzoek naar bottom-up gedreven capture van de ogen. In deze taak wordt een
opvallende onset distractor simultaan gepresenteerd met een isoluminante
kleurverandering van de target. Deelnemers wordt gevraagd een snelle
oogbeweging te maken naar de kleurverandering. Typisch voor deze taak is dat
ongeveer 10 tot 30 % van de initiële saccades eindigen op de distractor in plaats
van op de target. In Hoofdstuk 6 wordt een studie beschreven waarin we
onderzochten of de tijdsverloop van capture met de ogen verschilt tussen bottomup en contingent capture. Hiervoor hebben we de relevantie van de opvallende
onset distractor gemanipuleerd. De onset distractor kon of gelijk of niet gelijk zijn
aan de target (Experiment 1) of de distractor werd gepresenteerd op de locatie van
de target of op een andere locatie (Experiment 2). De latentie van foute saccades
(naar de distractor) lieten zien dat vroeg in de tijd capture van de ogen puur
bottom-up gedreven werd terwijl later in de tijd het oogbewegingsysteem werd
vertraagd door top-down informatie. Deze bevindingen laten de interactie zien
tussen bottom-up en top-down processen in oogbewegingen.
De interactie tussen bottom-up en top-down informatie werd ook
onderzocht in de studie beschreven in Hoofdstuk 7. In deze studie hebben we de
tijdsverloop van competitie tussen bottom-up en top-down selectie processen
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onderzocht waarbij we de deviatie van de baan van de saccade als afhankelijke
variabele hebben genomen. Naast het manipuleren van de gelijkheid van de
distractor en target, hebben we ook de latentie van de saccades gemanipuleerd door
het fixatiepunt op verschillende momenten ten opzichte van de target onset uit te
zetten. In deze taak maakten deelnemers een verticale saccade naar de target terwijl
er een distractor werd gepresenteerd naast het pad van de saccade. De resultaten
lieten zien dat deviaties voor zowel korte als lange latenties gemoduleerd werden
door de gelijkheid tussen distractor en target. Als de latenties kort waren, weken de
saccades minder ver af van een gelijke dan van een ongelijke distractor en wanneer
de latenties van de saccades lang waren werd het tegengestelde patroon gevonden.
Deze studie laat zien dat competitie in het oogbewegingsysteem onderhevig is aan
twee verschillende processen met een verschillend tijdsverloop: een snel activerend
proces dat het belang en de opvallendheid van een locatie aangeeft en een
langzamer inhiberend proces dat dezelfde locatie onderdrukt.

In het kort, dit proefschrift levert bewijs dat bottom-up gedreven
spatiele aandacht gedissocieerd kan worden van bewustzijn. Dientengevolge
ondersteunt dit het idee dat selectie van spatiele aandacht kan plaatsvinden
in de afwezigheid van top-down controle. Tevens laat dit proefschrift zien
dat bottom-up capture verschilt in tijdsverloop van contingent capture.
Terwijl bottom-up capture een snel en tijdelijk proces is, is contingent
capture een langzamer proces dat top-down informatie integreert met
bottom-up gedreven informatie om het aandacht- en oogbewegingsysteem te
leiden.
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