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Natural scenes contain far more information than can be
processed simultaneously. Thus, our visually guided
behavior depends crucially on the capacity to attend to
relevant stimuli. Past studies have provided compelling
evidence of functional overlap of the neural mechanisms
that control spatial attention and saccadic eye move-
ments. Recent neurophysiological work demonstrates
that the neural circuits involved in the preparation of
saccades also play a causal role in directing covert
spatial attention. At the same time, other studies have
identified separable neural populations that contribute
uniquely to visual and oculomotor selection. Taken
together, all of the recent work suggests how visual
and oculomotor signals are integrated to simul-
taneously select the visual attributes of targets and the
saccades needed to fixate them.

Introduction

Visually guided behavior depends first and foremost on
the ability to construct an accurate representation of the
many objects within the visual environment. In turn,
because of the precipitous drop in acuity that occurs with
increasing retinal eccentricity, visual perception in foveate
animals relies upon the sequential scanning of the items
within a scene by way of saccadic eye movements. Thus,
the construction of an accurate visual representation
depends crucially on the optimal and precise selection of
successive fixation locations [1].

Recent evidence suggests that the visuo-oculomotor
system of primates has evolved to select the visual
parameters of objects concurrently with the specification
of oculomotor commands needed to fixate those objects.
Further evidence suggests that this system has evolved
the capacity to amplify target visual signals covertly in the
absence of the overt deployment of eye movements.
Although the neural mechanisms involved in the trigger-
ing of visually guided saccades and those involved in
covert attention must diverge at the point where eye
movements are either made or withheld, results to date
suggest considerable overlap of the circuits mediating
both functions (e.g. [2]).
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Here we review recent studies of the relationship
between visual selection and oculomotor programming.
These experiments reveal a causal relationship between
the neural circuits controlling saccadic eye movements
and shifts of covert spatial attention. Although some
studies have identified separable neural populations
that contribute uniquely to visual selection or oculomo-
tor programming, recent work suggests how these
processes might be integrated during visually
guided behavior.

Links between selective attention and saccadic
programming

Psychophysical evidence linking selective attention and
oculomotor programming is abundant. A classic demon-
stration of the influence of directed attention on saccades
was provided by Rizzolatti and colleagues [3]. This study
examined the influence of covert attention on saccade
trajectories in subjects instructed to initiate saccades to a
location in one-half of the visual field (e.g. the lower half)
according to cues presented in the other half. The cues
themselves could be presented in one of several locations
in the cued half of the visual field (e.g. left side of
upper field). The major finding from this study was that
saccade trajectories were systematically deviated accord-
ing to the location of the covertly attended (cued) location.
This and similar observations (e.g. [4]) demonstrate
that the deployment of covert attention perturbs
oculomotor programming.

In another influential study, Hoffman and Subrama-
niam [5] instructed subjects to saccade to a specified
location while also detecting a visual target presented just
before the eye movement. By varying the position of the
target for detection they too could measure the interaction
of attention and saccade programming. Indeed, they found
that target detection was typically best at the location of
planned saccades and that essentially subjects were
unable to completely dissociate the attended and saccade
locations. These results suggest that the preparation
of saccades to a location deploys attention to that location.
Similar evidence was found by Deubel and Schneider [6]
who concluded that a single mechanism drives both
the selection of objects for perceptual processing and
the information needed to drive the appropriate
motor responses.

www.sciencedirect.com 1364-6613/$ - see front matter © 2006 Elsevier Ltd. All rights reserved. doi:10.1016/j.tics.2006.01.001


http://www.sciencedirect.com

0 EE.

The above observations are generally taken as support
for the so-called ‘premotor theory of attention’, which
posits that covert attention and saccade programming are
driven by overlapping neural mechanisms [3]. Although
the provenance of this view dates back to the 19th century
and the ideas promulgated by early physiologists and
theorists of cognition [7,8], there has been considerably
more neurophysiological scrutiny in recent years. What do
the psychophysical links between attention and saccade
planning suggest about the neural substrates that
mediate visual and oculomotor selection? Does the
apparent overlap of control of the two functions suggest
that attention is a by-product of oculomotor program-
ming? Alternatively, if we consider the idea that visuo-
motor processes fall along a continuum from visual to
motor operations, then where along this axis should we
expect to find the source or sources of attentional filtering?

Although the psychophysical studies provide a solid
rationale for the hypothesis that oculomotor and atten-
tional circuits have a common neural substrate, the
correlational data from these experiments cannot rule
out the alternative view that these are parallel but
distinct systems that tend to act in concert. Several recent
studies have begun to tackle this problem by perturbing
neural signals within oculomotor structures with elec-
trical microstimulation and examining the effects of those
perturbations on spatial attention and on visual represen-
tations in cortex. These structures include the frontal eye
field (FEF) and the superior colliculus (SC), both having a
known role in the programming and triggering of
saccades. The approach of directly manipulating signals
in these areas is particularly valuable in that it addresses
the causal relationship between neural activity in
oculomotor circuits and shifts of spatial attention.
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Causal mechanisms of spatial selective attention

If you are instructed to continue reading this text while
preparing to detect the occurrence of some visual event in
one corner of the page (e.g. a change in page number), your
ability to detect the event would be heightened in
comparison to a situation in which you had not been
given those instructions. This is despite the fact that in
neither case should your gaze shift to the corner of the
page. In the macaque brain, the visual and oculomotor
systems are highly interconnected, with cortical and
subcortical saccade-related structures having direct out-
put to both the brainstem saccade generator and much of
extrastriate visual cortex [9-11]. Recent studies provide
evidence that the neural mechanisms implicated in the
volitional control of saccades may also contribute to
selective attention.

Building on the wealth of psychophysical evidence
linking attention and eye movement control, Moore and
Fallah [12,13] directly tested the hypothesis that the
preparation of saccades to a location brings about
improved visual performance at that location (Figure 1).
They trained monkeys to detect the dimming of a
peripheral visual target while fixating and ignoring
flashing distracters. The position of the attended target
could be placed at a location to which saccades could be
evoked via microstimulation of a site within the frontal
eye fields (FEF) (Figure 1la). The authors found that
microstimulation of FEF sites with currents that did not
evoke saccades to the attended target nonetheless
increased the monkeys’ sensitivity to changes in its
luminance. This increase was found only when the FEF
representation and the target were spatially overlapping.
Moreover, the improvement observed was maximized
when the temporal asynchrony between the target change
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Figure 1. Microstimulation of the FEF. (a) Monkeys were trained on an attention task in which they had to detect the transient dimming of a peripheral visual stimulus (target)
while ignoring a flashing distracter that appeared sequentially at random locations of the display. The target was placed at the location to which the monkey’s gaze would be
shifted with suprathreshold stimulation of the FEF site (Movement field). The attention task was performed with and without subthreshold stimulation of the FEF site on
randomly interleaved trials. On stimulation trials, microstimulation occurred at a range of times before the dimming of the target stimulus (stimulation onset asynchrony,
SOA). (b) Average relative sensitivity values (microstimulation/control) are shown for each SOA tested (red dots) with red lines indicating the standard error of the mean. The
blue arrow indicates the improvement in performance observed when the distractor was removed, with no FEF stimulation. Relative sensitivity values are shifted above 1.0,
indicating an improved ability to detect the change following FEF stimulation. This improvement decreases with increasing stimulation-onset asynchrony (dashed curve fit),
and is maximal when stimulation is applied concurrently with the target change. Importantly, this effect is only observed when the target was positioned within the

movement field (Adapted from [13].)
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and FEF microstimulation was near zero (Figure 1b). This
observation suggests that microstimulation of FEF sites
known to participate in the selection of visual targets for
saccades [14-17] has a causal influence on the covert
visual selection of the saccade site [13]. Dovetailing with
the above observations, are the results of experiments in
which transcranial magnetic stimulation has been used to
disrupt activity within the FEF, and consequently, to alter
the performance of human subjects on covert attention
tasks [18-20]. Thus far, these studies have added to the
evidence of a causal role of human FEF in the willful
deployment of spatial attention (see [21] for review).
More recently, two studies examined whether micro-
stimulation of the SC could affect covert spatial attention.
As with the FEF, evidence has emerged in favor of a role of
the SC in the selection of targets for saccades per se rather
than merely saccade triggering [22,23], which raises the
question of SC’s role in covert visual selection. Using a
change-blindness task (Figure 2a) — a paradigm known for
its dependence on attention [24] — Cavanaugh and Wurtz
[25] showed that monkeys’ ability to detect changes in a
visual display during a flashed presentation was improved
with subthreshold stimulation of the SC intermediate
layers. There was also a 15 ms decrease in reaction time
for reporting changes. As in the FEF stimulation study,
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this effect depended crucially on the retinotopic corre-
spondence of the saccade represented at the stimulation
site and the changing stimulus. Concurrently, Muller et al.
[26] carried out a set of experiments involving micro-
stimulation of the intermediate layers of the SC. In this
study the authors measured how subthreshold SC
stimulation affected monkeys’ thresholds for discriminat-
ing the direction of coherent motion in a spatially
restricted aperture, embedded in a larger field of
randomly moving dots (Figure 2b). They found that SC
stimulation lowered discrimination thresholds when the
coherent dot stimulus was presented to the part of the
visual field represented at the stimulation site. When the
aperture was positioned at other locations, SC stimulation
did not affect discrimination thresholds.

The experiments involving the manipulation of neural
activity in the FEF and the SC raise the question of how
microstimulation of oculomotor areas brings about the
observed behavioral enhancements. Recently, Moore and
Armstrong addressed this question in an experiment that
paired FEF stimulation with single-neuron recordings in
extrastriate area V4 [27] (Figure 3). There is considerable
evidence demonstrating that V4 responses are enhanced
when attention is covertly directed to receptive field
stimuli (e.g. [28,29]) or when receptive field stimuli are
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Figure 2. Microstimulation of the SC. Two recent studies examined the effect of subthreshold SC microstimulation (left) on covert spatial attention. (a) One study used a
change-blindness task in which monkeys were trained to detect peripheral changes in a visual display. During each trial the animal fixated centrally while moving dot
apertures were presented at three locations, including within the response field (RF) of the SC site. After a variable delay there was a full field blanking of the display, followed
by the reappearance of the dot apertures. On some trials the direction of movement in one aperture changed direction upon reappearing. The monkey was required to
identify which stimulus had changed and indicate his response with a saccade to the appropriate target. If no direction change occurred the animal was required to continue
fixating. Monkeys’ ability to detect these motion changes within the RF improved with subthreshold stimulation of the SC applied during the initial motion epoch and
continuing until the array reappeared (gray line). (Adapted from [25].) (b) Another study tested how subthreshold SC stimulation affected performance on a motion
discrimination task. Monkeys fixated centrally while a spatially restricted aperture was presented within a full field of randomly moving dots. Monkeys were required to
determine the direction of coherent motion and to indicate their judgment with a saccade to the appropriate response target. Microstimulation during the discrimination
epoch improved performance when the coherent stimulus aperture was presented within the SC RF. (Adapted from [26].)
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Figure 3. Effect of FEF microstimulation on the visual response of a V4 neuron.
Microstimulation of sites within the FEF was carried out at the same time as
recording the responses of single V4 neurons to visual stimuli while monkeys
performed a fixation task. For these experiments the FEF microelectrode was
positioned so as to align the evoked saccade vector (red arrow) with the RF position
of the V4 cell (dotted circle). Histograms show the effect of subthreshold FEF
microstimulation on V4 responses to an oriented bar stimulus presented to the RF
(RF stim.). Mean response during control trials is shown in black, and the mean
response during trials in which a 50-ms microstimulation train (FEF stim.) was
applied to the FEF site is shown behind the control, in red. The response of the cell
was elevated immediately following the stimulation train. This effect depended on
the cell being visually driven, as when there was no RF stimulus present, FEF
microstimulation did not change the V4 cell’s response. (Adapted from [27].)

used as targets for saccades [30-33]. Moore and Arm-
strong examined whether similar visual response
enhancements would result from FEF stimulation, in
monkeys that were not performing attention tasks, but
merely fixating. They found that very brief (20-50 ms)
subthreshold microstimulation of the FEF enhanced
visual responses in V4 neurons at retinotopically corre-
sponding locations, whereas responses at other locations
were suppressed. Interestingly, both the enhancement
and suppression effects depended on the presence of
additional ‘distracter’ stimuli outside the V4 neuron
receptive field, as has been observed during attention.
These findings suggest that the gain of visual responses in
extrastriate cortex is directly modulated by the same
activity that elicits a saccade to a particular location, and
they suggest a mechanism for the voluntary modulation of
visual responses when saccades are planned to the
attended location but not executed. The results are also
consistent with the finding that activity in human visual
cortex depends in part on an intact prefrontal cortex [34].

The above stimulation studies provide direct evidence
that the FEF and SC - brain regions known to mediate
oculomotor programming — also play causal roles in
spatially specific shifts of selective attention. One issue
that has received considerable attention concerns the
neural specificity of these microstimulation-driven effects.
Electrical microstimulation affects all neural elements in
the region of the electrode tip [35], leading to increased
activity within a potentially diverse set of neurons. Thus,
the possibility remains that the effects of microstimulation
on saccades and visual selection reflect the activation of a
heterogeneous neural population containing cells
uniquely involved in saccades and visual selection.

www.sciencedirect.com
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Evidence supporting this putative dissociation is dis-
cussed in the next section.

Heterogeneous neural populations and implications

for neurophysiological models of spatial attention
Despite evidence of a causal role of oculomotor circuits in
the deployment of visual spatial attention, it remains to be
seen to what extent particular neurons within those
circuits contribute directly to both oculomotor behavior
and visual selection. As stated earlier, by definition, covert
attention requires at some level the divergence of neural
mechanisms controlling visual filtering and the triggering
of orienting behaviors. But where in the visuo-oculomotor
axis does neural activity have everything to do with the
direction and amplitude of the next saccade and little or
nothing to do with the filtering of visual signals? Contrary
to studies reporting an interdependence of attentional and
oculomotor deployment (e.g. [5]), some previous psycho-
physical studies have actually found that they are
nonetheless dissociable [36-38].

Recent physiological evidence suggests that this diver-
gence of function can be observed at the single cell level
within oculomotor-related structures such as the FEF and
the SC, where a continuum of visual, visuomotor and
motor properties can be observed among neurons [39,40].
For example, Sato and Schall examined the activity of
single neurons within the FEF during a search task that
required saccades either towards (pro-saccades) or in the
opposite direction to (anti-saccades) a pop-out target [41].
Some neurons initially selected the location of the
singleton target, and then subsequently selected the
final endpoint of the saccade. Thus, the activity of these
cells was consistent with the predicted movements of
visual attention during the trial. By contrast, the activity
of other neurons was correlated only with the endpoint of
the saccade, consistent with a unique role in oculomotor
planning. These data and those from a similar study [42]
suggest that visual selection and overt saccade program-
ming involve separable neural populations in the FEF.

One limitation of such studies, however, is that the
tasks required saccadic responses to relevant target. The
consistent formation of these saccadic plans might have
influenced the degree to which the activity of FEF neurons
correlated with shifts of visual attention. A recent study
by Thompson et al. is noteworthy in this regard for
examining neural activity in the FEF during a visual
search task that required only manual responses [43].
They found that neurons exhibiting visual responses
(including cells with purely visual properties and cells
with both visual and motor properties) were enhanced
during covert attention, whereas neurons with purely
motor properties were not enhanced, and often inhibited.
This observation is similar to one reported by Ignash-
chenkova et al. [44]. They recorded single unit activity in
the superior colliculus and found that both visual and
visuomotor neurons were active during covert shifts of
attention, but purely motor neurons were not.

These studies demonstrate functional heterogeneity at
the level of single units within the FEF and SC. In each
case, the activity of ‘purely motor’ neurons was not
enhanced by covert shifts of attention. At the same time,
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Box 1. Varieties of attention

This review has focused on the top-down selection of targets at
specific locations, but targets can also be selected on the basis of non-
spatial dimensions, such as color [52], object file [53], and temporal
position [54]. For example, various demonstrations of ‘object-based’
attention have found improved encoding of information within
specific objects in the visual field, relative to unattended objects that
occupy precisely the same locations (e.g. [63,55-57]). It has been
natural (and indeed productive) to examine the links between
oculomotor programs and spatially specific shifts of attention, given
the common goal of biasing visual processing towards behaviorally
relevant locations. It would be premature, however, to assume that the
conclusions reached in these studies will apply uniformly in cases of
non-spatial selection.

A similar qualification might be relevant when we consider the
temporal locus of attentional selection. We have noted that micro-
stimulation within regions that mediate saccades elicits modulations of
processing in extrastriate areas during early stages of visual proces-
sing (see Figure 3 in main text). But it is also known that attention can

both studies identified a ‘visuomotor’ class of cells whose
activity suggests a dual role in both visual selection and
oculomotor control. Thus, these studies also confirm the
hypothesis that the top-down selection of visual targets is
intertwined with the preparation of saccades to them
[45,46].

Top-down versus bottom-up control of attention
Although these electrophysiological studies provide evi-
dence of functional heterogeneity at the single neuron
level within the FEF and SC, one common characteristic
deserves further comment. In each of the studies, covert
shifts of spatial attention were elicited towards locations
that had a high bottom-up salience. That is, spatial
attention was shifted towards an object that had a unique
color or shape [41-43] or towards the abrupt onset of a
peripheral cue [44]. Past research has established distinct
goal-driven and stimulus-driven routes for orienting
spatial attention [47,48]. In the case of goal-driven
orienting, attention is deployed in accordance with the
observer’s voluntary decision about what is currently most
relevant. By contrast, when a specific element in a display
has a relatively high salience, attention may be captured
by that element in a bottom-up or stimulus-driven fashion.
Converging with this view, recent studies have shown that
there is simply less need for top-down control over
attention when high-salience targets are presented. Pop-
out targets suffer less from suppressive interactions with
other stimuli [49], and they are detected and localized in a
relatively automatic fashion in the posterior parietal
cortex [50].

In light of this dichotomy, it is possible that the full role
of oculomotor programs in attentional orienting will be
most apparent in procedures that emphasize internally
generated shifts of attention. In line with this idea, Juan
et al. [51] stimulated the FEF and found that shifts of
attention towards uniquely colored targets were not
accompanied by the preparation of a saccade to the
target’s location. This suggests that covert shifts of
attention towards such pop-out targets are not necessarily
accompanied by an oculomotor plan. Thus, the degree of
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influence target processing during post-perceptual stages of proces-
sing — in some cases without detectable changes in the quality of early
perceptual processing. For example, previous work has suggested that
temporal selection [58] as well as some instances of object-based
selection [59] do not affect the formation of early sensory represen-
tations butinstead determine the extent to which these representations
are granted access to working memory. In fact, even within the domain
of spatial selection, substantial variations can be observed in the timing
of attentional effects [60]. Thus, attention operates during both early
and late stages of target processing [61-64]. Of course, differences in
the time course of selection do not require multiple mechanisms for
spatial selection. A common attentional resource could influence
multiple stages of target processing. The most prudent position,
therefore, is to acknowledge that this is an unresolved empirical
question. Thus, conclusions regarding the relationship between
attention and eye movements should bear in mind that ‘attention’
encompasses a diverse category of selection phenomena, with
potentially diverse relationships to oculomotor control.

coupling between oculomotor control and spatial attention
might depend to some extent on the way in which spatial
attention is deployed. Indeed, across decades of research, a
wide range of empirical phenomena have been explained
via the construct of ‘attention’, even though this is not
likely to be a unitary process. Given the likelihood that
there are multiple mechanisms for goal-driven selection, a
more fully developed taxonomy of these processes could
resolve some of the apparent contradictions in the
literature (see Box 1).

Concluding remarks

Does the recent neurophysiological evidence confirm or
weaken motor-based theories of attention, such as the
premotor theory [3]? It can be said that the evidence
appears to do both. Increasing the probability that a visual
target will be foveated by electrically stimulating oculo-
motor structures, such as the FEF or the SC, concomi-
tantly increases the probability that visual events at the
target location will be detected. Furthermore, the percep-
tual improvements seen with electrical microstimulation
of the FEF are accompanied by enhancements in visual
cortical representations of potential target stimuli [27].
These observations provide prima facie evidence that the
preparation of saccades to a stimulus necessarily drives
the visual selection of that stimulus, and thus provides the
best support to date for the view that the circuits
controlling saccadic programming and covert spatial
attention are one in the same (see also Box 2). However,
at the single-neuron level, a division of labor among cells
within oculomotor structures exists whereby neurons
more involved in the saccade movement command can
be dissociated from those more involved in selecting
the visual target, at least during exogenously driven
attention tasks (e.g. [43]). Thus, any strictly motor-based
view of attentional control appears to break down at the
level of single cells. Moreover, such a view must break
down at some level given that we already know that the
locus of attention can be disengaged from the point
of fixation and that at the oculomotor periphery there
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Box 2. Questions for future research

e Microstimulation of FEF and SC sites exerts effects on covert
spatial orienting. But is the activity of FEF and/or SC neurons
necessary for the deployment of covert spatial attention?

e Clear links between oculomotor control and spatial selection have
been documented. Will similar links be identified in cases involving
post-perceptual or non-spatial selection?

e Does the degree of coupling between attention and oculomotor
control depend upon whether attention is oriented in a goal-driven
or a stimulus-driven manner?

o Past psychophysical studies have shown that attention tends to be
directed towards the endpoint of planned saccades. Similar
observations have been made in the case of reaching and grasping
movements [65]. What is the role of motor mechanisms (oculomotor
or skeleto-motor) in this type of visual selection?

is no anatomical basis by which motor commands can
affect visual representations.

So where does this leave us? The controversy concern-
ing the validity of motor-based hypotheses of attention has
no doubt played an important role in driving experimental
progress. However, we suggest that the need to confirm or
refute such hypotheses may not be entirely compatible
with the charge of understanding the neural mechanisms
of attention per se, which might require specifically
avoiding any assumptions of strict independence or
interdependence of two neural processes, particularly in
a system known for its flexibility. We suggest that the
evidence instead be considered in a more ethological light:
during normal visually guided behavior, oculomotor
selection and visual attention are typically, but not
always, coincident. It should be no surprise then that
their underlying neural substrates are largely, but not
inextricably, associated.

References
1 Yarbus, A.L. (1967) Eye Movements and Vision, Plenum Press
2 Corbetta, M. et al. (1998) A common network of functional areas for
attention and eye movements. Neuron 21, 761-773
3 Rizzolatti, G. et al. (1987) Reorienting attention across the horizontal
and vertical meridians: evidence in favor of a premotor theory of
attention. Neuropsychologia 25, 31-40
4 Kowler, E. et al. (1995) The role of attention in the programming of
saccades. Vision Res. 35, 1897-1916
5 Hoffman, J.E. and Subramaniam, B. (1995) The role of visual
attention in saccadic eye movements. Percept. Psychophys. 57,
787-795
6 Deubel, H. and Schneider, W.X. (1996) Saccade target selection and
object recognition: evidence for a common attentional mechanism.
Vision Res. 36, 1827-1837
7 Ferrier, D. (1876) Functions of the Brain, Smith, Elder & Co.
8 Ribot, T.H. (1890) The Psychology of Attention, Open Court Publish-
ing, Illinois
9 Wurtz, R.H. et al. (2001) Signal transformations from cerebral cortex
to superior colliculus for the generation of saccades. Vision Res. 41,
3399-3412
10 Stanton, G.B. et al. (1995) Topography of projections to posterior
cortical areas from the macaque frontal eye fields. JJ. Comp. Neurol.
353, 291-305
11 Schall, J.D. (1997) Visuomotor areas of the frontal lobe. In Cerebral
Cortex: Extrastriate Cortex of Primates (Rockland, K.S. et al., eds), pp.
527-638, Plenum Press
12 Moore, T. and Fallah, M. (2001) Control of eye movements and spatial
attention. Proc. Natl. Acad. Sci. U. S. A. 98, 1273-1276

www.sciencedirect.com

TRENDS in Cognitive Sciences Vol.10 No.3 March 2006 129

13 Moore, T. and Fallah, M. (2004) Microstimulation of the frontal eye
field and its effects on covert spatial attention. J. Neurophysiol. 91,
152-162

14 Bruce, C.J. et al. (1985) Primate frontal eye fields: II. Physiological
and anatomical correlates of electrically evoked eye movements.
J. Neurophysiol. 54, 714-734

15 Schall, J.D. et al. (1995) Saccade target selection in frontal eye field of
macaque: I. Visual and premovement activation. J. Neurosci. 15,
6905-6918

16 Schiller, P.H. and Tehovnik, E.J. (2001) Look and see: how the brain
moves your eyes about. Prog. Brain Res. 134, 127-142

17 Schall, J.D. (2002) The neural selection and control of saccades by the
frontal eye field. Philos. Trans. R. Soc. Lond. B Biol. Sci. 357,
1073-1082

18 Grosbras, M.H. and Paus, T. (2002) Transcranial magnetic stimu-
lation of the human frontal eye field: effects on visual perception and
attention. JJ. Cogn. Neurosci. 14, 1109-1120

19 Muggleton, N.G. et al. (2003) Human frontal eye fields and visual
search. J. Neurophysiol. 89, 3340-3343

20 Smith, D.T. et al. (2005) Transcranial magnetic stimulation of the left
human frontal eye fields eliminates the cost of invalid endogenous
cues. Neuropsychologia 43, 1288-1296

21 Chambers, C.D. and Mattingley, J.B. (2005) Neurodisruption of
selective attention: insights and implications. Trends Cogn. Sci. 9,
542-550

22 Carello, C.D. and Krauzlis, R.J. (2004) Manipulating intent: evidence
for a causal role of the superior colliculus in target selection. Neuron
43, 575-583

23 McPeek, R.M. and Keller, E.L. (2004) Deficits in saccade target
selection after inactivation of superior colliculus. Nat. Neurosci. 7,
757-763

24 Rensink, R. (2002) Change detection. Annu. Rev. Psychol. 53,
245277

25 Cavanaugh, J. and Wurtz, R.H. (2004) Subcortical modulation of
attention counters change blindness. J. Neurosci. 24, 11236-11243

26 Muller, J.R. et al. (2005) Microstimulation of the superior colliculus
focuses attention without moving the eyes. Proc. Natl. Acad. Sci. U. S.
A. 102, 524-529

27 Moore, T. and Armstrong, K.M. (2003) Selective gating of visual
signals by microstimulation of frontal cortex. Nature 421, 370-373

28 Treue, S. (2001) Neural correlates of attention in primate visual
cortex. Trends Neurosci. 24, 295-300

29 Reynolds, J.H. and Chelazzi, L. (2004) Attentional modulation of
visual processing. Annu. Rev. Neurosci. 27, 611-647

30 Moore, T. (1999) Shape representations and visual guidance of
saccadic eye movements. Science 285, 1914-1917

31 Mazer, J.A. and Gallant, J.L. (2003) Goal-related activity in V4 during
free viewing visual search. Evidence for a ventral stream visual
salience map. Neuron 40, 1241-1250

32 Ogawa, T. and Komatsu, H. (2004) Target selection in area V4 during a
multidimensional visual search task. J. Neurosci. 24, 6371-6382

33 Bichot, N.P. et al. (2005) Parallel and serial neural mechanisms for
visual search in macaque area V4. Science 308, 529-534

34 Barcelo, F. et al. (2000) Prefrontal modulation of visual processing in
humans. Nat. Neurosci. 3, 399-403

35 Tehovnik, E.J. (1996) Electrical stimulation of neural tissue to evoke
behavioral responses. J. Neurosci. Methods 65, 1-17

36 Hunt, A.R. and Kingstone, A. (2003) Inhibition of return: dissociating
attentional and oculomotor components. J. Exp. Psychol. Hum.
Percept. Perform. 29, 1068-1074

37 Klein, R.M. (1980) Does oculomotor readiness mediate cognitive
control of visual attention? In Attention and Performance VIII,
(Nickerson, R. ed.), Erlbaum

38 Klein, R.M. and Pontefract, A. (1994) Does oculomotor readiness
mediate cognitive control of visual attention? Revisited!. In A¢tention
and Performance XV: Conscious and Unconscious Processing
(Umilta, C. and Moscovitch, M., eds), pp. 333-350, MIT Press

39 Bruce, C.J. (1990) Integration of sensory and motor signals for
saccadic eye movements in the primate frontal eye fields. In Signals
and Senses, Local and Global Order in Perceptual Maps
(Edelman, G.M., ed.), pp. 261-314, Wiley


http://www.sciencedirect.com

130

40

41

42

43

44

45

46

47

48

49

50

51

52

TRENDS in Cognitive Sciences Vol.10 No.3 March 2006

Sparks, D.L. (1986) Translation of sensory signals into commands for
control of saccadic eye movements: role of primate superior colliculus.
Physiol. Rev. 66, 118-171

Sato, T.R. and Schall, J.D. (2003) Effects of stimulus-response
compatibility on neural selection in frontal eye field. Neuron 38,
637-648

Sato, T. et al. (2001) Search efficiency but not response interference
affects visual selection in frontal eye field. Neuron 30, 583-591
Thompson, K.G. et al. (2005) Neuronal basis of covert spatial attention
in the frontal eye field. J. Neurosci. 25, 9479-9487

Ignashchenkova, A. et al. (2004) Neuron-specific contribution of the
superior colliculus to overt and covert shifts of attention. Nat.
Neurosci. 7, 56—-64

Moore, T. et al. (2003) Visuomotor origins of covert spatial attention.
Neuron 40, 671-683

Thompson, K.G. and Bichot, N.P. (2005) A visual salience map in the
primate frontal eye field. Prog. Brain Res. 147, 251-262

Jonides, J. (1981). Voluntary vs. automatic control over the mind’s eye
movement. In Attention and Performance IX. (Long, J.B. and
Baddeley, A.D. eds), Erlbaum

Corbetta, M. and Shulman, G.L. (2002) Control of goal-directed and
stimulus-driven attention in the brain. Nat. Rev. Neurosci. 3, 201-215
Beck, D.M. and Kastner, S. (2005) Stimulus context modulates
competition in human extrastriate cortex. Nat. Neurosci. 8, 1110-1116
Constantinidis, C. and Steinmetz, M.A. (2005) Posterior parietal
cortex automatically encodes the location of salient stimuli.
J. Neurosci. 25, 233-238

Juan, C.H. et al. (2004) Dissociation of spatial attention and saccade
preparation. Proc. Natl. Acad. Sci. U. S. A. 101, 15541-15544

Saenz, M. et al. (2002) Global effects of feature-based attention in
human visual cortex. Nat. Neurosci. 5, 631-632

53

54

55

56

57

58

59

60

61

62

63

64

65

Duncan, J. (1984) Selective attention and the organization of visual
information. J. Exp. Psychol. Gen. 113, 501-517

Broadbent, D.E. and Broadbent, M.H.P. (1987) From detection to
identification: response to multiple targets in rapid serial visual
presentation. Percept. Psychophys. 42, 105-113

Mitchell, V-S. et al. (2000) Attention to object files defined by
transparent motion. J. Exp. Psychol. Hum. Percept. Perform. 26,
488-505

Mitchell, J.F. et al. (2004) Object-based attention determines
dominance in binocular rivalry. Nature 429, 410-413
Martinez-Trujillo, J.C. and Treue, S. (2004) Feature-based attention
increases the selectivity of population responses in primate visual
cortex. Curr. Biol. 14, 744-751

Vogel, E.K. et al. (1998) Electrophysiological evidence for a post-
perceptual locus of suppression during the attentional blink. J. Exp.
Psychol. Hum. Percept. Perform. 24, 1656-1674

Awh, E. et al. (2001) Evidence for two components of object-based
selection. Psychol. Sci. 12, 329-334

Vogel, E.K. et al. Pushing around the locus of selection: evidence for
the flexible-selection hypothesis. J. Cogn. Neurosci. (in press)
Broadbent, D.E. (1958) Perception and Communication, Pergamon
Press

Deutsch, J.A. and Deutsch, D. (1963) Attention: some theoretical
considerations. Psychol. Rev. 70, 80-90

Luck, S.J. and Hillyard, S.A. (1999) The operation of selective
attention at multiple stages of processing: evidence from human and
monkey electrophysiology. In The New Cognitive Neurosciences (2nd
edn) (Gazzaniga, M.S., ed.), pp. 687-700, MIT Press

Awh, E. et al. Interactions between attention and working memory.
Neuroscience (in press)

Schiegg, A. et al. (2003) Attentional selection during preparation of
prehension movements. Vis. Cogn. 10, 409-431

Articles of interest in other Trends journals

e Circuits that build visual cortical receptive fields
Judith A. Hirsch and Luis M. Martinez
Trends in Neurosciences 29, 30-39
e Consolidation of motor memory
John W. Krakauer and Reza Shadmehr
Trends in Neurosciences 29, 58-64
o Orbitofrontal cortex, decision-making and drug addiction
Geoffrey Schoenbaum, Matthew R. Roesch and Thomas A. Stalnaker
Trends in Neurosciences 29, doi:10.1016/j.tins.2005.12.006
o Kin selection is the key to altruism
Kevin R. Foster, Tom Wenseleers and Francis L.W. Ratnieks
Trends in Ecology & Evolution 21, 57-60
o Neural mechanisms of imitation
Marco lacoboni
Current Opinion in Neurobiology 15, 632-637
e Computational motor control in humans and robots
Stefan Schaal and Nicolas Schweighofer
Current Opinion in Neurobiology 15, 675-682

www.sciencedirect.com


http://www.sciencedirect.com

	Visual and oculomotor selection: links, causes and implications for spatial attention
	Introduction
	Links between selective attention and saccadic programming
	Causal mechanisms of spatial selective attention
	Heterogeneous neural populations and implications for neurophysiological models of spatial attention
	Top-down versus bottom-up control of attention
	Concluding remarks
	References


