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Preface to “"Eye Movements and Visual Cognition”

This eBook is based on a Special Issue on the topic of “Eye Movements and Visual Cognition”
that was published in Vision. Our aim in putting together the Special Issue and eBook was to
attract a group of high-quality, original, and topical works by leading academic figures in the field of
human vision and visual cognition. In so doing, we aimed to stimulate and foster useful intellectual
exchange between individuals working primarily on basic theoretical issues, as well as those working
on more applied aspects of vision science. From the outset, we were particularly keen to attract
papers that review particular topics within this broad field, and we were successful in achieving
this. The present volume includes reviews that are narrative (critiquing and summarizing research
on a particular topic), tutorial (with a focus on methods and findings), empirical (e.g., meta-analytic),
and theoretically synthetic. Indeed, some articles represent a combination of several of these types
of reviews. We also included papers with new empirical content when this served to resolve an
undecided issue stemming from such a literature review, and we encouraged papers that build
bridges between theoretical and applied aspects and between behavior and its neural substrate. All
papers were subject to peer review and went through several rounds of revision prior to acceptance.

It is not at all contentious to suggest that eye movement recording is now a well-established
method in the field of experimental psychology. Techniques for recording eye movements have
changed quite markedly over the last half-century, with recording devices becoming increasingly
user-friendly, advanced data acquisition software becoming more flexible and more broadly available,
and data analysis software becoming more progressively efficient at dealing with vast data sets
that the method generates. Additionally, eye movement methodology has now come to be used
very widely to investigate many aspects of human visual and cognitive processes (and more
broadly, beyond the realm of visual cognition). Without question, this methodological approach has
significantly contributed to the current theoretical understanding of human vision and cognition.

The topics covered in this eBook reflect this breadth, ranging from aspects of relatively low-level
vision (unconscious attention, saccadic suppression, inhibition of return) to higher-order aspects
of cognition (serialism and parallelism in reading, higher-level comprehension issues, meaning in
scenes, and scene interpretation). Developmental themes also feature in relation to performance
change with age (children’s reading and older adult reading performance), and there is consideration
of eye movements in special populations (autism). It is also important to note that the contributions
that are represented here vary in the degree to which they focus on “blue skies” theoretical issues
(visual salience, inhibition of return, regressions in reading), with some work emphasizing a stronger
translational line running through it (medical image interpretation and X-ray baggage screening).
Again, this underlines the prevalent extent to which eye movement methodology is employed within
the field. In considering the work reflected in the contents of this eBook, what emerges is a clear
indication that eye movement research is currently in a very healthy state.

Before closing, it is important to acknowledge the support and assistance that we have received
from colleagues at MDPI. In particular, we would like to thank Meirong Duan, who has provided
excellent editorial support throughout, and of course, we would like to thank all the authors for
taking the time and making the effort to write such high-quality papers for the Special Issue.

Raymond M. Klein, Simon P. Liversedge
Special Issue Editors
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Abstract: The idea that covert mental processes such as spatial attention are fundamentally dependent
on systems that control overt movements of the eyes has had a profound influence on theoretical
models of spatial attention. However, theories such as Klein’s Oculomotor Readiness Hypothesis
(OMRH) and Rizzolatti’s Premotor Theory have not gone unchallenged. We previously argued that
although OMRH/Premotor theory is inadequate to explain pre-saccadic attention and endogenous
covert orienting, it may still be tenable as a theory of exogenous covert orienting. In this article we
briefly reiterate the key lines of argument for and against OMRH/Premotor theory, then evaluate the
Oculomotor Readiness account of Exogenous Orienting (OREO) with respect to more recent empirical
data. These studies broadly confirm the importance of oculomotor preparation for covert, exogenous
attention. We explain this relationship in terms of reciprocal links between parietal ‘priority maps’
and the midbrain oculomotor centres that translate priority-related activation into potential saccade
endpoints. We conclude that the OMRH/Premotor theory hypothesis is false for covert, endogenous
orienting but remains tenable as an explanation for covert, exogenous orienting.

Keywords: attention; covert; oculomotor readiness hypothesis; premotor theory; exogenous;
endogenous; eye abduction

1. Introduction

Covert spatial attention allows us to select important and/or behaviourally relevant visual inputs by
enhancing signals arising from attended locations and suppressing signals from unattended locations [1]
without actually moving the eyes to that location. Despite many advances in understanding the
cognitive processes involved in spatial attentional selection, an enduring issue is the mechanism by
which attention is moved from one location to another. It is generally agreed that the orienting of
spatial attention can occur in an automatic ‘exogenous” mode in response to salient external events (e.g.,
the flashing lights of an emergency services vehicle) or a controlled ‘endogenous’ mode in response to
the observer’s goals (e.g., systematically scanning the road ahead to check for hazards) [2], and that
these systems are partially dissociable [3]. It is also widely accepted that eye movements (‘overt’ shifts
of attention) are preceded by a covert shift of attention to the saccade goal, known as “pre-saccadic
attention’. However, there is a long-running debate concerning the relationship between the mental
process involved in covert orienting of attention (i.e., attending to things that are not being gazed at),
and those involved in overt orienting of attention (i.e., orienting the eye to the stimulus of interest) [4].
One proposal, originally known as the Oculomotor Readiness Hypothesis (OMRH) [5] and later as
Premotor Theory (PMT) [6], proposed a complete functional overlap between spatial attention and
oculomotor control. OMRH/PMT is often used as shorthand to refer to the general idea that covert
attention is, in some way, linked to the oculomotor system. However, this usage does not do full justice
to the OMRH/PMT theory, which makes clear and testable predictions about the precise relationship
between oculomotor control and covert spatial attention. More specifically, OMRH/PMT holds that the
programming of a saccade is both necessary and sulfficient for covert orienting of attention [7].

Vision 2019, 3, 17; doi:10.3390/vision3020017 1 www.mdpi.com/journal/vision
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Despite being the original proponents of OMRH, Klein and colleagues concluded that endogenous
attention was in fact independent of saccade programming [5,8], although they speculated that OMRH
may still hold for exogenous attention. Subsequently, a number of other proposals suggesting differing
degrees of overlap between attention and saccade control have been put forward [9-11]. Following the
work of Klein and colleagues, we have pursued the idea that the relationship between covert attention
and saccade programming may indeed be dependent on the mode of orienting, such that OMRH/PMT
was only true when the exogenous mode of orienting was engaged [4]. In this review we outline the
main lines of argument for and against OMRH/PMT as a theory of endogenous covert orienting, then
explain why we believe that OMRH/PMT is false for endogenous covert orienting, but remains tenable
as a theory of exogenous, covert orienting.

2. The Case for OMRH/PMT

The case for OMRH/PMT draws on three main lines of evidence. Firstly, there is clear evidence
that saccadic eye movements are preceded by a mandatory ‘pre-saccadic’ shift of attention [12-18]
and a more efficient distractor suppression at non-saccade goals [19]. This pre-saccadic attentional
facilitation is clearly tied to the programming of an eye movement, as the effect grows larger with
proximity with saccade onset [20,21] and occurs even when the participant expects the probe to appear
opposite the saccade goal, implying that programming an eye movement is sufficient to trigger a shift
of covert attention [13]. Furthermore, shifts of attention appear to affect the trajectory of saccadic eye
movements, consistent with the idea that shifts of attention activate a saccade plan [16,22,23].

Secondly, eye movements and covert shifts of attention appear to activate similar networks of
brain areas, including the Frontal Eye Fields (FEF), the Lateral Intraparietal cortex, and the Superior
Colliculi (SC) [24-29](see Figure 1), and lesions to these brain areas are associated with deficits of
both covert orienting and saccade control [30-36]. Moreover, electrical stimulation of FEF neurons
in non-human primates elicited fixed-vector saccadic eye movements, and subthreshold stimulation
of the same neurons significantly enhanced perceptual discrimination, even though the monkey was
still centrally fixating [37,38]. Using a similar methodology, Moore and colleagues also demonstrated
that stimulation of FEF modulated the sensitivity of neurons in V4, an area of the visual cortex that
codes for colour, orientation and spatial frequency, and whose visual receptive fields overlap with the
motor field [39,40]. The effect of FEF microstimulation on neural responses in V4 was analogous to
that observed when the monkey endogenously attended the location [39]. These data suggest a causal
role for saccade programming in covert attention, as predicted by OMRH/PMT.

Figure 1. In red are the areas of the brain that are significantly activated in the covert shift of attention
task and in green the areas of the brain significantly activated in the overt shift of attention task.
In yellow are the areas of the brain activated in both the overt and the covert shift of attention task.

Reproduced with permission from [24].

A third line of argument draws on studies in which eye movements are impaired, experimentally
restricted, or experimentally modulated. For example, Craighero, Carta and Fadiga [41] observed
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that patients with a palsy of the VI cranial nerve were unable to covertly orient attention only when

viewing stimuli with their palsied eye, suggesting that the endogenous shift of attention was impaired
when viewing with the damaged eye but not when viewing with the intact one. In line with this study,
Craighero, Nascimben and Fadiga [42] used an eye abduction paradigm (see Figure 2), where saccadic
eye movement programming is disrupted by forcing healthy participants to rotate the eye by 40° into
the temporal hemifield. In their experiment participants were presented with a classical Posner cueing
task in which a central predictive cue (i.e., a bar attached to the fixation square indicating left or right)
indicated in 70% of the cases the accurate position of the upcoming target, which could be either in the
nasal hemispace (i.e., at a position that can be reached by a saccadic eye movement) or in the temporal
hemispace (i.e., outside a position reachable by a saccadic eye movement). Visual acuity remained
unaffected but the attentional benefits typically observed with valid cues were reduced when stimuli
were presented in the temporal/eye movement restricted hemispace but not when presented in the
nasal hemispace. The authors concluded that, consistent with Premotor theory, covert orienting of
attention is subject to the limitations of the saccadic system such that attention cannot be deployed
at a location that cannot become the goal of a saccadic eye movement. This led to the proposal that
covert attention and saccadic eye movements share the same ‘stop limit’, which is the range of eye
movements, also referred to as Effective Oculomotor Range (EOMR).

A B —

Stimulus

'(I':;;a O | Cue
O
50

Rotated Frontal

Figure 2. Experimental setup for the eye-abduction paradigm used by Craighero et al. (2004).
Reproduced with permission from [42].

Other studies have used the saccadic adaptation technique to dissociate the perceived position
of a saccade target from the actual endpoint of the eye movement. In saccadic adaptation tasks the
participant makes a saccade to a peripheral stimulus, but during the saccade the stimulus jumps to a
new position (double-step task) [43]. At the start of the experiment the participant initially moves to the
original stimulus position then, unconsciously, makes corrective eye movements towards the second
stimulus position. However, over the course of many trials they adapt the amplitude of the saccade to
ensure it lands at the final position of the stimulus rather than its original position (for a review, see [44]).
OMRH/PMT predicts that saccadic adaptation should also result in the adaptation of covert shifts
of attention, such that the locus of attention should be at the final stimulus position, not the starting
position. To test whether attention focus is shifted towards the saccade target or the final eye position,
Ditterich et al. [45] asked participants to make a saccade towards a peripheral location and, before
the first saccade onset, they briefly flashed a discrimination target at one of four possible locations.
The discrimination performances were compared before and after the saccadic adaptation. Prior to
adaptation, discrimination performance was best at the goal of the saccade. After adaptation, optimal
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discrimination performance was still observed at the goal of the first saccade, and not at the endpoint
of the adapted saccade. This result is not consistent with OMRH/PMT, and Ditterich et al. concluded
that the attentional focus is always directed to the primary target position and not to the saccade
landing position [45]. However, Collins and colleagues argued that this conclusion was premature,
given that the magnitude of the adaptation effects observed by Ditterich. was somewhat small. In two
subsequent studies using more effective adaptation protocols they showed that saccadic adaptation
does indeed produce adaptations of pre-saccadic attention [46,47] and that pre-saccadic displacement
of attention would be shifted both to the position of the saccadic target and to the landing position of
the adapted saccades [48]. In a recent study, Habchi and colleagues claimed that saccadic adaptation
leads to changes in the allocation of covert attention, although these changes appear to be due to a
more general bias towards the side of adaptation, rather than a modulation of covert orientation per
se [49]. Overall, the evidence is consistent with the claim that saccadic adaption is associated with
adaptations of pre-saccadic attention, which has been interpreted as evidence for OMRH/PMT.

Further evidence for OMRH/PMT is the finding that covertly attending a location produces a
change in the trajectory of saccades, such that they deviate from the intended location [22]. Trajectories
of vertical and oblique saccades are never completely straight but curvilinear, even when aiming at an
isolated target [50,51], and it has been suggested that saccade curvature is determined by mechanisms
situated in the final pathway of eye movement generation [52]. In addition to this natural tendency,
other objects presented in the visual scene can influence the magnitude and direction of saccade
curvature. Several authors have found that presenting an irrelevant distractor stimulus near a saccade
target affects the saccade curvature [22,53-55]. In some instances, saccades can curve towards the
irrelevant stimulus, as in visual search tasks [56], when the location of the saccade target is highly
unpredictable, or for short-latency saccade [57], but in other cases, there is a tendency to deviate
from the position of the distractor, particularly when saccade latencies are long [55], whether the
saccade is reflexive or voluntarily triggered [53]. These trajectory deviations are typically attributed
to competition between saccade plans associated with the target and distractor, and evidence that
covert attention can also cause trajectory deviations [22,58-60] is therefore often cited as evidence for
OMRH/PMT.

To briefly summarize, OMRH/PMT argues that covert orienting of attention depends on the
activation of a saccade plan. Consistent with this hypothesis, there is a mandatory orientation of
attention to saccade goals; covert and overt attention activate overlapping brain areas and damage
to these areas causes problems with both overt and covert orienting. For example, ophthalmoplegic
patients have deficits of covert attention that seem to mirror their ocular deficit. Moreover, modulating
the gain of saccades also modulates the gain of pre-saccadic shifts of attention, and covertly attending
a peripheral location affects the metrics of overt saccades, such that their trajectories are deviated away
from the attended location. Altogether, these studies seem to offer clear evidence for a tight coupling
between attention and oculomotor control.

3. The Case against OMRH/PMT

On first inspection, the evidence for OMRH/PMT seems overwhelming (e.g., [61]). However,
we believe there are a number of reasons to be cautious about accepting these lines of evidence as
conclusive proof of the claim that saccade programming is necessary and sufficient for covert orienting of
spatial attention in the absence of an overt eye movement. Firstly, there is evidence that ‘pre-saccadic’
attention (i.e., the covert shift of attention that precedes an overt eye movement) is qualitatively
different to covert attention. Secondly, although neuroimaging and some neuropsychological studies
demonstrate associations between attention and oculomotor control, other studies have shown clear
evidence of dissociations between saccade programming and covert orienting. Thirdly, behavioural
studies that explicitly test the hypothesis that covert, endogenous attentional orienting is caused
by saccade programming largely fail to support this hypothesis. Finally, while the evidence of
interactions between saccade programming and covert attention suggests a relationship between the
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two processes, the evidence is not consistent with the claim made by OMRH/PMT, which is that covert
orienting of attention is caused by activation of a saccade plan. We expand on these critiques in the
following sections.

3.1. Pre-Saccadic Attention Is Not Equivalent to Covert Attention

The intention to make an eye movement produces radical changes in the receptive fields of neurons
throughout the visual system, such that they appear to respond to stimuli in their post-saccadic spatial
location before the saccade has begun [62]. This neurophysiological mechanism may well underpin
the perceptual benefits observed in the moments before a saccade that are typically attributed to covert
attention [63]. Critically, however, Duhamel et al. [62] also noted that this ‘pre-saccadic remapping’ did
not occur when attention was deployed without a saccade, so cannot be responsible for “pure’ covert
orienting (i.e., when the eyes remain fixated). If it is accepted that pre-saccadic remapping underpins
pre-saccadic attention, and that pre-saccadic remapping only occurs prior to a saccade, it must also be
accepted that pre-saccadic attention and ‘pure’ covert orienting of attention, which occurs when no
saccade is executed, are served by a qualitatively different mechanisms

The proposal that pre-saccadic perceptual enhancements are qualitatively different to covert
attention is consistent with neuropsychological evidence of a dissociation between covert attention and
pre-saccadic perceptual enhancement. For example, Ladavas [64] asked patients with visual neglect to
fixate and report target appearance using a button press response. Targets presented in the neglected
field summoned involuntary eye movements on 45% of trials, but only half of these trials were
associated with conscious detection of a target. When no saccade was made, only 4% of targets were
detected. They concluded that the target could activate the oculomotor system without a concurrent
shift of attention. In this case, the amplitude of the eye movements is not reported, so it is not clear
whether the saccades that were not associated with target detection actually fixated the target (i.e., they
might have fallen short, in which case the shift of attention could also have been hypometric). However,
similar results were observed by Benson et al. [65] in a single case study of a patient with hemispatial
neglect. In this study, a peripheral cue in the neglected hemifield summoned an eye movement but
was not consciously detectible, again suggesting that the programming of eye movements and the
orienting of attention can be dissociated. Blangero and colleagues [66] provided evidence of a double
dissociation between the two processes. They reported the case of patient O.K., who presented with
optic ataxia following a right parietal stroke, but no symptoms of neglect. Patient O.K. could make
accurate saccades into the left hemifield and showed the typical pattern of pre-saccadic attentional
enhancement at the saccade goal. However, the patient could not covertly attend to the same location
when saccades were suppressed, demonstrating a dissociation between pre-saccadic attention and
covert attention. Together, these studies suggest that pre-saccadic perceptual enhancements and covert
orienting of attention are mediated by different cognitive mechanisms. If this proposal is correct,
studies of pre-saccadic perceptual enhancement cannot be taken as evidence that shifts of covert spatial
attention that occur in the absence of any overt eye movement rely on saccade programming.

3.2. Association Is Not Causation

The second main line of evidence in favour of OMRH/PMT draws on neurophysiological studies
of non-human primates. These studies clearly showed that attention and eye movements share
some common neural substrate and elegant work, showing that microstimulation of FEF leads to
covert visual selection [37], is often presented as evidence for PMT. However, areas like FEF contain
several distinct populations of neurons, some of which are involved in visual selection but not motor
control, and others that are involved in saccade control but not visual attention [67-69]. Given
that microstimulation of FEF may affect both visual and motor neurons [70], it is impossible to
unambiguously attribute the attentional effects of microstimulation to the activation of motor programs.
Furthermore, other research has shown that attending a stimulus does not affect the trajectory of
microstimulation-evoked saccades [71], and concluded that covert attention is not necessarily associated
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with activation of a saccade plans, contrary to some of the behavioural findings reported in humans
(e.g., [22]). A neurophysiological dissociation between saccade programming and covert orienting has
also been observed using EEG in human participants by Weaver and colleagues [72]. The key finding
here was that participants could endogenously allocate attention to the target object even on trials
where the eyes were involuntarily directed to a salient distractor. This result is hard to reconcile with
the claim that saccade preparation is both necessary and sufficient for covert attention. Overall, at best
neurophysiological studies demonstrate an association between the brain areas required for saccade
programming and those required for covert attention, and the few studies that offer a strong test of the
key claim of PMT, which is that endogenous covert orienting is caused by saccade programming, seem
to argue against this position (e.g., [71,73]).

3.3. Saccade Programming Does Not Necessarily Produce a Shift of Attention

OMRT/PMT argues that saccade programming produces shifts of attention. However, dual
task experiments have repeatedly failed to observe attentional benefits at the goal of planned but
unexecuted eye movements. In a seminal study by Klein [5] participants were asked to perform a
variant of a go-no-go task. In the majority of trials participants were instructed to prepare a saccade
to the left or to the right, and execute the prepared saccade when an asterisk was presented at either
the left or right location. Participants were faster at executing saccades when the peripheral onset
was congruent with the saccade they had prepared. However, in occasional trials they were asked
to cancel the saccade and make a manual response instead. The key finding here was that manual
detection responses were not faster when probes appeared on the same side as they were instructed to
prepare a saccade, suggesting that saccade programming led to shorter saccadic latencies but not a
shift of attention. This result is incompatible with the claim that saccade programming is sufficient
for covert orienting. A similar result was reported by Remington [74], who found that luminance
detection was no better at a saccade goal than at a control location (although saccades were delayed
when the luminance change occurred at the control location). Converging evidence for independence
was provided by Stelmach and colleagues [75], using a Temporal Order Judgement (TOJ) task whereby
two stimuli are sequentially presented with various inter-stimulus intervals, and participants are asked
to indicate which stimulus appeared first. In this study endogenous attention to a peripheral location
created a prior entry effect, such that the attended stimulus was perceived as appearing before the
unattended stimulus. However, consistent with the findings of [5], planning a saccade to a peripheral
location did not produce prior-entry, suggesting that this programming was not sufficient to orient
attention. More recently, Born [76] used a stop-signal paradigm to confirm Klein’s claim that a saccade
that is programmed but successfully inhibited does not produce a shift of attention.

Other studies have shown that saccades directed towards an intermediate position between
two spatially close visual objects presented simultaneously in the periphery, referred to as ‘Global
Effect’ [72,77,78], are not preceded by a shift of attention to the midpoint between stimuli. Rather, there
is a subtle attentional enhancement at the location of both objects [73,79,80], even though the eventual
eye movement lands at neither location. These observations appear to rule out the mandatory coupling
of attention to the saccade landing point (but see Van der Stigchel and de Vries [81] for an alternative
interpretation). Thus, the activation of a saccade program alone does not appear sufficient to elicit
‘covert’” orienting. In a related study, Bedard and Song used a visuomotor adaptation paradigm to
dissociate the intended and actual endpoint of ballistic reaching movements [82]. They report that,
in the post-adaptation phase, attention was allocated to locations associated with both the intended and
the actual endpoint of movements, suggesting that endogenous covert attention can be decoupled from
motor programs. In fact, there seems to be very little empirical evidence from human observers that
preparing an eye movement is sufficient to produce a shift of attention when no saccade is executed.

Klein [5] conducted a second study to test the idea that attending a location was necessarily
associated with the activation of a saccade program targeting the attended location. In this variant of
the task, the primary response was a shift of attention, with saccades required on 20% of trials. The data
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show that attending a peripheral location produced faster manual responses but did not reduce saccade
latency. Klein therefore concluded that covert orienting of attention and saccade programming were
independent of one another. This conclusion was challenged by several authors, who argue that
methodological factors, such as the requirement to make two speeded responses to peripheral events,
mean the data are hard to interpret (e.g., [6]), but subsequent studies [8,83] addressed these issues and
again found no evidence of attentional facilitation at the saccade goal. However, in a footnote Klein
and Pontefract [8] noted that there was a long delay between the onsets of the cue and target, so it
remained possible that saccade programming did elicit a shift of attention, just not at the time point
measured by [5] or [8]. They speculate that OMRH/PMT might still be tenable for shifting, but not
sustaining attention.

The idea that saccade programming could be sufficient for orienting but not for maintenance
of attention was explicitly tested by Belopolsky and Theeuwes [84]. They observed that oculomotor
priming effects were significantly reduced when a saccadic target is unlikely to appear at a cued
location. Furthermore [9,84] demonstrated that participants could sustain attention at a location while
simultaneously suppressing saccade programming to that same location. In these experiments, both
exogenous and endogenous covert orienting were associated with the activation of a saccade motor
plan. However, in the case of endogenous attention, the saccade execution was rapidly suppressed
without disrupting the allocation of attention. In a recent study, we also observed that saccadic
priming was profoundly affected by the probability that a saccadic response would be required by
manipulating the proportion of catch trials in a cueing task. When there were many catch trials (30%),
we observed covert orienting without saccadic priming, but when catch trials were removed there
was both covert orienting and oculomotor priming [85]. Belopolsky and Theeuwes [84] proposed a
revision to OMRH/PMT that they called a ‘Shifting and Maintenance (S&M) account of attention’.
This revised theory, like that of Klein and Pontefract, retains the core assumption of OMRH/PMT
that endogenous orienting depends upon a saccade motor plan but argues that once attention has
moved an active saccade plan is not required to sustain attention. However, it is important to note that
demonstrating an association between orienting of attention and the activation of a saccade plan is
very different to demonstrating that the saccade programming causes orienting of attention. Indeed,
this evidence is equally consistent with the idea that attentional selection is a necessary precondition
for the programming of accurate saccades, as proposed by [14].

3.4. Impaired Oculomotor Control Disrupts Exogenous but Not Endogenous Covert Attention

Proponents of OMRH/PMT have studied patients with oculomotor problems and used
ingenious experimental designs to experimentally constrain saccade programming. For example,
Craighero et al. [41] argued that paralysis of the eye due to VIth nerve palsy was associated with deficits
of covert, endogenous orienting. However, subsequent studies with both ophthalmoplegic patients
and the eye-abduction paradigm reported results in conflict with Craighero and colleagues’ [41,42]
observations. Smith, Rorden and Jackson [86] reported the case of AL, who suffered from chronic
ophthalmoplegia, a paralysis of the extraocular muscles that made her unable to make any eye
movements. They observed a deficit of covert, exogenous attention with intact overt, endogenous
orienting. Gabay and colleagues have shown similar effects in patients with Duane’s syndrome, a
developmental disorder associated with problems making abductive eye movements [87]. The claim that
defective oculomotor control is associated with impaired exogenous attention but preserved endogenous
attention is consistent with observations in patients suffering from Progressive Supranuclear Palsy
(PSP), a disease characterised by vertical paralysis of gaze [88]. For example, Posner et al. [89] examined
covert orienting in PSP using a predictive, peripheral cue. When the stimuli were aligned along
the horizontal axis, normal exogenous orienting was observed with a cue-target onset asynchrony
(CTOA) of 50 ms. However, when the stimuli were aligned along the vertical axis covert orienting
was not observed until a CTOA of 1000 ms, indicative of disrupted exogenous attention. Their
subsequent study [90] explicitly compared exogenous and endogenous attention using non-predictive
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peripheral cues to engage exogenous attention and a centrally presented, predictive arrow cue to
engage endogenous attention. As in the original study, there was a significant impairment of covert
exogenous orienting when stimuli appeared along the vertical axis compared to the horizontal axis,
whereas endogenous orienting was largely preserved along both axes. Furthermore, in a recent study
we demonstrated that this selective impairment of exogenous orienting in PSP can also be observed in a
visual search. More specifically, patients with PSP also suffer visual search deficits when targets appear
on the vertical axis, and this deficit was greater for a feature search than a conjunction search [91].

The same dissociation between saccade planning and endogenous covert attention was observed
in heathy participants using the eye-abduction paradigm [92]. We subsequently demonstrated that
the effect of eye-abduction generalised to visual search, such that feature search was disrupted in
the temporal hemispace while conjunction search was preserved [93,94]. Notably, the disruption of
saccade programming associated with eye-abduction [95,96] and PSP [91] is also associated with a
deficit of short-term spatial memory, which can be at least partly attributed to the failure to attend and
encode the relevant locations. On the basis of these results, we concluded that the balance of evidence
is more consistent with a weak view of OMRH/PMT that was only true for exogenous orienting.

An important caveat to this conclusion is that the interpretation of eye-abduction data is not
entirely straightforward. Firstly, one might argue that participants can still plan eye movements even if
they cannot be executed. However, an elegant experiment using eye-abduction demonstrated that the
general tendency of saccades to curve away from a distractor location [53] was greatly reduced when
the distractor was presented outside the oculomotor range [97]. Given that saccade curvature in a
target-distractor paradigm is generally accepted to reflect competition between different saccade plans,
this result strongly suggests that eye-abduction leads to impaired saccade programming. Secondly, and
more problematically, the pattern of results is rather inconsistent. For example, in a follow-up study to
Smith et al. [92], we examined the effect of eye-abduction on social attention (the reflexive shifts of
attention triggered by observing an agent change their direction of gaze, also called ‘gaze-cueing’),
non-predictive arrow cueing and peripheral cueing [98]. As in our previous study, we observed that
eye-abduction interfered with covert exogenous orienting. However, in this study the interference
effect was observed in the nasal, not the temporal hemifield. Furthermore, we also observed a reduced
cueing effect in the nasal hemifield in the arrow cueing task. Interestingly, eye-abduction had no effect
on gaze cueing, which was surprising given that gaze cues are known to activate the eye movement
system [99,100]. In addition, although not directly relevant to OMRH/PMT, Michalczyk et al. [101]
recently observed that eye-abduction disrupted IOR, a result contrary to our 2012 finding. The precise
reasons for these disparate findings are not entirely clear. We attributed the nasal-hemifield effect
to a reduction in the cost of invalid cues, but as MacLean et al., observed, multiple interpretations
are possible, which limits the strength of the conclusions we can draw based on eye-abduction [102].
Given that studies using eye-abduction only use a single Stimulus Onset Asynchrony (SOA), it is also
possible that exogenous orienting was delayed by eye-abduction rather than completely abolished
in these tasks (as was the case in the studies of patients with PSP [89,90]). A final problem is that
eye-abduction creates a very unusual oculoproprioceptive signal, and there is some evidence that
oculoproprioception plays an important role in spatial attention (e.g., [103]). It is therefore possible that
the impaired attentional orienting observed in ophthalmoplegic patients and studies of eye-abduction
was caused by disrupted oculoproprioception, rather than impaired saccade programming per se.

In order to address these issues and provide a more rigorous test of exogenous-only version of
OMRH/PMT we developed a new variant of the Posner cueing task in which cues and targets were
presented within or beyond the effective oculomotor range (EOMR) [104]. Eye-abduction is thought to
induce biased proprioception [105], which could lead to a bias in attention, although a recent study
has cast some doubt on this claim [106]; we nevertheless used Presentation in Extreme Periphery
(PEP), which has the advantage of presenting stimuli in the far periphery (up to 44° of visual angle)
while keeping the participant’s eye and trunk in their canonical, natural position. Each participant’s
Effective Oculomotor Range (EOMR) was computed in order to define the location of the placeholders
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in the different cueing tasks. In all three experiments reported, the target and placeholders could
appear either below or beyond the participants” EOMR. The first experiment examined exogenous,
covert orienting using a peripheral cueing task and SOAs of 100, 200, 300 or 500 ms. Consistent
with studies with patients [86,87] or with the eye-abduction paradigm [90,92,94], exogenous cueing
effects were abolished at all SOAs when stimuli were presented beyond the participant’s EOMR, but
intact when stimuli appeared within the EOMR. In a second experiment, we tested endogenous covert
attention using a predictive, central cue. As with previously reported experiments [86,87,90,92,94], but,
contrary to [41,42], there was no deficit in attention when stimuli were presented beyond EOMR. In
a third experiment, we tested both exogenous and endogenous attention using a within-participant
design. In accordance with the first two experiments, exogenous, covert orienting to peripheral cues
was disrupted when targets appeared beyond the EOMR, whereas covert endogenous orienting was
preserved (see Figure 3). In a recent experiment we replicated this dissociation using visual search
tasks, such that a “pre-attentive’ search for feature singletons (which relies on the same cognitive
processes as exogenous attention) was only possible within the effective oculomotor range. When
feature search arrays were presented beyond the EOMR, participants had to engage in serial, attentive
searching to find the target [107]. These findings rule out the possibility that previous reports of
dissociations between endogenous orienting and saccade programming can be explained in terms of
abnormal oculoproprioception or in terms of delayed, rather than abolished, covert orienting.

Below EOMR Beyond EOMR

Endogenous  Exogenous Endogenous  Exogenous

My - e

Ki‘ / \ AValid

B |nvalid

200 400 200 400 200 400 200 400
SOA (ms)

Figure 3. The sequence of events in the endogenous cueing (a) and exogenous cueing (b) tasks.
The right panel shows the mean manual reaction time (RT) in ms as a function of Stimulus Onset
Asynchrony (SOA) and cue validity for below and beyond the EOMR separately for the endogenous
and exogenous cueing task (Exp. 3). Adapted from [103].

3.5. Saccades Curve away from Attended Locations

The observation that saccade trajectories are affected by covert attention is typically interpreted as
evidence in favour of OMRH/PMT (e.g., [59]). However, this interpretation is problematic, because the
studies classically report that saccades tended to curve away from the cued location [58]. The standard
interpretation for this effect is that participants need to inhibit the programmed eye movement to the
cued location in order to be able to execute a saccade towards the target location [53,108]. Saccade
curvature will depend on the distribution of neuronal activation produced both cue and target.
A curvature away from the cued location would result from an inhibition of the neurons coding for
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the irrelevant cued position, allowing the neuronal population coding for the actual target location
to take over. This inhibition is thought to come more particularly from projections from the Frontal
Eye Field (FEF) and Superior Colliculus (SC) (see [109]). This explanation is consistent with the broad
idea that covert attention and motor programming interact. However, it is much harder to reconcile
with the specific claim made by OMRH/PMT that shifts of attention are caused by motor programs.
In fact, the observation that covert, endogenous attention can be allocated to a location that is currently
inhibited in the oculomotor system is the opposite of what is predicted by OMRH/PMT. Studies of
saccade trajectory deviations therefore demonstrate an interaction between covert attention and saccade
preparation, but do not provide convincing evidence that covert orienting of attention is caused by the
activation of a saccade plan and therefore do not support OMRH/PMT. Furthermore, although the
mechanisms underlying curvature towards a distractor are clearly understood [109,110], there is less
consensus regarding mechanisms underlying curvature away from distractor. For example, curvatures
away from and irrelevant position are observed when participants have a prior knowledge of target
position [55], and the direction of the deviation appear to be dependent on response time, such that
short latency saccades tend to deviate towards an irrelevant position, whereas slow saccades tend to
deviate away [111]. This observation suggests that the oculomotor inhibition operates in the selection
process, leaving plenty of time for top-down preparation. Hence, the deviation away observed in the
case of covert endogenous shift of attention cannot be explained solely in terms of activation of the
oculomotor system.

4. An Oculomotor Readiness Hypothesis of Exogenous Orienting (OREO)

On the basis of these studies, we argue that the data are most consistent with an Oculomotor
Readiness Hypothesis that is specific to Exogenous Orienting (OREO). On a theoretical level,
the relationship between attention and eye movements can be understood in terms of Biased
Competition, such that activation of the motor system exerts a powerful biasing influence on competitive
interactions in the visual system [112]. In Biased Competition, the locus of attention arises from a
stimulus-driven competition between signals relating to stimulus salience (e.g., their brightness, size,
contrast, orientation), which can be biased by goal-driven factors such as the goals of the observer.
The competition takes places in a topographic map of space, called a priority map ([113]. The cortical
substrates of the priority map are thought to lie in the posterior parietal cortex a region that has dense
reciprocal connections with areas known to be directly involved in saccade control such as Frontal Eye
Field (FEF) and Superior Colliculus (SC) (for a review, see [114]) When a location is activated in the
priority map the activation is passed downstream to oculomotor structures, such as the SC, which
represent the prioritized location as the goal of a potential movement. These oculomotor signals are
then fed back into the priority map, thus further biasing activity in favour of the activated location [115].
This reciprocal feedback loop will typically produce very rapid selection of a peripherally cued location,
which will facilitate target detection, producing the rapidly developing perceptual advantage typically
associated with exogenous attention. When the oculomotor system malfunctions, or when targets
appear at locations that cannot become the goal of a saccade, the motor system exerts a much weaker
influence on the biased competition. If a target is associated with a persistently large salience signal
(e.g., in a feature search task in which the search array remains visible until a response is made), the
absence of reciprocal reinforcement from the oculomotor system should slow selection of the feature
singleton but will not necessarily prevent its selection. This is exactly the pattern we observed, such
that placing a salient feature beyond the EOMR delayed, rather than abolished the capture of attention
by the singleton [93,94,103]. If salience signal is transient (as in the peripheral cueing task), the absence
of reinforcement from the oculomotor system reduces the chance of the cued location ‘winning’ the
competition before the signal decays, and therefore reduces the probability of observing an exogenous
shift of attention to the cued location. We can therefore understand the relationship between exogenous
attention and saccade programming in terms of oculomotor inputs that bias competition on the priority
map in favour of the saccade endpoint. The demotion of the oculomotor system from being the sole
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arbiter of the locus of attention to being one of many potential influences on the process of biased
competition is a key difference between OREO and OMRH/PMT. Importantly it does not deny the
possibility that exogenous orienting can be driven by other inputs, such as stimulus salience [116].
Rather, OREO holds that optimally efficient exogenous orienting relies on activation of a saccade plan,
and when this activation is disrupted exogenous orienting becomes slower and less reliable.

OREO makes some clear and testable predictions about the interaction between covert, exogenous
orienting and saccade programming. Firstly, exogenous orienting should always be associated with
the activation of a saccade plan. Secondly, inability to plan a saccade should disrupt exogenous
orienting. Thirdly, factors that affect the properties of saccadic eye movements (e.g., their latency,
amplitude and direction) should also affect the speed and accuracy of covert exogenous orienting.
MacLean et al. [102] tested the first prediction using a variant of the dual task procedure developed by
Klein and Pontefract [8]. Contrary to the predictions of OREO, they observed no reduction in saccade
latency at peripherally cued locations and concluded that exogenous orienting was not associated
with saccade programming. However, this conclusion is premature, as MacLean et al. used a SOA
of 250 ms, allowing ample time for the suppression of saccade programming following a shift of
attention. Indeed, the authors concede that their results are more similar to those of Belopolsky and
Theeuwes [9,84], who previously argued that maintenance of attention was independent of saccade
programming. The MacLean study also utilises a very high proportion of no-go’ trials, where a
cue appears but no saccade is permitted, and as we have already noted, a high proportion no-go
trials can mask saccadic priming effects caused by peripheral cues [9,107]. We examined the third
prediction by using instrumental conditioning of eye movements [117]. If exogenous orienting depends
on activation of the oculomotor system, then one might predict that a manipulation that modulates
saccade latencies should also affect covert exogenous attention. In our first experiment we found
that rewarding eye movements to a specific spatial location reliably reduced saccade latencies to that
location, and that this conditioning persisted for 180 trials once rewards were removed. However, in a
second experiment this modulation of the oculomotor system had no effect on the magnitude of covert,
exogenous orienting or Inhibition of Return. McCoy and Theeuwes [118] report a similar result in a
study in which participants learned to made saccades to a location associated with a large reward.
As with our study, the high-value location was associated with shorter saccade latencies. However,
this oculomotor facilitation did not translate into enhanced performance at the rewarded location in
a subsequent task that measured perceptual discrimination at the rewarded location while the eyes
remained at fixation. These findings may seem hard to reconcile with the third prediction of OREO,
but it is important to note that OREO predicts that reducing the latency of a saccade should lead to a
reduction in the rise-time of attention (i.e., the speed at which attention is oriented to the cued location)
rather than the absolute magnitude of the cueing effect. Thus, in our view, none of these studies offers
a strong test of the predictions of OREO. In contrast, McFadden, Khan and Wallman [119] reported
that it was possible to elicit adaptation of exogenous, covert orienting, which was accompanied by
an adaptation of subsequent eye movements, suggesting that the adaptation of exogenous attention
relied on changes in the oculomotor plans elicited by the peripheral onset. It is not known whether
endogenous, covert attention can be adapted in the same way, but such a study would provide a good
test of OMRH/PMT and OREO, and the former theories predict an effect of adaptation of endogenous
attention on saccade amplitude, whereas OREO does not.

5. Summary and Conclusions

To briefly summarize, OMRH/PMT argues that planning an eye movement is both necessary
and sufficient for covert, endogenous orienting of attention. Many studies suggest that there is an
association between covert attention and oculomotor control, but none of this evidence demonstrates a
causal relationship between saccade programming and covert, endogenous spatial attention. Studies
of pre-saccadic attention are problematic because they conflate peri-saccadic perceptual changes
(‘remapping’) with covert attention, and the results are equally consistent with the view that orienting
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attention is a necessary precondition for saccade programming (e.g., [120]). A single neuropsychological
study argues for an association between endogenous orienting and saccade programming, but there
are many other examples of double dissociations between oculomotor control and endogenous,
covert attention. Studies of healthy participants show no evidence that shifts of attention can be
achieved by programming an eye movement, and the weight of evidence from eye-abduction and other
manipulations suggests that endogenous covert orienting can be achieved in the absence of saccade
programming. Overall, there is surprisingly little evidence from human participants that saccade
programming is either necessary or sufficient for covert spatial attention. However, there is a growing
body of neuropsychological and experimental evidence that exogenous covert orienting is dependent
on the ability to plan and execute eye movements. Neuropsychological patients with paralysis of the
eyes reliably present with deficits of exogenous, covert attention and disrupting saccade programming
in healthy participants interferes with covert, exogenous orienting. In our view, these findings are
powerful and conclusive evidence against the central tenet of OMRH/PMT, which is that saccade
programming is necessary and sufficient for endogenous, covert orienting, and thus we should reject
OMRH/PMT as a theory of covert, endogenous attention. However, the data are consistent with OREO,
which holds that saccade preparation or ‘oculomotor readiness’ plays a fundamental role in covert,
exogenous orienting of attention.
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Abstract: An inhibitory aftermath of orienting, inhibition of return (IOR), has intrigued scholars
since its discovery about 40 years ago. Since then, the phenomenon has been subjected to a wide
range of neuroscientific methods and the results of these are reviewed in this paper. These include
direct manipulations of brain structures (which occur naturally in brain damage and disease or
experimentally as in TMS and lesion studies) and measurements of brain activity (in humans
using EEG and fMRI and in animals using single unit recording). A variety of less direct methods
(e.g., computational modeling, developmental studies, etc.) have also been used. The findings from
this wide range of methods support the critical role of subcortical and cortical oculomotor pathways
in the generation and nature of IOR.

Keywords: inhibition of return; oculomotor system; orienting

1. Introduction

An inhibitory aftermath of orienting was discovered in the early 1980s by Posner and Cohen [1]
and subsequently named “inhibition of return” (IOR) by Posner et al. [2]. In these early papers,
Posner and colleagues proposed a novelty-seeking function for IOR and in the next decade or two
the phenomenon was subject to intense investigation. Eventually, a variety of exciting behavioral
findings provided converging evidence for this proposal. Beginning with Posner et al. [2], a wide
range of neuroscientific tools have been utilized to explore the neural basis of IOR, and in some cases,
to resolve questions that arose primarily from behavioral studies. Our goal in this paper is to describe
what we have learned about IOR from this neuroscientific literature. To provide the context for our
coverage of this neuroscientific literature, we will begin with a brief overview of IOR’s behavioral
manifestations including its cause and effects, its spatial and temporal properties, its role as a foraging
facilitator (see [3], for a review that despite its age remains quite contemporary), and of disputes in the
IOR literature that neuroscientific evidence might help to resolve.

2. Behavioral Manifestations

In a review such as this one, it is prudent to begin by noting that there is no widespread agreement
about the nature of IOR [4]. The source of some disagreements (as anticipated by Klein [3]) may be
in overextension(s) of the term. Most notably, a cue-induced reaction time delay in the processing of
a subsequent target can be due to sensory adaptation when it is presented along the same pathway
traversed by the cue [5], particularly when the interval between cue and target onset is ~500 ms or
less. When such an “inhibitory” effect (also called “onset detection cost”) is conflated with IOR there is
bound to be confusion. Here, we will focus on the longer-lasting inhibitory aftereffect of orienting,
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which we believe comes in two forms (first clearly distinguished in [6]) depending on whether the
reflexive oculomotor system is in a suppressed or activated state when it is generated. As described
in their account of the history of IOR (Hilchey et al. [5]; see also [7]), this duality has engendered
confusion since the phenomenon was named by Posner et al. [2].

2.1. Causes and Consequences

Possible causes of IOR include prior orienting of attention, peripheral stimulation, and activation of
the oculomotor system. Posner and Cohen [1] rejected the attentional cause because they demonstrated
that prior endogenous allocation of attention did not generate IOR, a finding that has been subsequently
confirmed (e.g., Rafal et al. [8]). They endorsed sensory stimulation as the cause because they believed
that IOR was generated when peripheral cues were balanced around fixation. However, with better
control conditions, this finding was not supported [9] and Posner et al. [2] further demonstrated
that IOR could be generated by an endogenously directed eye movement in the absence of a unique
peripheral onset. Using visual, auditory, and tactile stimuli and a target-target design, Spence et al. [10]
found that as long as a target was presented in the same spatial position as the previous one (regardless
of whether the modality repeated or switched to a different modality), there was a reaction time delay
compared to when the spatial location changed. This finding, that IOR occurs cross-modally between
all pairings of vision, audition, and touch, suggests that IOR is not restricted to cues and targets being
delivered along the same sensory pathway. Early studies [2,8] suggested that the cause of IOR was
activation of the oculomotor system and even though endogenous preparation of an eye movement
does not cause IOR [11], this is still the most likely cause.

Three broad loci have been proposed for the effects IOR might have on subsequent behavior at,
or near the inhibited location—it could degrade or delay sensory processing, delay or discourage
spatial responses, or delay or discourage the orienting of attention. Of course, these possible loci
are not mutually exclusive and a direct inhibitory effect at one level of processing could result in
indirect inhibitory effects at other levels. Particularly, whether IOR affects input or output levels of
processing may depend on the activation state of the reflexive oculomotor system [12]. According to
this view, when this system is suppressed, inputs or attention are affected; when it is not suppressed,
IOR manifests as an output level response bias.

2.2. Spatio-Temporal Properties

The time course of IOR is usually measured in a paradigm wherein spatially uninformative
peripheral cues precede the target by varying intervals. In this paradigm, as demonstrated in Samuel
and Kat’s [13] review, IOR can last for at least three seconds. The apparent onset of IOR depends
on several variables, including the complexity of the task, whether the target is accompanied by
distractors, and the importance of shifting attention away from the cue. As noted by many authors:
“It is possible that inhibition is present but will not be seen in performance because its effects are
obscured by other processes (such as facilitation or a response-repetition advantage) operating at the
same time as the hypothesized inhibition” [3] (p. 141). Therefore, one explanation for the variability in
the apparent onset IOR depends on the time required for attention to disengage from the location of the
spatially uninformative cue where facilitation due to attentional capture might obscure any inhibitory
effects of the cue. Moreover, processes that have a negative effect on reaction time may masquerade as
IOR, leading to incorrect inferences about how early IOR begins when these processes operate as an
immediate consequence of the cue (e.g., sensory adaptation [5] and onset detection cost [14]).

In terms of the spatial extent of IOR, when generated by a stimulus at a particular location in
the periphery (i.e., the cue), many studies have reported a gradient of decreasing inhibition centered
on this location (e.g., [15]; for a recent review see [16]). Interestingly, when IOR is generated by an
array of a small number of cues, the location that seems to be most inhibited is the geometric midpoint
of the cues (likened to a “center of gravity”), even if no stimulus was presented there [9,17]. Using
a 50 ms interval between such an array of cues and a target calling for a saccade, Christie et al. [18]
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discovered an inverse effect. At this very short cue-target interval, rather than being inhibited, eye
movements were facilitated toward the center of gravity of the array. This finding provides evidence
for the proposal that prior activation of the oculomotor system is the cause of the subsequent IOR.

As first demonstrated by Maylor and Hockey [19], when the eyes move between the presentation
of a cue and a target, the target suffers from greater inhibition at the spatiotopic location of the
cue than at its retinotopic location. More recently, it has been demonstrated by Pertzov et al. [20]
and Hilchey et al. [21] that spatiotopic coding was present as early after the saccade as they tested,
and Yan et al. [22] demonstrated that spatiotopic recoding happens just before the eye movement.
Furthermore, when a cued object moves between the cue and target, IOR can be seen at the new
location of the cued object rather than, or in addition to the originally cued location [23]. From these
findings, it has been inferred that IOR is coded in a scene- or object-based representation. Supporting
this inference are the findings in both visual search (for a review see [24]) and cue-target paradigms [25]
that IOR is eliminated if the scene is removed when the target is presented.

2.3. IOR as Foraging Facilitator

In Posner’s seminal studies [1,2], the function of IOR was proposed to be novelty seeking, and
in [2] such novelty seeking was hypothesized to increase the efficiency of visual search by encouraging
orienting toward new items. This proposal was supported by later studies that looked directly for IOR
within visual search paradigms. Using a probe-following-search task, Klein [26] found inhibition at
the locations attention had presumably visited during a search to determine that the items (distractors)
were not the target. Klein and Maclnnes [27] replicated this finding in a more ecologically valid,
“camouflaged” search paradigm, employing scenes from “Where’s Waldo”. One major finding of such
studies is that inhibition can be observed at multiple previously fixated locations. Based on these
findings, Klein elaborated on Posner and Cohen’s [1] proposal, theorizing that IOR acts as an inhibitory
tagging system that marks multiple previously attended locations and proposed that such a system
could function as a foraging facilitator [26,27]. For a review of IOR findings in visual search tasks,
see [24].

3. Neuroscience

Due to the temporal characteristics of IOR, neuroscientific research has been largely reliant on
the high temporal resolution of ERP techniques to investigate the neural substrate of IOR. However,
other methods have also been employed, including studies with patients who have subcortical brain
injuries, developmental studies on infants, fMRI, TMS, single-cell recordings of rhesus monkeys, and
computational modelling. Here, we review research in these areas.

3.1. Patient Studies

Early findings [2] from patients with subcortical damage due to progressive supranuclear palsy
and cortical lesions involving the parietal or frontal lobes suggested that subcortical, but not cortical,
systems were involved in the manifestation of IOR. The involvement of one subcortical structure that
is at the nexus of control of the oculomotor system, the superior colliculus (SC) was later confirmed
to be critical for the generation of IOR in patients with localized damage to this structure [28,29].
As described next, cortical involvement was later demonstrated to also be important for the coding of
IOR in environmental and object (or scene) coordinates. In retrospect, perhaps this is not surprising,
once IOR had been found to be represented in these coordinates, because the SC controls eye movements
in oculocentric (or retinotopic) coordinates.

Tipper and colleagues [30] employed the moving-objects paradigm in two split brain patients to
explore cortical contributions to object-based IOR. They demonstrated that an intact corpus callosum
is necessary to transfer object-based inhibitory tags from one hemisphere to the other. In a study of
patients with visual form agnosia, Smith et al. [31] demonstrated that although object-based facilitation
effects were impaired, object-based IOR remained intact.
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Sapir et al. [32] employed a version of the Maylor and Hockey [20] paradigm, in which a saccade
intervenes between the cue and target to explore environmental coding of IOR in patients with lesions
to the right intraparietal sulcus. A cue was presented above or below fixation and participants either
remained fixated or made a leftward or rightward saccade in response to a central arrow. Normal
participants and patients showed similar magnitudes of IOR in the stationary condition. When eye
movements were made, the target could appear at either the retinal or environmental location of the
cue. Normal participants showed IOR at both locations, but patients with right parietal damage only
exhibited inhibition at the retinal location of the cue. This finding suggests that circuitry in the parietal
lobes is responsible for preserving, in environmental coordinates, the inhibitory tags laid down by
the SC.

An interesting response modality dissociation was reported by Bourgeois et al. [33]. Patients
with damage to the right hemisphere were tested using a target-target paradigm in which IOR was
expected when the current target was presented in the same location as the previous target. One
condition required manual responses when a target was detected; the other condition required saccadic
responses to targets. In a group suffering from left neglect associated with right parietal damage
and/or disconnection of parietal from frontal regions, IOR was observed in the good (right) visual
field when saccadic responses were required. In striking contrast, when manual responses were made,
instead of suffering from IOR, repeated targets in the good visual field benefited from facilitation.
It was suggested that with manual responses, IOR depends on an intact cortical circuit (fronto-parietal
attentional network) in the right hemisphere whereas with saccadic responses, IOR might be mediated
by subcortical circuits (retinotectal visual pathway).

Smith et al. [34] tested a neurologically normal individual (AI) who was unable to make eye
movements due to congenital opthalmoplegia (oculo-muscular atrophy). Whereas Al could orient
her attention endogenously in response to informative central cues, her attention was not captured
exogenously by uninformative peripheral cues. Nevertheless, such cues did generate significant
IOR. Converging evidence for this dissociation (IOR without exogenous cueing) was obtained by
Smith et al. [35] using eye abduction in normal participants. With this manipulation, wherein cues
and targets can be presented at locations that the eyes cannot reach, normal IOR and endogenous
orienting were observed, but attention was not exogenously captured by peripheral cues. Although
we are aware of one study with conflicting results [36], the discrepancy may be rooted in the difficulty
of firm conclusions from the eye-abduction manipulation [37].

3.2. Developmental Studies

Although most research on IOR in normal individuals has been conducted with college age
participants, there are data on the early development of IOR and on how it might change with aging.
Research on the early development of IOR, as summarized by Klein [38] is illustrated in Figure 1,
along with Mark Johnson'’s [39] analysis of the relative rates of development of neural circuitry that
controls orienting in adults. Among the important developmental findings is the observation of IOR
in newborns less than four days old [40,41]. Because subcortical pathways are operational in infants
whereas the cortex is still developing, this finding supports the conclusion from patient and behavioral
studies that the SC is critical for the generation of IOR. It is noteworthy that in these newborn studies
the effect of IOR was generated and measured with oculomotor behavior. Thus, in the context of the
2-forms of IOR described above, this form, almost certainly, would have been the output form.

Surprisingly, the IOR that is seen in newborns is absent in 1-2 month olds. According to
Johnson et al. [42], inhibitory projections through the basal ganglia and substantia nigra that regulate
SC activity become functional at around one month of age. It is thought that the development of this
pathway, which encourages obligatory attention and response repetition would work against IOR.
The subsequent development of frontal systems that control the inhibitory projections to the SC from
the basal ganglia/substantia nigra is thought to mediate the reappearance of IOR at around 3—4 months
of age. In later childhood, adulthood, and in studies of aging, IOR may not be seen or its appearance
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may be delayed when, for a variety of reasons, after capture of attention by the spatially uninformative
peripheral cue, attention lingers or fails to disengage from this location [38].

: Covert IOR? N

]

4 Overt IOR? N

2 4 8 16 32 64 128 256
days days days days days days days days

Superior Colliculus

BG/SN

MT

Frontal

Figure 1. The relative time-course of maturation of different systems involved in orienting, as
discussed by Johnson [39], is shown by the rectangles below the timeline (dotted lines simply reflect
inter-individual variability in system maturation). These include the superior colliculus, the basal
ganglia (BG), the substantia nigra (SN), the MT, and the frontal lobes. All the experiments illustrated
here measured IOR using eye movements. Studies finding IOR (black rectangles) and failing to find
IOR (open rectangles) in infants of different ages with covert (no eye movement to the cue) and overt
(eye movements to the cue) orienting as the causal event are shown above the timeline. The split
rectangle of reflects the fact that IOR was obtained when target eccentricities were 10 deg, but not when
they were 30 deg. This figure has been redrawn from [38].

3.3. Human Brain Imaging

IOR has been extensively investigated with human brain imaging, particularly with
electro-encephalography (EEG) using the event-related potential (ERP) technique. The vast majority
of these studies have used a traditional Posner cueing task with peripheral stimuli requiring manual
responses to the targets. When this literature was reviewed by Martin-Arevalo et al. [43], it was
concluded that there was not one single ERP component that could serve as a “marker” for IOR.
Although reduction of the early sensory P1 component was often seen in the literature reviewed by
Martin-Arevalo et al. [43], P1 reductions are an unlikely reflection of IOR because, as was pointed out
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by Satel and colleagues [44,45], these modulations can occur without IOR and IOR can occur without
P1 reductions.

Martin-Arevalo et al. [43] excluded a few studies from their review that required participants
to make eye movements at some point during a trial. Indeed, in all included studies, participants
were instructed not to make eye movements and researchers typically removed the data from any
trials with obvious eye movements. One reason that there have been so few EEG studies investigating
IOR with activated oculomotor systems is that eye movements can contaminate the ERPs due to the
low signal-to-noise ratio of this technique [46]. However, as noted above, suppressing the reflexive
oculomotor system in this way might lead to IOR affecting the input stages of processing rather than
the output stages. These studies, which involved suppressed reflexive oculomotor systems have often
found a reduction in the amplitude of the P1 ERP component for cued relative to uncued peripheral
targets. Furthermore, this P1 effect has been shown to be correlated with behavioral measures of
IOR [43,44].

However, there have also been a few ERP studies that have allowed eye movements in response to
the cues, activating the oculomotor system on each trial. When cues and targets were both peripheral
stimuli and eye movements were made to cues [44], although P1 effects were still observed, the P1
modulation was not correlated with behavioral IOR, unlike the case when the eye movement system
was suppressed in this and in the earlier studies. Furthermore, this P1 cueing effect disappeared entirely
when there was no repeated peripheral stimulation (i.e., eye movements were made in response to
central arrow cues) [45], even though IOR was still observed behaviorally in response to the peripheral
targets. Similarly, when the spatiotopic location was dissociated from the retinotopic location with an
eye movement between cue and target, greater behavioral inhibition was observed at the spatiotopic
location than at the retinotopic location, however cue-related P1 reductions were only observed in the
retinotopic and not in the spatiotopic condition [46].

A later ERP component in the 220-300 ms post-cue period, the Nd, is also often modulated by
cueing in IOR paradigms [43]. In addition to being observed when eye movements are forbidden
and there is repeated peripheral stimulation, Nd modulations have also been observed when eye
movements were made in response to central arrow cues [45] and at spatiotopic, but not retinotopic
locations when an eye movement occurred between cue and target appearance [46]. However, these
Nd effects are even more inconsistent than those related to P1. They are not always present and
sometimes go in the ‘wrong’ direction, suggesting that although something is going on in this time
range, the Nd component may not be the most appropriate marker for IOR [45].

Other studies, e.g., [47,48] have explored the possibility of IOR modulating the amplitude or
latency of the N2pc component, which arises in a similar time range as the Nd component and is
assumed to reflect a shift of attention. In the first such study, McDonald et al. [47] discovered that
the N2pc component was reduced, but not delayed for targets presented at the cued location. Using
a visual search paradigm, Pierce et al. [48] obtained converging evidence for this finding. As yet,
we are not aware of any studies with eye movements that have investigated the association of N2pc
modulations with IOR.

The majority of these ERP studies have focused on the brain’s response to targets that might or
might not have been suffering from IOR. It is important to point out that, in the cue-target paradigm,
IOR is generated by the cue and measured by the target. The emphasis on the target in ERP experiments
is designed to elucidate the nature of IOR’s effect(s) on processing. Fewer studies have focused on
the brain’s response to the cues, an emphasis that, in principle, can tell us about the nature of IOR’s
cause(s). Using such an alternative approach to investigate neural activity during the cue-target
period, Tian et al. [49] developed a theoretical model of IOR. This work attempted to identify the
areas activated at different stages after cue onset using LORETA (low-resolution brain electromagnetic
tomography) source localization algorithms. The main idea is that attending to cued stimuli stimulates
neurons in early visual areas including the SC, which then sends signals to cortical areas such as the
parietal and frontal eye fields, generating inhibitory tags that represent previously attended locations.
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These tags then feed back down to the SC, inhibiting subsequent eye movements to the inhibited
locations (i.e., IOR).

Another alternative approach to investigating sensory activity during the cue-target interval
is to use the steady-state visual evoked potential (SSVEP) technique [50]. SSVEPs are periodic
electrophysiological signals in the input pathway that are evoked by periodic stimulation and that
share the same frequency as the stimulus. For visual stimuli, SSVEPs are observed over occipital cortex.
A number of studies have demonstrated that these SSVEP signals are modulated by spatial attention
(i.e., the signal is enhanced when attended), e.g., [51,52]. As far as we know, only one study [53] has
employed this technique to explore the sensory consequences of an uninformative peripheral cue. This
study found a biphasic pattern with enhanced signals from the cued location immediately after the
appearance of the cue reversing to suppressed signals beginning about 200 ms later. Although the latter
finding was assumed to be a reflection of IOR, this is challenged by the fact that IOR was observed
behaviorally (in simple RT to targets) at 1200 ms post cue onset while the SSVEP suppression at the
cued location was no longer present after 800 ms. We believe, therefore, that the SSVEP suppression
observed at the cued location might have been a reflection of sensory adaptation. Regardless of one’s
interpretation, further research using this powerful methodology would be welcome.

In addition to using EEG, a few studies have also used the fMRI technique in an attempt to
identify the neural circuits associated with IOR. Due to its low temporal resolution, fMRI is a poor
method for exploring IOR. Moreover, as noted by Klein (2004, pp. 552 [54]): “it is difficult to generate
a reasonable pair of conditions to generate a subtraction that might tap into the presence of IOR.
This is because IOR may be generated by a cue whether or not a target is presented and regardless
where it is presented and IOR is just as likely to follow orienting to a target as to follow orienting
a cue [6].” Miiller and Kleinschmidt [55], however, conducted a clever fMRI experiment, aimed at
determining whether IOR might have a negative impact on processing in early visual pathways. They
avoided sensory cue-target interactions on cued trials by presenting the target close to the cue but on
the opposite side of the vertical meridian (i.e., opposite hemifield) and they compared the activity in
occipital cortex for cued versus uncued targets. Strongly supporting an input form of IOR, they found
that the responses in occipital areas stimulated by the target were reduced for targets suffering from
IOR. In this study, although participants were not given trial-by-trial feedback on their oculomotor
behavior in the magnet, they were trained with eye monitoring before the fMRI session and according
to the authors, made eye movements on less than 1% of the trials during training. Therefore, it seems
likely that their reflexive oculomotor systems were relatively suppressed during the fMRI recording
sessions. According to Klein and Redden’s view of the two forms of IOR [12], if an experiment like this
were repeated with the IOR caused by a pro-saccade to the cue, suppression of visual cortex activity at
the originally cued location would not be observed.

3.4. Manipulations Aimed at Exploring the Roles of Neural Structures and Pathways

Converging evidence for the special role of the superior colliculus in the generation of IOR can
be found in two methods that have been used to differentially access this structure: nasal/temporal
asymmetries and S-cone stimuli (for a review of the use of these methods in the study of visual
attention, see [56]).

The retinotectal pathway sends visual inputs via the optic chiasm directly to the superior colliculus
with more copious connections from the temporal hemifields (nasal hemiretinae) (for a review see [57]).
Rafal et al. [8] hypothesized that if the SC played a special role in the generation of IOR, then stimulating
a pathway with more copious connections to the SC ought to result in greater IOR. When they did this
(Experiment 1, [8]) by presenting cues and targets monocularly they found, in accordance with their
hypothesis, substantially more IOR when cues and targets were presented to the temporal hemifields
than when they were presented to the nasal hemifields. Given our emphasis on the importance of
the state of the reflexive oculomotor system for whether the input or output form of IOR might be
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generated, it is important to note that in this experiment eye position was not monitored and so it is
likely that the output form was operating even though the response modality was manual.

An alternative strategy is to use S-cone stimuli that bypass the retinotectal pathway. Although
such stimuli will not reach the SC directly, they will eventually get there via the geniculo-cortical
pathway. Sumner et al. [58] used this strategy by presenting cues that were either luminant or S-cone
followed 400-500 ms later by luminant targets. In one condition participants detected these targets
using manual responses, and in another condition, they made saccades to the targets. With the typical
luminant cues they found IOR regardless of the response modality. However, with S-cone cues, they
only observed IOR when the eyes remained fixated for the duration of the task and target detection
was signaled by a manual response. In other words, saccades were insensitive to the prior location
of S-cone cues. This pattern of results suggests that the retinotectal pathway plays a special role in
generating the output form of IOR when prosaccades are required. Moreover, if it is assumed that
the reflexive oculomotor system was suppressed in their manual response condition, it would be
reasonable to suggest that the input form of IOR was generated in the manual response condition.

Transcranial magnetic stimulation (TMS) is a powerful tool for inferring whether a targeted
brain structure plays an important role in a particular behavior. A few studies have employed
TMS in an effort to deduce which structures in the brain are integral to IOR. Three studies [59-61]
administered TMS pulses over various brain structures on each trial during the time between the
presentation of the cue and the target. Thus, if a certain structure was integral in generating IOR
(through exposure to a cue), the TMS pulse to that area should nullify its effect and IOR would not be
observed. Indeed, TMS pulses to the right frontal eye field [59], the temporoparietal junction (TP]) [60],
and the right intraparietal sulcus (IPS) [60] interfered with IOR. Importantly, using TMS in conjunction
with a retinotopic/spatiotopic reference framing spatial cueing paradigm (as described in Section 2.2),
van Koningsbruggen et al. [61] found an asymmetrical functionality for the right anterior intraparietal
cortex. They showed that TMS pulses to this region diminished spatiotopic inhibition for targets both
ipsilateral and contralateral to the pulse. Conversely, pulses to the left anterior intraparietal cortex had
no effect on the usual IOR pattern. This finding provides strong converging evidence for the conclusion
from patient work [33] described earlier, that the right parietal cortex is the neural substrate responsible
for updating the locus of IOR to a spatiotopic representation in the presence of eye movements.

Seeking support for the response-modality dissociation reported in Section 2.2, Bourgeois et al. [62]
administered 1200 TMS pulses over a 20-min period to create a temporary and reversible lesion of
the right IPS or right TP]. Similar to the findings from patients with neglect, for right-sided targets
TMS-mediated disruption of either area decreased or eliminated manual, but not saccadic, IOR.
By contrast, a later study by Bourgeois et al. [63], that used TMS to disrupt the left TPJ or left IPS
showed no change in the IOR pattern for either manual or saccadic responses. Taken together, these
results suggest both an asymmetrical control of visuospatial attention by the right parietal cortex and
add converging evidence for the view that IOR may depend on different neural circuits depending on
the activation state of the reflexive oculomotor system.

In an ingenious experiment, Gabay et al. [64] exposed the archer fish (which gets its name from the
fact that when foraging for food it shoots down prey on low hanging vegetation by spitting water) to a
Posner cueing paradigm. Fish are an interesting species for drawing inferences about neural structures
required for generating IOR because they have such an underdeveloped cortex. Cues and targets were
presented on a monitor mounted over the tank in which the fish were swimming and the latency of
accurate spitting was measured. When the fish successfully shot a stream of water at the target on the
screen, some food was dropped into the tank. Demonstrating IOR, when the interval between the
cue and target was greater than one second, the spitting was slower for targets at the cued than at the
uncued location. This finding supports the observation of IOR in newborn infants (see section above
demonstrating that the generation of IOR does not require a fully developed cortex). In a subsequent
study [65], archer fish were exposed to an endogenous version of the Posner cueing task in which the
color of a central stimulus indicated the likely side of the upcoming target. The archer fish showed early
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facilitation, which the authors attributed to learning rather than volitional control. Interestingly, IOR
was observed at later intervals. The authors concluded that when orienting is generated subcortically
(as would be the case in this primarily sub-cortical species), IOR is observed even if the cue had been
presented centrally.

3.5. Monkey Neurophysiology

A number of monkey single cell recording studies have recorded from oculomotor areas such
as the superior colliculus (SC), while the animals performed spatial cueing tasks. Dorris et al. [66]
demonstrated that at a CTOA of 200 ms, behavior was inhibited on cued trials as compared to uncued
trials (as with humans), and that the activity of neurons in the SC was attenuated at the cued location
(i.e., the target-related activity of neurons was lower when they had been previously been stimulated
by a cue at the same location). Furthermore, when the same neurons were stimulated electrically
(through the recording electrode), rather than by a visual stimulus to induce a saccade, facilitation
rather than inhibition was observed, suggesting that the SC was not directly inhibited [65]. In later
work [67], inhibition was observed behaviorally in monkeys at later CTOAs (100, 200, 500, and 1200 ms)
while recordings were collected from both visual and visuomotor neurons in the SC. As in the previous
study, target-related activity was reduced for cued neurons at 100 and 200 ms CTOAs, however, at the
longer CTOASs this input attenuation was eliminated. These results suggest that the reduced responses
of previously cued neurons in the SC at relatively short CTOAs are a reflection of sensory adaptation
in the pathway projecting to the SC, whereas behavioral IOR observed at longer CTOAs reflects delays
in pathways outside the SC.

Further neurophysiological data derived from recordings in monkeys provide additional
converging evidence that, although the SC is crucial to the generation of IOR, higher cortical areas
contribute importantly to output-based, oculomotor IOR. Mirpour and Bisley [68] recorded in the
lateral intraparietal cortex (LIP) of monkeys while they performed a visual foraging task that allowed
measurement of neural responses when new, or previously visited distractors entered the neuron’s
receptive field. Providing a neural correlate for the suggestion that IOR might function as a foraging
facilitator [2,26,27], it was found that responses were reduced for previously fixated as compared to new
distractors. More recently, when recording from the FEFs during such a search task, Mirpour et al. [69]
identified neurons that maintain increased activity throughout trials once the location they represent
had been fixated. The authors proposed that these neurons keep track of all fixated stimuli, later
sending these signals to priority maps in parietal cortex. Such priority maps in parietal cortex, driven
by FEF signals, are a likely locus for the inhibitory tags leading to the output form of IOR.

3.6. Computational Modeling

As noted by Klein [54]: “What is most needed to advance our cognitive-neuroscientific
understanding are some comprehensive and computationally explicit theories of the inhibitory
aftermath of orienting” (p. 556). In real-world applications of visual search, such as robot navigation,
inhibitory algorithms must be implemented in order to avoid perseverance on highly salient stimuli.
However, such computations are normally implemented by simply reducing the salience of previously
attended stimuli to zero for a few seconds [70], which is clearly not how the primate brain accomplishes
the task (see [71] for a recent review of such salience models).

Neurobiologically plausible computational implementations of IOR have tended to use dynamic
neural field models simulating the activity of neurons in the SC, based on data obtained from monkey
neurophysiology and human behavior [72]. This work has shown great success in reproducing
behavioral data in humans as well as monkeys and has played an important role in making predictions
for further empirical work. Early simulations attempted to determine the extent to which sensory
adaptation and emergent properties of saccade dynamics could account for the behavioral effects of
IOR [73,74]. Although a great deal of data could be reproduced with such implementations, it was
determined that IOR at CTOAs greater than around 1000 ms could not be explained or accurately
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reproduced with such input-based mechanisms. More recent implementations of this model have
incorporated a later inhibitory mechanism (i.e., IOR), presumably via pathways from cortical areas
such as the frontal eye fields and/or posterior parietal cortex [75].

In a complementary approach, diffusion modelling considers the accumulation of evidence toward
some decision threshold. Here, the delayed responses for targets suffering from IOR might be explained
by a variety of model parameters, e.g., see [76,77] including sensory-level effects (e.g., slower rate
of accumulation) or a later decision-level effect (higher evidentiary threshold). Although diffusion
modeling can be done without consideration of the neural circuits that mediate the behavior of interest,
such models can be fruitfully linked and applied to specific neural circuits [78].

4. Conclusions

The neuroscientific research described here points to the critical role of the oculomotor system in
the generation of output-based IOR that facilitates novelty seeking. IOR arising when the reflexive
oculomotor system is not suppressed, is probably generated by projections from the SC to cortical areas
(FEE, PPC [or LIP]) but not implemented in the SC. It is represented in spatiotopic coordinates, seems
to arise only after about 600 ms post-cue and is likely represented in cortical areas affecting spatial
responses regardless of the output modality (manual or oculomotor). When the reflexive oculomotor
system is actively suppressed, however, the input-based form of IOR is generated, affecting early
sensory pathways in retinotopic coordinates rather than response outputs. Early sensory adaptation
also occurs along input pathways but only affects behavior for up to around 600 ms post-cue, and only
when there is repeated peripheral stimulation. Further studies of the inhibitory aftereffects of orienting
should be careful to disentangle these multiple inhibitory cueing effects.
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Abstract: Across saccades, small displacements of a visual target are harder to detect and their
directions more difficult to discriminate than during steady fixation. Prominent theories of this
effect, known as saccadic suppression of displacement, propose that it is due to a bias to assume
object stability across saccades. Recent studies comparing the saccadic effect to masking effects
suggest that suppression of displacement is not saccade-specific. Further evidence for this account is
presented from two experiments where participants judged the size of displacements on a continuous
scale in saccade and mask conditions, with and without blanking. Saccades and masks both
reduced the proportion of correctly perceived displacements and increased the proportion of missed
displacements. Blanking improved performance in both conditions by reducing the proportion
of missed displacements. Thus, if suppression of displacement reflects a bias for stability, it is
not a saccade-specific bias, but a more general stability assumption revealed under conditions of
impoverished vision. Specifically, I discuss the potentially decisive role of motion or other transient
signals for displacement perception. Without transients or motion, the quality of relative position
signals is poor, and saccadic and mask-induced suppression of displacement reflects performance
when the decision has to be made on these signals alone. Blanking may improve those position
signals by providing a transient onset or a longer time to encode the pre-saccadic target position.

Keywords: saccades; masking; displacement perception; spatial stability; motion perception

1. Introduction

1.1. Saccadic Suppression of Displacement and Visual Stability across Eye Movements

In our everyday experience, we have the impression that no important change in our environment
escapes us. Contrary to this impression, it has been demonstrated that even large changes of the visual
scene can go unnoticed if the change is not accompanied by a visible and localizable transient that draws
attention towards it [1]. For instance, the change might be camouflaged when it occurs simultaneously
with a saccadic eye movement. In particular, small displacements (‘jumps’) of a visual object that
are easily seen during fixation may be missed when they happen during a saccade, even when the
object was the target of the eye movement [2-7]. This effect is known as saccadic suppression of
displacement. It is thought to be intrinsically linked to the problem of visual stability across eye
movements. There are several facets to this problem [8]. Most relevant to saccadic suppression of
displacement is the question how we can keep track of an object’s location across saccades, despite
the fact that each eye movement we make results in drastic shifts of the visual image projected onto
our retina. It has long been assumed that the visual system integrates extraretinal information about
the size of the saccade (e.g., efference copy or proprioceptive eye position signals) with the sensory
information about the object’s position, see [9] for a historical perspective. However, if we have such a
mechanism, why are small displacements nonetheless more difficult to detect or discriminate across
saccades than during fixation?

Vision 2019, 3, 49; doi:10.3390/vision3040049 33 www.mdpi.com/journal/vision



Vision 2019, 3, 49

1.2. The Blanking Effect

Probably the simplest explanation is that the addition of the extraretinal signal adds further
noise compared to a situation without concurrent eye movement. In a simple signal/noise ratio
model, this alone could explain the increase in displacement detection thresholds [5,10]. This simple
model has been challenged, however, by the observation that displacement perception is strongly
improved when the target is removed during the saccade, reappearing in its displaced position only
after the saccade has landed [6,11-16]. This so-called blanking effect described by Deubel, Schneider,
and Bridgeman in 1996 [6] has been a seminal finding in saccadic suppression of displacement. In the
current contribution, I will therefore focus on studies that have been published in or after 1996, see [8]
and related commentary for discussion of earlier work. The blanking effect suggests that location
information across saccades is more precise than initially presumed. There is now evidence that the
available information may even include the trial-by-trial saccadic motor error, that is, the difference
between the planned and the actual saccade size [17,18]. Thus, theories of saccadic suppression of
displacement do not only have to explain why displacement perception is worse during saccades than
during fixation. Maybe more importantly, they also have to explain the counter-intuitive blanking
effect; that is, why performance is better when the target is absent when the eyes land.

1.3. Saccadic Suppression of Displacement as the Result of a Bias for Stability

One prominent line of argument today posits that saccadic suppression of displacement reflects
a perceptual decision bias to assume stability across saccades [6,7,11-13]. Based on an object’s
pre-saccadic location and extraretinal signals of the size of the saccade, a prediction of the object’s
post-saccadic location may well be formed. In the case of the saccade target, the prediction does not
even need to incorporate extraretinal signals, as the target should always be located close to the fovea
after the eyes have landed [6,7,19]. The prediction could then be compared to the object’s incoming
visual signal after the saccade. However, it is assumed that this information is often not used, as long
as the target was found near the predicted location after the saccade. Unless the discrepancy between
prediction and incoming signal is very large (as is the case for larger jumps), the visual system per
default assumes the null hypothesis that no displacement has occurred [6,7,11-13]. Alternatively,
Niemeier and colleagues [16,20] have proposed a prior for stability that biases the perceived size
of displacements. The specific shape of the prior leads to underestimations of jump size over a
range of smaller displacements. For the smallest displacements, the prior leads to almost complete
superposition of the pre- and post-saccadic signals (‘contraction’). Consequently, the smallest jumps
remain undetected.

The idea of a perceptual null hypothesis has already been expressed earlier, for instance by
MacKay [21] as cited in [8]. The blanking effect, however, has helped the idea of a decision bias or prior
for stability to achieve widespread acceptance. To explain the blanking effect, it has been proposed
that the stability bias can be relaxed, when there is evidence suggesting a break in object continuity
or object correspondence across the saccade: for instance, if the target is not present upon saccade
landing, as in the blanking effect [6,11-16]. In other words, if the visual system has already one clear
indication that the object has undergone a change, signals that suggest a concurrent change in position
are more easily trusted or receive more weight in the estimation of the displacement.

1.4. Is the Stability Bias Saccade-Specific?

Although the proposed bias may not only be effective across eye movements, it is quite
remarkable that suppression of displacement is almost exclusively discussed in the context of saccades.
The specifications ‘saccadic’, ‘across saccades’ or similar terms are found in the titles of almost all
studies [6,7,11-16,22-26]. Moreover, the specific challenge of spatial updating across saccades, that is,
having to assess the displacement across a large shift of the entire retinal image brought on by the eye
movement, is mentioned in most introductory passages [7,11-16,19,20,22-26]. Due to this emphasis on
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the saccadic context, one may be tempted to assume that the proposed mechanisms are saccade-specific,
and closely related to the saccade-specific challenge of spatial updating. Taking the idea of a null
hypothesis of stability as an example, one may be tempted to assume that the saccadic context raises
the decision threshold for displacement perception: A difference in an object’s position signal may
be interpreted as a displacement during fixation, but a same-sized difference between the predicted
location of the object and its actual post-saccadic signal may not be sufficient to reject the perceptual null
hypothesis in the context of a saccade. However, many saccadic suppression of displacement studies
did not compare performance to any kind of non-saccadic control condition [11-15,20,22-26]. It remains
thus unclear whether similar mechanisms may operate during fixation and whether estimations across
eye movements are more prone to the suggested stability bias or not.

1.5. Saccadic Suppression of Displacement as the Result of Saccadic Suppression of Vision

It is important to note that estimations across saccades are not only difficult because of the large
shift of the retinal image. It is well established that saccades have detrimental effects on the visual
input stream, e.g., [27-29]. These effects have been termed saccadic suppression of vision or visibility
and have been largely examined separate from saccadic suppression of displacement, as they have
been linked more closely to another facet of visual stability across saccades (namely why we do not
perceive motion blur, that is, the entire scene sweeping across the retina, when we make saccades).
Nevertheless, vision is of course also impoverished during situations of saccadic suppression of
displacement. Thus, saccadic suppression of displacement may primarily reflect poor vision during
saccades. To assess how much of saccadic suppression of displacement can be explained by poor vision
and how much may be specific to the challenge of spatial updating, a fixation control condition with
similarly impoverished vision of the target jump may be helpful.

Indeed, recent experiments have reported difficulties in discriminating small jumps of a peripheral
target in a situation without saccades, when the jump was obscured by a full-screen pattern mask [30,31].
The effects were of similar magnitude as the saccadic effect. Further, prolonging the preview duration
of the target before the displacement led to similar improvements with masks and saccades [31] and
an improvement with blanking was also found in both conditions [30]. When it comes to masking,
the general take on observed performance decrements is not that they primarily reflect a bias, but that
they reflect the reduced visibility of the target [32]. Similarly, rather than highlighting a stability
bias, saccadic suppression of displacement may primarily reflect the saccade’s masking effect on
the visual input stream [30]. Specifically, the masking of transient onset or motion signals (usually
perceived when the target jumps) may play a crucial role. In this framework, saccadic suppression
of displacement reflects poor sensitivity due to missing clues, not a bias to assume stability. That is,
position signals alone are coarse to begin with, even without saccades, and especially when the time
available for their encoding is short [31]. Consequently, when having to rely on position signals alone
in saccade or mask conditions, displacement perception is poor [33]. In turn, the improvement with
blanking may not reflect a relaxed bias, but could be due to better visual evidence for a displacement,
for instance, by providing a clear onset transient when the target reappears [6,25,31], or by providing
more time for the pre-jump position to be encoded [31].

1.6. Do Saccades and Masks Affect Displacement Perception in Similar Ways?

In accordance with many saccadic suppression of displacement studies, displacement direction
discrimination tasks were used in previous masking experiments [30,31]. Participants had to decide on
each trial, whether the target had jumped forward (i.e., further out into the periphery) or backward
(i.e., towards fixation). Responses are hard to interpret in these tasks: If participants gave a false
response, did they truly see a jump opposite to the actual displacement, or did they just guess because
they did not see a displacement at all? Could it be that a higher decision threshold is applied during
saccades, whereas poor performance in masking conditions rather reflect more noise in the signal
compared to the control condition without mask? In the current experiments, I therefore asked
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participants to estimate the size of the displacement by indicating the target’s starting position through
a mouse click. Similar continuous measures have already been used to measure suppression of
displacement, but only in saccade conditions [16,20,26]. Continuous report techniques may provide
more information about the processes underlying the responses. For instance, in the literature on
visual working memory, continuous report techniques have successfully provided tools to quantify the
probability and fidelity of memory representations [34,35]. Similarly, a continuous report technique
may be better suited to assess the probability and fidelity of perceiving a displacement in control,
saccade and mask conditions.

2. Experiment 1: Displacement Estimates in Control, Saccade and Masking Conditions

Experiment 1 compares response distributions across control, saccade and mask conditions.
The procedure in Experiment 1 is illustrated in Figure 1A. Details on the methods can be found after
the General Discussion. Demo movies of the control (Video S1) and mask (Video S2) conditions can be
found in Supplementary Online Material.

A - Experiment 1 B - Experiment 2

time time

Figure 1. Sequence of events in Experiment 1 (A) and Experiment 2 (B). Participants fixated the
central black square throughout a trial, or made a saccadic eye movement towards the red target bar.
The target was displaced either after 200 ms, * or as soon as the saccade was detected. At the end
of each trial, participants indicated the perceived displacement size by clicking on the target’s initial
(before displacement) position on the screen.

2.1. Direction Discrimination: Suppression of Displacement (Recoded Data)

First, to check whether changing the response mode from direction discrimination to mouse
pointing gives results that are comparable to previous suppression of displacement experiments, data
were first recoded into binary responses, that is, into reported ‘forward” and ‘backward” displacements.
Figure 2 illustrates the percentage of trials recoded as a reported ‘forward” displacement for the two
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jump directions (‘backward’ or ‘forward’ as indicated by negative or positive numbers, respectively)
and four jump sizes (0.5, 1, 2, 3 deg) in the three conditions (control, mask, saccade). The slope of the
data pattern can be taken as an estimate of performance: The steeper the curve, the better participants’
discrimination of jump direction. To summarize performance, logistic functions were fit to the data
of each individual observer in the three conditions, using a maximum-likelihood method in Matlab
(see https://osf.io/atr6y/). Average slopes of these functions are illustrated in the bar graph of Figure 2.
A one-way ANOVA on these slope values revealed a significant main effect, F(2,54) = 30.56, p < 0.001,
partial 7 = 0.531, and subsequent paired-samples t-tests and Bayesian -tests (default Bayesian t-tests
as offered in JASP [36,37]) confirmed significantly shallower slopes in the mask and saccade compared
to the control condition, ts(27) > 5.52, ps < 0.001, BFg > 2762.75. Thus, by recoding the data, the classic
suppression of displacement effect emerged: We see impaired performance in direction discrimination
in the saccade, but also the masking condition, compared to control. The slopes in the mask and
saccade condition also showed a significant difference, #(27) = 2.67, p = 0.013, BFy = 3.78, indicating a
slightly shallower slope in the mask compared to the saccade conditions. However, this difference was
much smaller compared to the large differences to the control condition.

EXPERIMENT 1

—»— Control
© g0+ —©—-Mask
s —8-Saccade &
g [ —
< 60 A N —*
2 g6 *
S = [
2 _ =
2 401 N=28 g 4
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‘back-ward" “forward’
actual displacement size (deg)
Figure 2. Data from the control, mask and saccade conditions of Experiment 1, recoded into binary
displacement direction responses. Line graph shows actual displacements (negative: ‘backward’ vs.
positive: ‘forward’) against the percentage of reported ‘forward’ responses (dotted line: chance level).
Bar graph shows the average slopes of the logistic functions fitted to each participant’s individual data.
All error bars: between-subjects 95% confidence intervals. Brackets marked with * illustrate significant
differences in post-hoc paired-samples t-tests (p < 0.05).

2.2. Distributions of Displacement Estimates

Next, I visualized the distributions of the continuous mouse click responses. Figure Al in
Appendix A shows the distributions separate for each displacement size. The essential aspect, however,
can also be appreciated in Figure 3 which shows the response distributions separated only by backward
(Figure 3A) and forward (Figure 3B) displacements. For the density functions, a kernel smoothing
technique based on a Gaussian kernel function (ksdensity in Matlab) was applied to the combined
data of all twenty-eight participants (kernel bandwidth: 0.15 deg). The shaded areas around each
line represent bootstrapped 95% confidence intervals (based on 1000 samples with replacement).
Distributions in the control condition (grey lines) are unimodal and responses around zero (i.e., misses)
or false responses (i.e., on the “wrong” side of the vertical line marking zero displacement) are rare.
In contrast, the curves in the saccade (magenta) and mask (green) conditions are clearly bimodal.
There is always one peak around zero, subtending approximately +0.5 deg, with flanks falling off
symmetrically on both sides. The remaining part of the distributions fall under the one from the
control condition. The two peaks are separated by troughs, which suggests that the peak around zero
represents the proportion of trials on which participants completely missed the displacement, whereas

37



Vision 2019, 3, 49

the second peak represents the proportion of trials on which a displacement was perceived correctly
as a backward or forward displacement. (Figure Al in Appendix A shows that the location of the
non-zero peak roughly follows the actual displacement size.) The graphs suggest that suppression of
displacement (Figure 2) for the saccade and mask conditions may to a large part be explained by higher
proportions of missed displacements compared to the control condition, as evident in the marked
peaks around zero. (Figure Al in Appendix A also shows that the size of the peaks around zero scale
with displacement size: smaller displacements are more often missed. However, missed displacements
did not only occur for the smallest displacements.)
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Figure 3. Distribution of responses in the three conditions (color-coded) of Experiment 1: Kernel density
functions showing data combined across participants (panels (A,B); shadings represent bootstrapped
95% confidence intervals), and proportion of responses falling into the specified bins showing data
averaged across participants (panels (C,D); error bars represent between-subjects 95% confidence
intervals). Brackets marked with * illustrate significant differences in post-hoc within-subjects paired
t-tests, p < 0.0017). Curly braces marked with BF01 illustrate Bayes factors in favor of HO, BFy; > 3.00.
Data are shown separately for backward (upper row) and forward (lower row) displacements.

To see whether the observed pattern is robust across participants, I split each participant’s
responses in the three conditions into five bins, defined post-hoc on the basis of the kernel density
function: The three central bins have the same size: [-0.75, —0.25], [-0.25, 0.25], and [0.25, 0.75],
representing missed displacements and the two adjacent bins where responses are ambiguous; the two
outer bins are larger [-6.00, —0.75] and [0.75, 6.00], representing the trials on which participants clearly
indicated a displacement, either in the correct direction, or in the wrong direction. The data (illustrated
in Figure 3C,D) was entered into a 2 (displacement direction: backward or forward) X 3 (condition:
control, saccade, mask) X 5 (bins) repeated measures ANOVA. Importantly, the three-way interaction
was significant, F(8,216) = 58.08, p < 0.001, partial 172 =0.683. To examine how the different conditions
changed the distribution of responses across bins, post-hoc paired t-tests were conducted, with p-level
corrected to 0.05/30 = 0.0017. Significant differences on this level are highlighted in Figure 3C,D
with brackets and an asterisk. These reveal that in saccade and mask conditions, the proportion of
correctly reported displacements (i.e., >0.75 deg and in the right direction) diminished compared
to control, whereas the proportion of missed displacements in the range [-0.25, 0.25] increased
significantly. While these comparisons cannot attest that distributions were bimodal for all participants,
importantly, they do affirm that the peak around zero as found in the kernel density functions does
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not result from only a small subset of participants. No differences across conditions were found in
the bin in-between, corresponding to the trough in the kernel density function (i.e., [-0.75, —0.25] for
backward, and [0.25, 0.75] for forward displacements). Additionally, masking, but not saccades, led to
higher proportions of displacement reports in the wrong direction. Figure 3C,D also highlights which
comparisons resulted in Bayes factors in favor of HO larger than BF; > 3.00 (again: default Bayesian
t-tests as offered in JASP [36,37]). Those include the comparison between saccade and mask conditions
for the central [-0.25, 0.25] bin for both forward and backward displacements.

To summarize, saccades and masks modulated the response distributions in quite similar ways.
Both primarily seemed to increase the proportion of missed displacements. When taken in isolation,
the bimodality in the distributions in the saccade condition can be easily explained by accounts that
emphasize a stability bias across saccades [6,7,11-13,16]. A similar distribution was observed in the
masking condition, however. Thus, the bias does not seem to be contingent on the saccadic situation.

3. Experiment 2: Estimates of Displacement Size in Blanking Conditions with Saccades or Mask

If saccades result in a larger proportion of missed trials, how does a blank introduced during a
saccade produce a performance increase, as has been reported in many previous studies [6,11-15,30]?
One prominent explanation for the blanking effect in saccades posits that the absence of the target
upon saccade landing signals a break in object continuity e.g., [6,11,13,16]. As the visual system has
already one clear indication that the object has undergone a change, the strong bias towards spatial
stability is relaxed. Consequently, the proportion of reported misses should decrease. Given that
the mask condition produced a similar pattern of responses in Experiment 1, the same reduction of
misses may also be observed with masking. Further, one may wonder whether blanking has only
positive effects on displacement perception. It has been argued that a bias towards stability across
saccades could optimize perception by correctly discarding small mismatches between prediction and
actual post-saccadic position. In particular, small deviations between the extraretinal signals and the
actual saccade should result in the perception of small illusory jumps of the visual scene with almost
every saccade we make, as discussed e.g., in [8,12,19]. If the bias is relaxed, then this additional noise
should show through more often. In other words, the relaxed decision threshold should also lead to a
slightly higher proportion of trials in which participants report the wrong jump direction. Indeed,
it has been found that blanking conditions increase the false alarm rate in displacement detection
tasks [24]. To examine these issues, Experiment 2 compares blank and no-blank conditions in saccade,
but also mask conditions (see Figure 1B). A demo movie of the 300 ms blank with mask condition
(Video S3) can be found in Supplementary Online Material.

3.1. Direction Discrimination: Suppression of Displacement (Recoded Data)

Figure 4 illustrates the results when recoding the data into binary responses (backward/forward
displacement direction discrimination). In saccade and mask conditions, curves are steeper, that is,
discrimination performance increased when introducing a 300 ms blank after the saccade or mask.
The slope difference between the 0 and 300 ms blank conditions was larger in the saccade condition.
Figure 4A suggests that in the masking condition, facilitation by blanking only occurred for forward,
but not for backward displacements. A two-way ANOVA on the corresponding slopes (see bar graphs
in Figure 4) confirmed significant main effects of blanking, F(1,21) = 75.22, p < 0.001, partial 1]2 =0.782,
and condition, F(1,21) = 20.65, p < 0.001, partial 1]2 = 0.496, and a significant interaction, F(1,21) = 29.62,
p < 0.001, partial n? = 0.585. Although smaller in the masking condition, subsequent paired-samples
t-tests confirmed a blanking effect, that is, a significantly steeper slope in the blanking condition in
both the saccade as well as the mask conditions, ts(21) > 4.37, ps < 0.001, BFqg > 114.20. Also, Figure 4
shows data from an additional Experiment 3 in which a fixation condition without mask was tested
with a 300 ms blank across the displacement (see Appendix B for the full data set; Video S4 for a demo).
Independent-samples t-tests comparing this 300 ms blank during control condition (light blue data) to
the 300 ms blank during masking condition revealed a significant result, #(48) = 2.10, p = 0.041, pointing
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to slightly better performance without masking, although the Bayes factor suggests that evidence in
favor of a difference was very weak, BFjp = 1.65. In contrast, the slopes of the psychometric functions
were significantly steeper, that is, performance was better, in the 300 ms blank during saccade than the
control condition from the additional experiment, +(48) = 3.80, p < 0.001, BFyy = 66.78.
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Figure 4. Data from the 0 and 300 ms blank conditions in the mask (A) and saccade (B) conditions
of Experiment 2, recoded into binary displacement direction responses. Conventions as in Figure 2.
Thin blue lines and striped blue bars represent data from an additional experiment (see Appendix B)
with a 300 ms blank during fixation condition without mask.

3.2. Distributions of Displacement Estimates

Can the poor performance in saccade and mask conditions again be explained by a high
proportion of missed displacements? Is the improvement through blanking due to a reduction in
missed displacements? And does the benefit of blanking come at the expense of more false direction
responses in saccade or mask conditions? Figure 5 (left column) shows the distributions of jump size
estimates in each condition with data from all twenty-two participants combined.

In general, the curves show again two peaks: One around zero perceived displacement,
representing the proportion of missed displacements, and a second peak, representing the trials
on which a displacement was perceived in the correct direction. Comparing data from the no
blank (saturated colors) to the blanking conditions (lighter colors), the improvements in direction
discrimination performance indeed went along with an altered balance between those two peaks:
A lower proportion of missed trials and a higher proportion of perceived displacements. Entering the
corresponding proportions (see Figure 5, right column) into a 2 (displacement direction: backward
or forward) x 2 (condition: mask or saccade) x 2 (blank: 0 vs. 300 ms) x 5 (bins) repeated-measures
ANOVA, a significant four-way interaction emerged: F(4,84) = 8.62, p < 0.001, partial 7> = 0.291.
Conducting separate ANOVAs for the mask and saccade conditions still resulted in significant
three-way interactions in both cases: Fs(4,84) > 9.82, ps < 0.001, partial n? > 0.319. Thus, although the
modulations in the saccade condition may be larger, there were also significant modulations in the
distributions of trials across the bins through blanking in the masking condition. Results of post-hoc
paired samples t-tests are illustrated by the brackets in Figure 5 (p-level corrected: 0.05/20 = 0.0025).
In the saccade condition, the change in balance (more correctly estimated displacements, less missed
displacements) resulted in significant differences for both jump directions (see Figure 5G,H; black
brackets). Further, the bin in-between correctly judged and missed displacement contained a similar
proportion of trials in blank and no blank conditions as indicated by Bayes factors in favor of HO, BFy;
> 3.00 (black curly braces). In the masking condition, significantly more responses in the bin containing
the larger jump estimates, paired with significantly fewer responses around zero with blanking were
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only evident for forward displacements (see Figure 5F; black brackets). Due to small variations in the
distributions, Bayes factors in favor of HO, BFy; > 3.00 (black curly braces), were revealed only for two
bins not immediately relevant for the current questions. False direction responses remained overall
rare. (They occurred occasionally for small displacements in the masking conditions; see: distributions
for +0.5 deg displacements in Figure A2 in Appendix A: they extend to values up to 2-3 deg to the
other side, although the proportions of those false direction estimates do not seem substantially higher
with blanking). In the saccade condition, however, distributions drop sharply on the ‘wrong’ side and
blanking did not evoke more false direction responses.
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Figure 5. Distribution of responses in the saccade (magenta) and mask (green) conditions of Experiment
2, with (light colors) or without (saturated colors) a 300 ms blank: Kernel density functions (panels
(A-D), and proportion of responses falling into the specified bins (panels (E-H). Conventions as in
Figure 3. Thin blue lines and striped blue bars represent data from a 300 ms blank during fixation
condition without mask (Appendix B). Brackets marked with * illustrate significant differences in
post-hoc within-subjects paired t-tests (p < 0.0025). Brackets marked with *t illustrate significant
differences in post-hoc between-subjects t-tests (p < 0.05). Curly braces marked with BF01 illustrate
Bayes factors in favor of HO, BF; > 3.00.

The faint blue lines in Figure 5 and the striped blue bars represent data from the 300 ms blank
during fixation condition from the additional experiment without mask (Appendix B). In the masking
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condition, distributions are similar to the blank distributions with masking. When entering the
proportions of the two 300 ms blank conditions into a 2 (displacement direction: backward or forward)
x 5 (bins) x 2 (experiment: with or without masking) mixed-measures ANOVA, neither the main
effect nor any interaction with the between-subject factor experiment reached significance, Fs < 1.65,
ps > 0.205. Thus, one may say that for forward displacements, blanking after the mask improved
performance roughly up to the level without masking. This is further highlighted by the fact that most
bins show Bayes factors in favor of HO, BFy; > 3.00, for forward displacements (see blue curly braces in
Figure 5F; the central bin is at BFy; = 2.57). In contrast, comparing the 300 ms blank during fixation
condition to the blank with saccade condition, the corresponding ANOVA did reveal a significant
three-way interaction, F(4,192) = 5.74, p < 0.001, partial 172 = 0.107. The small effect size and the
post-hoc t-tests indicated that differences were subtle: None of the t-tests comparing proportions across
experiments reached significance for any of the bins when correcting for multiple comparisons (p-level
corrected: 0.05/20 = 0.0025). Figure 5G,H (see blue brackets illustrating significant tests at p < 0.05)
suggest the three-way interaction may be partly explained by less false direction responses in the
saccade compared to the blanking during fixation condition (see also Figure A2). Bayes factors in favor
of HO, BF; > 3.00 (blue curly braces), occurred for the central bin for backward displacements and the
two adjacent, ambiguous bins for forward displacements.

In sum, blanking during saccades improved jump estimates and this improvement did not come
at the expense of false direction responses driven by noise: If the displacement was not missed
(which happened less often), its direction was picked up correctly. In fact, blanking after saccades led
to even better performance than blanking during fixation. This effect has already been reported by
Deubel and colleagues [6], but has received little attention in the literature, but see [16]. The authors
argued that the saccade brings the target close to the fovea where position signals are more accurate.
The advantage seems to be greater than the error in the extraretinal signal. In fixation conditions,
however, the comparison between two peripheral signals may introduce more spatial error. To my
knowledge, the current data is the first to replicate the finding. Note, however, that the lack of
replication for this saccade advantage up to date has a very simple reason: most (if not all) subsequent
saccadic suppression of displacement studies examining the blanking effect did not include a fixation
control condition [11-15,23-25,38].

Improvements with blanking in the masking conditions were smaller and restricted to forward
displacements. Performance never exceeded the level from a 300 ms blank condition without mask
(Appendix B), which is not surprising if one assumes that performance in the fixation condition reflects
the precision and accuracy limits of peripheral vision. Also, on a small proportion of trials, the direction
of small displacements was misjudged with masking, just as in fixation conditions without mask.
Thus, it seems that just as Deubel and colleagues [6] proposed, comparing two peripheral signals is
more error-prone than the comparison of a peripheral and a close-to-foveal signal, combined with
extraretinal information about the saccade.

4. General Discussion

When participants are asked to judge the ‘jump’ direction of a visual target, performance is
poor when the displacement occurs simultaneously with a saccadic eye movement [2-7], an effect
known as saccadic suppression of displacement. Prominent theories of saccadic suppression of
displacement postulate that the poor performance is to a large part due to a default assumption
or bias for stability across saccades [6,7,11-13,16]. However, not surprisingly, poor performance
in displacement perception can also be observed without saccades, for instance, when the jump
is obscured by a large pattern mask [30,31]. In the current experiments, I additionally examined
continuous judgments of the displacement’s size and direction. Results suggest that saccade- as well as
mask-induced suppression of displacement is primarily due to a larger proportion of trials on which
participants report to have entirely missed the displacement (compared to a fixation control condition;
Experiment 1). When introducing a 300 ms blank period straddling the jump, displacement detection
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was improved and the proportion of missed displacements reduced in the context of saccades and
masks (Experiment 2). Complementing previous masking experiments [30,31], the current findings
caution against the assumption of a saccade-specific stability bias.

4.1. A General Bias Revealed under Conditions of Impoverished Vision

The distributions of responses in the current experiments (and in particular the bimodality)
support the idea of a stability bias or prior. Most simply put, small jumps are often missed across
saccades and mask, but almost never in the control condition. In the saccadic context, this fits well with
the idea that small discrepancies between prediction and incoming post-saccadic signal are discarded,
in favor of a null hypothesis of stability [6,7,11-13]. It may also be in line with the more gradual
influence of the bias and ‘contraction” of jump estimates observed by Niemeier and colleagues [16,20].
It is important to note, however, that the masking conditions showed similar response distributions.
This finding suggests that the bias for stability is not saccade-specific.

Estimating the size of a displacement across saccades is challenged by two things: On the one
hand, the visual system must integrate extraretinal signals or at least establish object correspondence
across a large shift of the retinal image. This challenge is saccade-specific. On the other hand,
visual perception is suppressed during saccades, as has been demonstrated in many previous studies,
e.g., [27-29]. This challenge is not specific to situations of self-motion. Studies of saccadic suppression
of displacement rarely made attempts to estimate the influence of those two challenges on performance,
but see, e.g., [16,25,30,31]. Moreover, given that the context in which suppression of displacement
is discussed is usually restricted to eye movements [6,7,11-16,19,20,22-26], one could have been
tempted to conclude that the proposed mechanisms are saccade-specific. For instance, one may have
assumed that the visual system adjusts the decision threshold for displacement perception across
saccades to compensate for imprecisions introduced through the spatial updating mechanism. In other
words, more evidence would be required across saccades for the perceptual null hypothesis to be
rejected. Such a saccade-contingent adjustment provides indeed an intuitive account during eye
movements. However, it is a less obvious explanation in the masking case when no spatial updating
occurs. Alternatively, the current masking results suggest that it is not the decision threshold that
is raised through saccades and masks, but that the visual evidence for a displacement is poorer.
Thus, with smaller displacements, there is a higher probability that the amount of evidence remains
below a general decision threshold, applied by the visual system across many situations and not
specific to saccades.

In the control condition of the current experiments, participants almost never missed displacements.
It seems as if evidence for a displacement in the control condition is abundant, almost never below the
threshold. (In line with this idea, small displacements were frequently overestimated: see Figure A1l
in Appendix A.) How can saccades or masks so drastically impoverish this evidence? Note that the
target itself is highly visible, see [30] for a visibility control experiment. Then again, not the target,
but its displacement needs to be judged. It has been argued that saccades and masks both reduce
the offset and onset transients usually perceived when the target jumps [6,25,30]. These transient
signals alone might already facilitate the judgment of the displacement. Moreover, without strong
transients, the impression of apparent motion that accompanies the jump should also be greatly
reduced [6,25,30,33]. Perceived motion is a powerful cue, as it also conveys direction (which is all that
is needed in a direction-discrimination task). Further, numerous illusions attest the influence of motion
or apparent motion on position estimates [39-41]. In the control conditions, those signals are clearly
seen and can reinforce the perception of a displacement. When degraded through saccades, masks
or other circumstances, a crucial movement cue is lacking and thus displacements may be missed or
underestimated. Indeed, Gysen and colleagues [22] have found that the detection of trans-saccadic
jumps is better for a moving than a stationary object, demonstrating that violations along a smooth,
predictable motion trajectory can be detected more easily than simple jumps. It is important to note
that many authors have acknowledged that displacement estimates during fixation and saccades
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could rely on different sources of information: Whereas motion information is suppressed during
saccades, apparent motion, as well as position information, is available during fixation [6,16,25,33,42].
For instance, saccadic suppression of displacement in the model by Niemeier and colleagues [16] is not
due to a saccade-specific setting for the prior, but occurs due to a combination of suppressed motion
signals (i.e., sole reliance on position information) and the Bayesian prior for jumps: The poorer the
sensory information (e.g., due to motion suppression) the greater the influence of the Bayesian prior.
Nevertheless, although a role for the quality of sensory information has been acknowledged, the idea of
a stability bias has received much more attention in the saccadic suppression of displacement literature.

4.2. Improvement with Blanking: Relaxed Bias or Better Evidence?

Crucial for the prominent idea of a (variable) stability bias has been the improvement with blanking
across saccades ([6] as replicated in Experiment 2). This counterintuitive finding has been taken as
evidence that extraretinal signals seem to be more precise than initially assumed, but apparently not
used in the non-blank conditions because of the default assumption of stability [6,7,11-13]. In blanking
conditions, however, the stability bias is relaxed because the visual system has evidence that object
continuity has been broken. Thus, it is argued, a concurrent change in position becomes, a priori,
more likely as well, see also [16]. While the current findings do not speak against this account,
an alternative could be that the blank does not change the bias, but actually improves the quality of
the position signals. The blank makes it possible to perceive the onset transient upon reappearance
of the displaced target in saccade as well as mask conditions. Again, this has not been overlooked
in stability bias accounts. Quite to the contrary, the visible transient is thought to be one important
source of evidence for a break in object continuity responsible for relaxing the bias [6,11-13,16].
Alternatively, the transient signal could actually improve displacement sensitivity. One possibility is
that the transient enhances the precision of position signals, for instance, by engaging the magnocellular
pathway [25]. In line with this assumption, it has been shown that reducing the onset’s strength by
diminishing the target’s contrast to the background reduces or even abolishes the positive effect of
blanking during saccades [25]. Another possibility is that the blank interval puts the post-saccadic or
post-mask stimulus outside a critical temporal window for accumulation or integration of position or
motion information [30,31,42,43]. Zimmermann and colleagues [31] argue that precise encoding of the
pre-jump target location takes some time. The blank interval may provide that time. Further, they
demonstrated that saccade- as well as mask-induced suppression of displacement is reduced when the
pre-saccadic target is shown for a longer period of time before it is displaced. Others hypothesized
that saccades, as well as masks, may lead to temporary distortions in the incoming position signal
of the post-saccadic or post-mask target [44]. If the re-appearance of the target after the saccade or
mask is delayed, though, the processes responsible for the distortions have already ceased and thus
do not hamper displacement perception anymore. Additionally, blanking may also put pre- and
post-jump target outside a critical temporal interval for perceiving apparent motion. This could explain
why blanking during fixation (without mask) is detrimental to displacement perception ([6]; see also
the additional Experiment 3 in Appendix B). Further, blanking has been found to be detrimental to
transsaccadic displacement perception with moving objects [23], confirming that blanking interferes
with the integration of motion information.

Taken together, during fixation without any event or blank (control) we are most sensitive to
displacements as the offset and onset transients of the target and apparent motion are clearly perceived
(see Supplementary Video S1). Blanking during fixation probably reduces the motion signal somewhat
(see Supplementary Video S4), but the strong offset and onset transients are preserved. Without blank,
saccades and masks degrade the transients as well as the motion signal (see Supplementary Video
S2). Blanking during saccades and masks makes at least the onset signal available and delays the
post-jump target, thus improving performance in saccade and mask conditions (see Supplementary
Video S3). To explain any of these modulations, assuming a relaxation in the stability bias is not

44



Vision 2019, 3, 49

necessary. Thus, the ‘bias” may, in the end, reflect a general, fixed perceptual or decision threshold
for displacements.

4.3. Saccade-Specific Effects?

One may argue that the current emphasis on the saccade context in the literature, although maybe
slightly misleading, is not really problematic. After all, if saccadic suppression of displacement reveals
a general stability bias that operates over a wide range of situations, it is, of course, legitimate to
examine it exemplarily in the saccadic context. However, as mentioned before, perception across
saccades does face the additional challenge of spatial updating. By not trying to disentangle effects due
to spatial updating from the results of poor vision, we may actually miss the opportunity to measure
truly saccade-specific effects.

In the current experiments, although masks had overall similar effects to saccades, only in the
saccade condition did blanking improve performance up to a level that was actually better than in
a blanking control condition (Experiment 2). Deubel and colleagues [6] had already observed that
performance in saccadic blanking conditions can be better than in blanking conditions during fixation.
They speculated that bringing the stimulus from the periphery into the fovea by means of the saccade
improves the spatial representation of the target after displacement. Combined with information
about the saccade amplitude, the judgment of the jump size could thus be more precise than when the
target remains entirely in the periphery. This may also explain why blanking effects were weaker with
masking, where stimuli remain in the periphery. Quite strikingly, there were only very few direction
errors in the saccade conditions. This could suggest that some weak directional or motion signal
survives across the saccade. Indeed, it has been shown that apparent motion, although weakened,
can be perceived across saccades [45-47]. In the masking conditions, motion signals may be suppressed
more thoroughly, which may also be the reason why masking produced more false direction responses.

Further, it has now been repeatedly observed that not only blanking, but also a change in target
features (e.g., polarity, shape or orientation) across the saccade results in weaker saccadic suppression
of displacement [11,13,14,30]. The principal idea is again that the feature change lowers the decision
threshold for displacement detection or attenuates a bias for stability. Because a change in the target
is noticed across the saccade, concurrent differences in position signals are trusted. In principle,
establishing object continuity or correspondence is a problem that arises in many situations, not only
across saccades, e.g., [48,49]. The question is whether the visual system is more strongly biased to affirm
spatial stability when object correspondence is established in the saccadic context. Here, I have argued
against such saccade-specific settings. However, we have previously observed that an orientation
change, although beneficial across saccades, did not improve performance across a mask [30] (see also
Supplementary Experiment 4 for another potential dissociation). Future experiments may be needed
to clarify whether the feature change effect is due to a saccade-specific bias setting, or, for instance,
a difference in masking efficiency between saccades and our random-luminance mask.

Finally, even though saccadic suppression of displacement as such may not reveal much about
how our own movements are integrated into visual experiences, this, of course, is not to say that
those processes are not in effect in the paradigm. Quite to the contrary, if updating did not take
place, we would not be able to estimate the displacement with such high precision across saccades
(see Experiment 2;[6,17,18]). Interestingly, some studies have combined the suppression of displacement
paradigm with manipulations that should affect the signals conveying motor information about the
saccadic eye movement more directly. Of note, no matter whether the motor feedback (mostly,
the corollary discharge was targeted) was altered through saccadic adaptation [17,50], transcranial
magnetic stimulation over the frontal eye fields [51], a selective lesion of the thalamus [18], or inactivation
of the assumed feedback route through muscimol [52], the resulting data pattern was always better
characterized by a uniform shift in the psychometric function. It is thus maybe not so much a question
of the experimental paradigm, but of the measure to be taken as an index for the processes involved in
spatial stability and spatial updating across eye movements.
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5. Materials and Methods
Data available on OSF: https://osf.io/z4pcm/.

5.1. Experiment 1

5.1.1. Participants

Twenty-eight first-year psychology students (eight men) between 17 and 28 years of age completed
Experiment 1 in a single one-hour session. They reported normal or corrected-to-normal vision and
received course credit for their participation. For all experiments in this study, observers gave written
informed consent prior to participating and the procedures followed the principles laid down in the
Code of Ethics of the World Medical Association (Declaration of Helsinki) and were approved by the
Ethics committee of the Faculté de Psychologie et des Sciences de I’Education of the University of Geneva
(Project submitted: PZ00P1_161224, entitled “Space without motion—judging object locations and
relative distance in the absence of movement”; date of acceptance: February 19, 2016).

5.1.2. Apparatus

Experiments were programmed in Matlab (The MathWorks Inc., Natick, MA, USA) using the
Psychophysics and Eyelink Toolbox extensions [53,54]. Stimuli were displayed on a 21” CRT monitor
(NEC MultiSync FE2111SB) running at 85 Hz with a resolution of 1280 x 1024 pixels. Eye movements
were recorded using an EyeLink1000 desk-mounted eye tracker (SR Research Ltd., Ottawa, ON,
Canada) at a sampling rate of 1000 Hz. Participants were seated in a dimly lit room. Viewing was
binocular but only the right eye was monitored. The participant’s head was stabilized by a chin and a
forehead rest at 45 cm from the monitor.

5.1.3. Stimuli, Design and Procedure

The procedure in Experiment 1 is illustrated in Figure 1A. Stimuli were displayed on a gray
background (16 cd/m?). Each trial started with the presentation of a black fixation square (subtending
0.5 deg) at the screen center. After 1000 ms, the red vertical target bar (9 cd/m?, 0.6 X 3 deg) appeared
either left or right from fixation on the horizontal meridian. Target eccentricity from fixation was on
average 10 deg, but a random jitter was added on each trial, such that eccentricity ranged between
8 and 12 deg. In the fixation blocks, the target remained at its initial position for 200 ms and then
was either followed by a 50 ms blank screen (control condition) or a 50 ms mask (full-screen pattern
mask, made up of gray squares of 0.5 deg side length and randomized luminance). Then, the target
bar was displaced (it ‘jumped’) randomly either leftward or rightward (possible displacement sizes:
0.5,1,2 or 3 deg). Participants were required to maintain gaze on the central fixation square until the
displacement had occurred. Then, they were free to move their eyes. In the saccade blocks, participants
were instructed to make an eye movement towards the red target bar upon its appearance. It was
displaced as soon as a saccade was detected. In both fixation and saccade blocks, the target bar in
its final position was shown as a reference until participants gave a response: They were asked to
report the direction and size of the target jump by indicating the displacement’s starting point with
respect to its endpoint through a mouse click on the respective location on the screen. A feedback
message was displayed on the response screen if a fixation or saccade error was registered during
the trial (see Section 5.3 below for criteria). In total, participants completed three blocks of 160 trials:
They always started with a fixation block (including randomly interleaved control and masking trials),
then ran one saccade block and finished with a second fixation block. Trials with the target presented
to the left or right from fixation were collapsed and left/right displacements recoded into ‘forward’
(jump further out into the periphery), and ‘backward’ (jump back towards the initial fixation location
at the center of the screen). For each combination of condition (control, saccade, mask), displacement
size and direction, 20 data points were collected from each participant.
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5.2. Experiment 2

Another twenty-two first-year psychology students (six men) between 18 and 45 years of age
completed Experiment 2 in a single one-hour session. Apparatus, stimuli, design and procedure were
similar to Experiment 1, but there was no control condition without saccades or masks. Instead, saccade
and masking trials without blank were compared to conditions in which a 300 ms blank followed the
mask or saccade (see Figure 1B). Participants completed four blocks of 144 trials: Two blocks in the
saccade, and two blocks in the masking condition in random order. Within these blocks, blank and no
blank trials were randomly interleaved across trials, resulting in 18 data points per combination of
condition (mask vs. saccade), blanking (no blank vs. 300 ms blank) and displacement size and direction.

5.3. Saccade Detection and Trial Exclusion Criteria for Both Experiments

In saccade conditions, the displacement was initialized as soon as the horizontal gaze coordinate
taken online deviated by more than 1.5 deg from an initial sample taken at target onset of each trial.
After the experiment, fixation periods, saccade onsets, offsets and blinks were extracted offline from
the data of all conditions using the Eyelink parser with a velocity criterion of 30°/s and an acceleration
criterion of 8000°/s? for saccades. Trials in fixation conditions (control or mask) were discarded if a
saccade was detected or the horizontal gaze coordinate drifted more than 1.5 deg away from screen
center in a time window from 100 ms before target onset until 100 ms after the jump (breaks of fixation:
10.9% of trials in Experiment 1, 11.1% of trials in Experiment 2), or when a blink was detected during
the same time window (3.1% of trials in Experiment 1, 2.0% in Experiment 2). Taken together, 12.0% of
trials were discarded as errors from the fixation blocks (control or mask) in Experiment 1, and 12.1% of
trials were discarded from the fixation (mask) blocks in Experiment 2. In saccade conditions, trials
were excluded if gaze at the time of saccade onset deviated more than 1.5 deg from the screen center
(breaks of fixation: 5.7% in Experiment 1, 5.4% in Experiment 2), if a saccade was detected less than
100 ms after target onset (anticipations: 3.7% in Experiment 1, 5.6% in Experiment 2), if the saccade
was made into the wrong direction (0.8% in Experiment 1, 1.0% in Experiment 2), if the saccade
amplitude was smaller than 5 deg (2.2% in Experiment 1, 3.2% in Experiment 2), if no saccade was
detected within 500 ms of target onset (11.5% in Experiment 1, 7.8% in Experiment 2), or when a blink
occurred (3.3% in Experiment 1, 2.2% in Experiment 2). Taken together, 20.8% of trials were discarded
from the saccade blocks in Experiment 1, and 19.6% of trials from the saccade blocks in Experiment 2.
Saccades were executed with an average latency of 236 ms in Experiment 1, and 219 ms in Experiment 2.
The displacement occurred on average 28 ms after saccade onset and 22 ms before saccade offset in
Experiment 1. In Experiment 2, the displacement occurred on average 29 ms after saccade onset and
22 ms before saccade offset. Average saccade amplitude was 9.21 deg in Experiment 1 and 9.62 deg in
Experiment 2.

Supplementary Materials: The following are available online at http://www.mdpi.com/2411-5150/3/4/49/s1,
Video S1: Control, Video S2: Mask, Video S3: Blank, Mask, Video S4: Blank, Control, Supplementary File S5:
Experiment 4.

Funding: This work was funded by the Swiss National Science Foundation PZ00P1_161224 granted to S. Born.
Acknowledgments: I would like to thank Damien Jordan for collecting part of the data.

Conflicts of Interest: The author declares no conflict of interest.
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Appendix A. Distributions across Different Jump Sizes
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Figure Al. Distribution of responses (kernel density functions) in the three conditions of Experiment 1
(color-coded). Rows represent the different displacement sizes tested. Data are collapsed across all 28
participants. Shadings represent bootstrapped 95% confidence intervals. Vertical black continuous
line: zero line. Vertical black dashed lines: actual displacement for each graph. Compared to
actual displacements, the larger +2 and +3 deg displacements were underestimated in all conditions
(distributions shifted towards zero compared to the dashed lines). The smaller +0.5 and +1 deg
displacements, however, were overestimated in the control condition. Missed displacements, i.e.,
peaks around zero emerged for all displacements in the saccade and mask conditions and became
more frequent with smaller displacements. All in all, distributions in mask and saccade conditions
resembled each other, while distributions in the control conditions were markedly different for smaller
displacements as virtually no misses occurred.
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Figure A2. Distribution of responses (kernel density functions) in the mask (left) and saccade (right)

conditions of Experiment 2. Continuous lines: no blank conditions, dashed lines: blank conditions.

Thin blue lines represent data from the 300 ms blank condition during fixation from Experiment 3.
Improvements with blanking (i.e., less misses) in the masking conditions were most visible in the +1
and +2 deg displacement conditions (with smaller modulations in the —1 and +0.5 deg conditions).

Distributions overlap almost perfectly with the ones from the 300 ms blank conditions of Experiment 3.

In the saccade conditions, less misses compared to the no blank condition occurred for all displacements

(except for the —3 deg displacements where no misses occurred). Differences between the 300 ms blank

conditions (Experiment 2 vs. Experiment 3) were subtle, but showed, for instance, in larger estimates

in the saccade condition and an absence of false direction responses (see —0.5 deg: some displacements
were judged to be around +1 deg in the blank during fixation condition of Experiment 3).
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Appendix B. Experiment 3—Displacement Estimates in Blanking Conditions without Saccades or
Mask (Control for Experiment 2)

Blanking effects have mostly been studied in saccade conditions as they produce a somewhat
surprising increase in discrimination performance. Less studied has been the finding that in fixation
conditions, performance decreases when a blank is introduced between the offset of the target at its
initial position and its onset at the final position [6]. Demo movies of the 0 ms blank (Video S1) and the
300 ms blank (Video S4) conditions can be found in Supplementary Material online.

Appendix B.1. Methods

Another twenty-eight psychology students (sixteen women) between 18 and 45 years of age completed
Experiment 3 in a single one-hour session. Apparatus, stimuli, design and procedure were similar to the
control condition of Experiment 1. Instead of comparing control, mask and saccade conditions, I compared
three different blanking intervals (0, 100, and 300 ms) between the target’s offset at its initial position and
its onset at the final position. Participants completed three blocks of 168 trials. The blanking conditions
were randomly interleaved across trials in all three blocks. As in the fixation blocks of Experiment 1,
participants were required to maintain gaze on the central fixation square during stimulus presentation
and this was monitored by means of the eyetracker. For each combination of blanking condition (0, 100,
300 ms), displacement size and direction, 21 data points were collected from each participant.

Appendix B.2. Results and Discussion

Appendix B.2.1. Direction Discrimination: Suppression of Displacement (Recoded Data)

Again, data was first recoded into binary responses and the percentage of reported ‘forward’
jumps for each displacement direction and size was calculated. Figure A3 illustrates the results and
shows average slopes of the logistic functions fitted to the data of each individual observer. Slopes
were less steep with longer blanking intervals. A one-way ANOVA confirmed a significant main effect,
F(2,54) = 20.03, p < 0.001, partial n? = 0.426 and subsequent paired-samples t-tests revealed significant
differences between all conditions, fs(27) > 3.19, ps < 0.004, BF1y > 11.08. Thus, we see significantly
worse performance with increasing blank interval in the fixation control condition. Numerically,
the performance decrease was, however, much smaller compared to the saccade and mask conditions in
Experiment 1, which is in line with previous results [6]. Figure A4 additionally shows the distributions
of responses separate for each displacement size.

EXPERIMENT 3
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Figure A3. Data recoded into binary displacement direction responses. A: Data from the 0, 100,
and 300 ms blank during fixation conditions of Experiment 3. Line graph shows actual displacements
(negative: ‘backward’ vs. positive: ‘forward’) against the percentage of reported ‘forward’ responses
(dotted line: chance level). Bar graph shows average slopes of the logistic functions fitted to each
participant’s individual data. All error bars: between-subjects 95% confidence intervals. Brackets
marked with * illustrate significant differences in post-hoc paired-samples t-tests (p < 0.05).
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Appendix B.2.2. Distributions of Displacement Estimates
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Figure A4. Distribution of responses (kernel density functions) in the three conditions of Experiment 3
(color-coded). Rows represent the different displacement sizes tested. Data are collapsed across all
28 participants. Shadings represent bootstrapped 95% confidence intervals. Vertical black continuous
line: zero line. Vertical black dashed lines: actual displacement for each graph. Overall, distributions
in the 0 ms blank control condition resembled the ones from Experiment 1 (except that overestimations
of smaller displacements seemed somewhat smaller; as for Experiment 1, almost no misses occurred,
though). In the 100 and 300 ms blank conditions, some of the smaller +0.5 and +1 deg displacements
were missed. In the 300 ms blank conditions, this is visible in small peaks around zero, while the
100 ms blank conditions rather showed a spread of the distribution towards zero, compared to the no
blank condition.
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Abstract: Autism spectrum disorder (ASD) is neurodevelopmental condition principally characterised
by impairments in social interaction and communication, and repetitive behaviours and interests.
This article reviews the eye movement studies designed to investigate the underlying sampling or
processing differences that might account for the principal characteristics of autism. Following a brief
summary of a previous review chapter by one of the authors of the current paper, a detailed review of
eye movement studies investigating various aspects of processing in autism over the last decade will
be presented. The literature will be organised into sections covering different cognitive components,
including language and social communication and interaction studies. The aim of the review will be
to show how eye movement studies provide a very useful on-line processing measure, allowing us
to account for observed differences in behavioural data (accuracy and reaction times). The subtle
processing differences that eye movement data reveal in both language and social processing have
the potential to impact in the everyday communication domain in autism.

Keywords: autism; eye movements; cognitive processing; social and everyday communication

1. What Can Eye Movements Tell Us about Subtle Cognitive Processing Differences in Autism?

Eye tracking is widely used to examine information processing [1] since it is well established
that eye movement patterns provide detailed insight into on-going cognitive processing [2]. Autism
spectrum disorder (ASD) is a heterogeneous developmental condition characterised by difficulties
engaging in everyday social interaction/communication, restricted and repetitive patterns of behaviour,
and sensory processing sensitivities [3]. It is widely accepted within the field that these behavioural
symptoms are underpinned by information processing differences [4]. Therefore, eye tracking provides
an opportunity to examine the nature of on-going cognitive processing in ASD, and to evaluate how
any cognitive processing differences might underpin behavioural symptoms in this population.

In 2009 the research into autism that had utilised eye tracking was reviewed and at this point
there were approximately 60 articles published in the field [5]. The chapter reviewed how eye-tracking
had been used to explore low-level eye-movement characteristics, perception of complex stimuli,
and processing of and attention to social information. The review concluded that basic oculomotor
control such as smooth pursuit and saccadic programming appeared to be intact in ASD. However,
subtle differences in attention allocation were thought to be present for tasks that required higher-level
cognitive and social processing. For example, consistent observations reported enhanced local
processing during visual search and atypical allocation of attention for social scenes. The heterogeneity
of the disorder, changes across development and the effect of general ability and linguistic level were
all shown to impact upon findings from studies reviewed in that chapter. For example, visual sampling
or scanning in autism was shown to be affected by the complexity of stimuli social content, task
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complexity, and symptom profile, including age, symptom severity, the presence of language delay,
and social competence. It was proposed that future research ought to take account of specific sub
groups of the ASD population, and must also employ more naturalistic stimuli and settings, such as the
presentation of dynamic information and investigation of processing in one to one social interactions.

Since the review was published, there has been a surge in experiments that have used eye tracking
to study ASD. A search in Web of Science for “autism” AND ”eye tracking” indicates more than 600
research papers have been published on this topic in the last decade. Many of the suggestions for
future research, addressed in the previous review, have been taken on board in these new studies.
However, many of the issues raised in relation to inconsistent findings reported in the previous review,
are also apparent in the studies reported in the current review.

The current article reviews some of this more recent literature, with a focus upon what has been
learnt about the nature of language and social processing in ASD over the past 10 years. The aim of the
review will be to evaluate the contribution of the research to the understanding as to how cognitive
processing differences could relate to behavioural symptoms in day-to-day communication in ASD.

Key findings will be presented at the end of each section, and these will outline observed processing
differences in ASD for different paradigms or behavioural comparisons. A summary of how the
findings from the social and language processing studies will follow each of these separate parts of the
review, and each summary will attempt to evaluate how the eye movement patterns has advanced
understanding of cognitive processing in ASD. Specifically, we will evaluate whether there are any
consistent patterns of eye movements, that reveal subtle processing differences across the language
and social processing domains that could account for the well documented characteristics of ASD in
everyday communication.

2. Eye-Movement Studies and Language Processing in Autism

Language development and processing has been widely reported to be different for autistic
individuals, relative to typically developing (TD) individuals. For example, autistic children may hav