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The neurobiology of visual attention: finding sources

Tirin Moore

The profusion of progress during the past twenty years in
identifying neural correlates of selective attention within the
visual system has left open the question of how visual
representations are biased to favor target stimuli. Studies
aimed at specifying the mechanisms that can be causally
implicated in the control of visual selective attention have only
recently begun in earnest. Employing both the psychophysical
and the neuroanatomical data, recent neurophysiological
experiments in monkeys and neuroimaging studies in humans
are converging on the neural circuits that provide the source of
at least some forms of attentional control signals.
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Introduction: varieties of attention

Although it is generally true that, as William James [1] put
it more than a century ago, ‘‘everyone knows what atten-
tion is”’, it has become crucial in the intervening years to
distinguish between the various ways by which ‘. . .one out
of what seem several simultaneously possible objects or
trains of thought™ are selected by the nervous system.
James himself made a distinction between instances in
which attention is brought to an object either by virtue of
its physical salience, that is, involuntary attention, or when
such objects are willfully selected by the subject, that is,
voluntary attention. Respectively, the two types are also
referred to as the ‘bottom-up’ and ‘top-down’ (e.g. [2]), or
‘stimulus-driven’ and ‘goal-directed’ (e.g. [3]) forms of
attention. Independent of that dichotomy is one in which
attention is directed either to a location in space (e.g. [4])
(spatial attention) or to a particular feature or object
regardless of its position in space (feature-based attention;
e.g. [5]). Recent neurophysiological work on the neural
basis of visual attention has involved all four varieties in
one combination or another, and the results suggest that
they have different underlying mechanisms. In addition,

whether or not attention is deployed in conjunction with a
motor response (overt attention), for example, acquisition
of fixation by way of an eye and/or head movement, can be
distinguished from instances in which perceptual
enhancements are accomplished wholly in the absence
of orienting motor behavior (covert attention). Most of the
neurophysiological studies of selective attention concern
the influence of covert attention on visual representations.
However, it appears that the similarities between overt
attention and covert attention are more revealing than
their differences. Current evidence suggests a common
mechanism for both types of attention.

Here, I discuss this evidence and the recent progress in
finding sources of visual attentive selection.

Mechanisms of involuntary attention
Involuntarily directed attention is driven by the target
itself, by virtue of its relative salience, such as an inho-
mogeneity with surrounding stimuli, or by having any
feature that makes it ‘pop-out’ from an array of other
stimuli [6]. Already in primary visual cortex (V1),
responses to arrays of multiple visual stimuli are
enhanced when the receptive field (RF) of a neuron
contains a single stimulus that differs from all others
[7,8]. This and similar results have often been interpreted
as evidence of early visual selection of ‘pop-out’ stimuli
[7-10], and thus as a basis for an involuntary bias in visual
selection. However, a recent study challenges this inter-
pretation. Hedge and Felleman [11] found that V1 neu-
rons were enhanced by all types of RF surround
discontinuities, even when those discontinuities do not
result in perceptual ‘pop-out’. Nevertheless, other evi-
dence from behaving subjects, both human [12°] and
monkey [13], demonstrates that in the absence of volun-
tary attention the activity within many visual areas is
dominated by ‘pop-out’ stimuli. These observations con-
tribute to the notion that separate neural mechanisms
underlie involuntary and voluntary attention [14], and
suggest that involuntary attention originates in earlier
visual areas. However, the finding that visually responsive
neurons within parietal area LIP [15] and within the
frontal eye field (FEF) [16,17] have very short latencies
leaves open the possibility that these areas are important
for involuntary attention. Such short latencies in these
two areas suggest a means by which frontal and parietal
cortex might contribute to the immediate effect that
stimulus salience has on attentional deployment.

Mechanisms of voluntary attention
One issue that has received increased focus lately is how
perceptual biases might be brought about when attention
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is voluntarily directed to one of multiple stimuli, regard-
less of their physical saliency. Where do control signals
responsible for top-down filtering of sensory representa-
tions originate? Recent work suggests that, at least when
attention is directly spatially, top-down selection is in part
driven by neurons involved in oculomotor preparation.
Despite the fact that attention can be dissociated from the
direction of gaze (i.e. during covert attention), a large
body of psychophysical evidence suggests that the same
mechanisms of visual selection are involved whether or
not the eyes move. A now classic study by Rizzolatti and
co-workers [18] demonstrated that spatially directed
attention can influence the trajectory of saccades, albeit
modestly. This and other similar observations (e.g. [19])
inspired and spurred along the influential premotor the-
ory of attention, which suggests that there is an equiva-
lence of mechanisms for saccadic programming and
covert spatial attention. Other psychophysical evidence
has lent support to this view, in addition to suggesting a
direction of causality in which saccade programming
drives visual selection. For example, some studies have
found that detection of visual events is improved at
the location of an intended saccade [20]. Deubel and
Schneider [21] concluded from such studies that a single
mechanism drives both the selection of objects for per-
ceptual processing and the information needed to drive
the appropriate motor responses. Although the realization
that oculomotor mechanisms might underlie voluntary
spatial attention has been around at least since the time of
Ferrier’s lesion studies in the 19" century [22], the
possibility has only recently been put to scrutiny in
neurophysiological studies.

Visual representations during covert and overt attention
Itis well established that the responses of cortical neurons
to visual stimuli are modulated by covert attention [23].
Compelling evidence for attentional modulation started
with observations of robust enhancement of visually
driven activity in ‘higher’ visual areas in the parietal
[24] and temporal lobes [25]. This evidence has accumu-
lated to include that from earlier visual areas [26,27], and
attentional effects both on V1 simple cells [28°] and
within the dorsal lateral geniculate nucleus [29]. In par-
allel with these observations is the less well established or
understood finding that at least in areas V4 and inferior
temporal cortex, visually driven activity depends on
whether or not a monkey will use a RF stimulus as a
saccade target [30]. Employing either single saccade tasks
[31-33] or tasks with naturalistic free-viewing [34,35,36°]
of the type pioneered by Gallant ez a/. [37], several studies
have found that neuronal responses to visual stimuli are
enhanced presaccadically when the RF stimulus becomes
the target. Thus, consistent with the fact that shifts of
attention tend to accompany shifts in gaze [20], visual
cortical representations are modulated during overt and
covert attention. Whether the attention-related modula-
tion reflects an influence of oculomotor planning on visual

representations [32], vice versa [35] or both [30,38]
remains to be determined. However, some recent studies
have begun to address this question.

Focusing covert spatial attention with microstimulation
Given that saccadic eye movements are the primary way
by which visual resources, namely the foveas, are brought
to bear on relevant stimuli, it is not surprising that the
visual and saccadic systems of the primate brain are highly
interconnected (Figure 1). Moreover, these connections
include pathways by which saccade-related signals can
influence visual cortical representations via cortical [39] or
subcortical routes [40]. Several recent studies have begun
to assess the influence of oculomotor signals on vision by
perturbing neural signals within oculomotor-related
structures with electrical microstimulation (Figure 1).
These oculomotor-related structures include the frontal
eye field (FEF), the superior colliculus (SC), and the
lateral intraparietal area (ILIP), each of which has a known
role in the programming and triggering of saccades, in
particular the FEF and the SC. Experimenters employing
reversible inactivation of these structures have found
selective deficits in the ability of monkeys to choose
visual targets when they are among distractors, as opposed
to low-level visual or motor impairments [41-43]. Such
results suggest an additional role of these structures,
either individually or collectively, in voluntary attention,
perhaps as a result of their involvement in saccade
programming.

Moore and Fallah [44°] directly tested the hypothesis that
the preparation of saccades to a location improves visual
detection at that location. They trained monkeys to report
the change in luminance of a peripheral visual target
while fixating centrally and ignoring distracters. It was
possible in the experiment to place the attended target in
a position to which saccades could be evoked by micro-
stimulation of sites within the frontal eye fields (FEF).
Microstimulation of FEF sites that spatially overlapped
the target position increased the monkeys’ sensitivity to
the target changes. The increased sensitivity resulted
from performance improvements both on change trials
(more ‘hits’) and on no-change trials (fewer ‘false alarms’).
Consistent with these observations are the results of
recent studies in which transcranial magnetic stimulation
has been used to disrupt activity within the FEF and
consequently the performance of human subjects on
covert attention tasks [45].

Two recent studies have examined the influence of
microstimulation of the SC on covert visual attention.
Using a change-blindness task, Cavanaugh and Wurtz
[46] found that monkeys’ ability to detect a brief change
in the visual display was improved with subthreshold
microstimulation of the intermediate layers of the SC
where, like the FEF, saccades can be evoked. Similar to
the situation in the FEF stimulation study, this effect was
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Figure 1
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Studies of the effects of microstimulation of oculomotor structures in the macaque brain on attention and its correlates in visual cortex.

A schematic depiction of the major neural pathways beginning with the output of the retina and returning to the eye muscles. Several oculomotor
structures involved in planning and triggering visually guided eye movements, and their connections (gray arrows), are shown. Structures such
as LIP, the FEF and the SC (yellow boxes) are each involved in transforming visual information into saccade commands. These areas are
connected to each other, and to visual cortex (dashed line box with sample visual areas and V1), and the SC, SEF and FEF also have
projections directly to the BSG. Recent experiments have examined the effects of microstimulation of the FEF [44°], LIP [48] and the SC [46,47]
on the allocation of spatial attention. In all cases, evidence of improvement in spatial attention with microstimulation was obtained. In another
study, microstimulation of the FEF was combined with single cell recordings in extrastriate area V4 (blue box). This study found that FEF
stimulation produces transient increases in the gain of V4 visual responses. All of these results suggest that common neural circuits underlie
the planning of visually guided saccades and the covert selection of visual stimuli. Abbreviations: BSG, brainstem saccade generator; FEF,
frontal eye field; IML, internal medullary lamina of the thalamus; dLGN, dorsal lateral geniculate nucleus; LIP, lateral intraparietal area; MD,
medial dorsal nucleus of the thalamus; MT, middle temporal area; Pulv, pulvinar nucleus; SC, superior colliculus; SEF, supplemental eye field.

crucially dependent on the retinotopic correspondence of
the saccade represented at the stimulation site and the
changing stimulus. When the stimulus change occurred at
another location, SC stimulation did not improve perfor-
mance and reaction times for reporting changes were
increased. Concurrently, Muller ¢z a/. [47] also observed
that intermediate layer SC microstimulation could reduce
the perceptual thresholds of monkeys performing a direc-
tion of motion discrimination. They also found that the
microstimulation effects depended on the spatial overlap
of the stimulated representation and the discriminanda.

In another study, Cutrell and Marrocco [48] measured the
influence of LLIP microstimulation on the effects of visual
cueing on reaction time to detect targets. When LIP
microstimulation was delivered following the appearance
of the cue, the authors observed a general decrease in
reaction time for all conditions. That is, microstimulation
appeared to alert the monkey to the impending target

appearance independent of cue presence or whether the
cue correctly indicated the location of the subsequently
appearing target. Thus, in contrast to the effects of FEF
or SC microstimulation, the effects in LLIP do not appear
to be spatially specific. The effects of microstimulation of
LIP on attention are not easy to reconcile with the
compelling evidence of an involvement of LIP neurons
in mapping the salience of visual targets [49]. However,
the finding that LIP neurons appear able to signal
multiple target items [50] might be consistent with the
spatial non-specificity of the microstimulation effects.

Driving correlates of attention with microstimulation

The spatially selective effects of microstimulation of the
FEF and the SC suggest that increasing the probability
that a stimulus will be the target of a saccade increases the
visual representation of that stimulus. Moore and Arm-
strong [51] directly tested this possibility in an experi-
ment that paired FEF stimulation with single-cell
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recording in extrastriate area V4. In this study the authors
examined whether attention-like modulation would
result from FEF stimulation, using monkeys that were
not performing attention tasks but merely fixating. They
found that brief (20-50 ms) subthreshold microstimula-
tion of the FEF enhanced visual responses in V4 neurons
at retinotopically corresponding locations, whereas
responses at other locations were suppressed. Similar to
what has been observed during voluntary covert attention
[26], the magnitude of the enhancement (and the sup-
pression) depended on the presence of additional ‘dis-
tracter’ stimuli outside the V4 neuron receptive field.
This facilitatory effect of microstimulation on visual
responses suggests that the gain of visual signals is
modulated according to the likelihood that a saccade will
be made to a particular location in space.

How might the above observations generalize to other
types of top-down sensorimotor interactions? Could it be
that biasing spatially directed movements facilitates other
types of sensory processing at the intended location of
action? A recent study of midbrain auditory neurons
provides some support for this notion. Neurons within
the optic tectum of the barn owl comprise a map of
auditory space [52]. The owl’s gaze direction is controlled
in part by neurons within the arcopallial gaze field (AGF),
in the forebrain, and is considered homologous with the
FEF in primates. Microstimulation of sites within the
AGF evokes short latency head and eye movements of a
given direction [53]. Winkowski and Knudsen [54] exam-
ined the influence of subthreshold microstimulation of
AGF on auditory responses of tectal neurons and found

Figure 2

that responses to stimuli in the space represented by the
stimulated AGF site were enhanced. By contrast, the
same microstimulation suppressed auditory responses
to stimuli presented at other locations in space. Thus,
the mounting evidence that signals associated with motor
preparation can provide spatial attention-like biases in
sensory processing extends to the auditory domain, and to
non-primate species.

‘Premotor theory’ and the overlap question

The flurry of recent efforts to pin down the origin of visual
attention signals has also reinvigorated a debate long
maintained among psychophysicists. Are the mechanisms
that drive oculomotor preparation the same ones that
drive visual selection during covert spatial attention? At
present, this issue appears to remain hotly debated [55].
Moreover, this debate has spread to the single neuron
level at which one can assess directly the involvement of
motor-related neural activity in attention. For example, a
recent study by Thompson e al. [56°] examined the
incidence of attentional modulation among the different
classes of neurons within the FEF (Figure 2). They first
classified neurons as visual, visuomotor, or motor accord-
ing to a standard memory-guided saccade task in which
one can disentangle the visual and motor-related
responses. They then measured the attention-related
enhancement of those neurons in a task that did not
involve a saccade response. They found that both visual
and visuomotor neurons 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 Ignashchenkova ez a/. [57].
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Statistical significance of attentional modulation of FEF neurons with visual, visuomotor or motor properties. The plot shows the distribution of
visuomotor indices and the corresponding significance of attentional effects for a population of FEF neurons. The visuomovement index
measures the contrast ratio of the visual and saccade related responses recorded during the memory guided saccade task. Neurons with
values approaching —1 (white diamonds) are dominated by a visual response and neurons approaching +1 (black circles) are dominated by
saccade related activity. Neurons with values near 0 (gray triangles) indicate approximately equivalent visual and saccade related activation.
The abscissa shows the statistical probability that target and distractor activity is the same for each of the functionally categorized neurons.
The dotted line denotes the p < 0.05 « level. Both visual and visuomovement neurons are modulated by the attentional manipulation, whereas

the movement neurons are not. Adapted from Thompson et al. [56°].
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They recorded single unit activity in the superior colli-
culus and found that both visual and visuomotor neurons
were active during covert shifts of attention, but purely
motor neurons were not. Both results are noteworthy in
that they provide evidence that the functional divergence
of spatial attention and saccade command signals occurs
at the single neuron level within the FEF and the SC.
That is, they demonstrate that attentional modulation is
both separable from and associated with the preparation
of saccades. As it is apparent that the mechanisms
involved in the triggering of saccades and those involved
in covert attention must diverge at least at the point at
which the eye must either be moved or be held in place,
hence the covert—overt distinction, these results appear to
make considerable sense. Together with other recent
studies, they suggest that the visuo—oculomotor system
of primates has evolved the capacity to amplify target
visual signals in the absence of the overt deployment of
eye movements [30], and that the covert and overt
mechanisms do not diverge until a point in the neuronal
circuitry close to the neurons that trigger the saccade [58].

Mechanisms of object-based attention

Although recent microstimulation work lends support for
a role of oculomotor mechanisms in spatially directed
visual attention, it says nothing about the source of
feature-based selection. Objects or features can be selec-
tively attended independent of their location in space [5],
and the influence of feature-based attention on vision is
pervasive enough even to determine which of two spa-
tially coextensive binocular rivalry stimuli is perceived
[59]. In addition to the well-documented effects of covert
spatial attention on visual cortical responses, there is good
evidence that attention to particular objects or their
features results in similar effects in visual cortex
[23,60]. However, converging data from human and mon-
key studies indicates that the influence of feature-based
attention on visual cortical representations precedes that
of spatial attention [61,62]. In contrast to the probable
sources of spatial attention signals, in which it appears
that saccade representations function as salience maps
[30,63], it appears thus far that the source of object and
feature-based salience is within the visual areas that
represent those objects and features. Human imaging
experiments reveal that attention to features (e.g. color
or motion) results in selective modulation within areas
that are sensitive to that feature [64]. Likewise, monkey
neurophysiology experiments suggest that visual cortical
neurons sensitive to a particular feature are selectively
enhanced when that feature is the target of attention
[36°,60]. These observations suggest that initial biases in
object or featural representations form a salience map
with which matching items can be preferentially selected
during visual search [31]. Thus, one assumes that the
relevant feature-based bias signals must persist during
search as a form of working memory [6]. Indeed, recent
neurophysiological studies suggest a difficulty in
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distinguishing between attention-related and working-
memory related activity within prefrontal cortex [65°].

Conclusions

Convergent evidence of a causal role for oculomotor signals
in the deployment of attention from both neurophysiolo-
gical experiments in monkeys and imaging and TMS
studies in humans have supplied a foothold on the problem
of identifying the sources of attention-driving signals.
They suggest, for example, that perhaps all types of pre-
existing neural states, be they persisting representations of
a visual stimulus, moment-to-moment fluctuations in ocu-
lomotor preparation, or even learned sensitivity to featural
discontinuities, might constructively interfere with feed-
forward visual input and bias visual selection. Thus, the
source of visual attention bias could be any signal capable
of interacting with the representation of incoming stimuli.
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