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Purpose of review

A greater understanding of the underlying component
mechanisms of normal visual search provides explanations for
disturbances seen in certain neurological conditions. This
review focuses on recent advances in this field which bear on
the neurology of visual search in health and disease.

Recent findings

Foremost, visual search requires a normal apparatus for the
application of attentional resources to the visual environment
and, with that facility lost in hemispatial neglect, search
becomes uselessly stuck within one portion of the field. New
evidence suggests that loss of normal registration of where the
eyes have been compounds the problem. Even if attention can
be deployed flexibly, its parameters must be chosen
strategically, in terms of saccade amplitude, size of attentional
window at each fixation and search path taken. Evidence is
growing that the prefrontal cortex plays a complex role in this
strategic control. Rehabilitation strategies of the future may be
tailored according to which component functions have been lost
in different patient groups.

Summary

Visual search is a dominant human activity and provides not only
a window into how brain function is deranged after structural
damage, but also offers the prospect of an ideal modality
through which to deliver future behavioural therapies. New
techniques have advanced our understanding of the physiology
of visual search enormously in the past few decades. The time
is now ripe in which to begin to integrate these findings into our
understanding of the pathophysiology and treatment prospects
of neurological disorders like hemispatial neglect, hemianopia
and other deficits after stroke.
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Introduction

Searching for information in our visual environment is an
activity which human beings are engaged in for most of
their waking lives. It is a fascinating behaviour to study
because it combines what we know about the properties
of the human visual system, attentional mechanisms and
the control of eye movements.

It is something we have all intuitively observed, and that
poker players know well how to exploit, that we are
actually quite good at concentrating on aspects outside
the direct line of sight, without moving our eyes [1]. At
each fixation our maximal discriminatory function
(known as acuity) is limited by the density of photo-
receptors in the retina, maximal in the part covering the
central 4 degrees (foveal vision). Acuity, however, can be
significantly enhanced, in any part of the visual field, if
we direct our attention towards that area. Attention is a
finite resource and devoting it to one or multiple areas,
or particular visual features, results in it being less
available elsewhere [2]. An understanding of the
mechanisms of visual attention and the consequences
of its deployment is integral to an understanding of how
humans achieve visual search and why its performance is
sometimes deranged in neurological disorders.

Exogenous ‘capture’ and endogenous
‘allocation’ of covert visual attention

An individual’s attention can be ‘caught’ by features in
the environment or it can be ‘internally allocated’ by the
individual based upon his or her current behavioural
goals [3,4]. The former is referred to as stimulus-driven
or ‘exogenous’ attention, with the ability of a stimulus to
capture attention described as ‘salience’, and the latter is
known as goal-directed or ‘endogenous’ attention. The
combination of these, at any one instant, shapes the way
humans search.

The simplest search field, in fact one that does not really
require any search at all, is the presence of a single target
object in an otherwise blank environment. When the
target suddenly appears it immediately captures our
attention ‘exogenously’ and we might, for example,
register its appearance by making a manual response, the
reaction time of which is a measure of the speed of its
detection. The provision of spatial cues, at some time
interval in advance of the arrival of the target, has told us
a lot about how attention operates. Such experimental
manipulations of the locus of attention have proved that
attention not only speeds detection of a target, but also
improves the quality of visual discriminatory power at
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that point in the visual field. That this is not just a shift
downwards in the individual’s perceptual threshold
(criterion) to respond [5-7] has been established by
recent studies that followed subjects’ speed of response
for given levels of accuracy [8,9]. Attention has been
shown to increase the sensitivity of the visual system in a
range of tasks, including those requiring contrast
sensitivity [10-12], texture segmentation [8,9] and visual
search [13,14].

Mechanisms of covert visual search

In the real world, targets for visual search exist
invariably in the context of other similar, nontarget
visual items, called ‘distractors’. It is a common
observation, however, that some targets naturally stand
out, such as a colourful hat in a crowd, or a misaligned
picture frame in a gallery. Indeed, like the sudden
onset mentioned above, some targets, possessed of
certain basic ‘features’ such as size, orientation, colour
or motion, seem to be instantly discernible. The speed
with which they exogenously capture attention is
independent of the number of accompanying distractor
items which lack their defining feature. Their visual
salience almost certainly derives from their having
visual features which coincide with the response
properties to which the receptive fields of cells located
at the earlier stages of visual processing are most tuned
[15]. They are detected in ‘parallel’ across the visual
field [16].

By contrast, when a target is not easily discriminated
from distractors, time taken to search for and detect that
target is proportionately influenced by the number of
distracting elements present — the ‘set size’ effect [16].
Gradually lessening, by degree, the feature discrimin-
ability of the target progressively increases the set size
effect of the search required to detect it, suggesting that
set-size independent and highly set-size dependent
searches represent opposite ends of a continuum [17-
19]. There is little doubt that an increasing set-size effect
in search indicates an increasing attentional requirement
for that search and an increasing susceptibility to
interference from other attentionally demanding tasks
[20,21]. What remains controversially debated is whether
this extra processing time, with increasing set size,
reflects a process of attention visiting serially the location
of each putative target item on an early feature map —
the simplest explanation [16] — or whether there is no
sequential mechanism. In the latter case, the whole field
would be processed in parallel during a period of
competition between target ‘signal’ and ‘distractor’
noise, which would become more protracted the harder
the discrimination process and acquire more attentional
content because of a greater need for ‘top—down’
priming, or biasing, of the feature processing units
involved [18,22].

If processing of a highly salient feature target represents
the simplest instance of operation of a parallel search
mechanism, evidence suggests that it is unlikely to occur
entirely divorced from endogenous attentional influ-
ences. It can be speeded by prior knowledge of target
identity [23] or prior allocation of spatial attention
[14,24,25] to its upcoming location, suggesting that
‘top—down’ attentional settings apply.

Interestingly, whilst inclusion of an additional relevant
distractor (one varying in the target feature dimension) is
more likely to slow search than an irrelevant (cross-
dimensional) distractor, it is only perceptual exclusion of
the latter which is modulated by cued expectancies of
the target feature [26], suggesting that top—down
attention may be unable to influence processing within
feature maps, but rather comparisons between.

With this in mind, it is a resonant finding that recent
experiments, requiring discrimination of low spatial
frequencies, demonstrate that the differential benefits
and costs of cued attention, at various points across the
retina, prevail upon the global and not the local
properties of the test stimulus. This implies that
attention is acting at the level of ‘second-order’ (global)
feature processing structures [9].

More attentionally demanding types of search also
benefit from spatial cuing [25] and repeated practice in
looking for the same target [27-29]. In a similar way to
how sudden onsets can override endogenous attention in
simple attentional paradigms [30,31], in visual search
displays placing an irrelevant but highly salient singleton
amongst the distractors will always delay target detection,
unless both the colour identity of the singleton and that
of the target are known in advance [32]. This finding
supports the notion that ‘top—down’ control attentional
settings for search are likely to involve both target-
enhancing [33] and distractor-inhibiting control [34].

Recent evidence now appears to argue against a serial
spatial attentional process in searching for poorly
discriminable targets. Whilst spatial cuing attenuates
the effect of retinal eccentricity on target detection, it
does not overcome the set size effect, suggesting that
circumventing the need to visit nontarget locations is not
enough to eliminate their influence on the target
identification process [14,35]. A recent analysis of the
dispersal dynamics of speed-accuracy trade-off profiles
for a difficult search suggested that their set-size
dependence best fitted with a model of processing which
was parallel, but ‘capacity-limited’, and not serial [36].

Active visual search with eye movements
Of course, normally when humans search they use their
eyes, making many precise steps in gaze position known



as saccades. Each movement is preceded by a shift of
attention to the goal of the upcoming saccade [37], which
at that moment consumes most of the available spatial
attentional resources [38]. That searching with eye
movements involves a serial attentional process is
without argument. Indeed the set size effects on reaction
time in covert search tasks are identically paralleled by
the number of eye movements made during overt search
[39,40]. An arca where an understanding is only just
starting to emerge is on what exogenous and endogenous
factors lead individuals to make the spatiotemporal
sequence of saccades which constitute the search path.
Here lies the major challenge for research into eye
movements during search.

Exogenous visual information on the possible location of
the target is only available at the time of fixation.
Although we know from covert cuing studies that
individuals can focus attention eccentrically, it is likely
that for normal, active search, endogenous visual
attention is distributed concentrically, radiating out from
foveal vision, though, by analogy with what is known
from masking studies in reading, it may be biased in the
direction of search. What is apparent is that the size of
this window, or ‘attentional field’, is strategically chosen
to complement the perceived visual discriminability of
the target and that saccades made during search are of an
average amplitude which will efficiently bring the
attentional field adjacent to coverage provided by the
last fixation. Both attentional field size (measured as the
effective area over which a target can be detected [41])
and saccade amplitude [42—44] decrease with decreasing
target discriminability. It is not known whether, in
addition to priming of parallel visual detection processes
within that attentional field, there are multiple, addi-
tional covert shifts of attention during one fixation, but it
is possible such a mechanism might apply to the first
fixation at least, the duration of which is consistently
proportional to the set size [39,45,46].

If one adopts a broad attentional field for search, making
large saccades, the search field is covered faster because
spatial attention is more thinly spread. For the gain of
speed one trades accuracy, resulting in a larger number
of missed target trials, especially if the target is poorly
discriminable [47]. To ensure that such targets are not
missed, a small attentional field is optimal [48]. This
strategy not only slows the search process, but, because
so many more fixations are involved, it also risks
overburdening one’s capacity to hold, on-line, a memory
trace for where one has already searched. The way
humans minimize the burden on spatial working
memory and keep search efficient is to adopt a search
path which has overarching systematic form and there-
fore intrinsic mnemonic value. Typically circular or
rectilinear paths are chosen.
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Such oculomotor strategy for visual search, however, is
not static but is flexibly adjusted as the perceived
requirements of the search change, for example if
performance feedback indicates that a target has been
missed [49].

Impairments of visual search in hemispatial
neglect and Balint’s syndrome

Given that active visual search is so dependent upon the
integration of attentional control with eye movements, it
is not surprising that the two neurological conditions
which most disrupt visual search are hemispatial neglect,
usually resulting from cerebral damage involving the
inferior parietal lobule of the right parietal lobe [50], and
the much rarer condition, Balint’s syndrome, resulting
from bilateral parieto-occipital lesions [S1].

Patients suffering from hemispatial neglect show an
inability to attend to the contralateral half of space,
which biases their attention towards the ipsilesional side.
On attentional orienting tasks, patients’ attention is not
captured exogenously by contralateral stimuli, though
they can orient when prompted by endogenous cues
[52-55]. Whether this insensitivity to exogenous stimuli
is secondary to insufficient endogenous allocation to
contralateral space in the first place is not known. It was
noted early that the attentional deficit impaired a
patient’s ability to search in contralateral space and this
was a sensitive indicator of neglect [56]. In fact a form of
search task, involving the patient scoring out targets
distributed amongst a complex field of distractors, is now
the standard bedside screening test for neglect and
provides a quantitative assessment of the severity of the
spatial bias [57]. Even with a spatial bias operating,
however, one would expect patients to eventually
progress, by elimination, into the contralateral field.
This does not happen [58-61] (Fig. 1). Recent experi-
ments have established that during such multi-target
search, neglect patients are unable to hold on-line a
memory trace for where they have searched before,
recursively refixating previously fixated targets and
reporting these as newly discovered [62]. Search
behaviour in hemispatial neglect appears to combine a
spatial bias with a loss of trans-saccadic memory for
locations previously searched.

It is known that the presence of hemispatial neglect
significantly retards patients’ recovery from a stroke.
Insights provided from the better understanding of
mechanisms deficient during visual search may open
up a potential treatment path for hemispatial neglect.
The neurotransmitter dopamine is strongly implicated in
normal spatial working memory and whether future trials
of dopamine agonists reveal any ameliorative action in
neglect will be eagerly awaited. Effects on visual search
have yet to be explored.
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Figure 1. Search path in neglect

An example of the pattern of saccades made whilst performing a visual
search task involving relatively poorly discriminable targets (Ts amongst
distractor Ls), in a patient with left hemispatial neglect. The patient fails
to explore the left side of the display, and also recursively researches the
far right (reproduced with permission from [62]).

In Balint’s syndrome the attentional deficits are pro-
found and bilateral [63,64]. Because of the rarity of this
syndrome, opportunities to study its pathophysiology
have been few, but it potentially offers a very valuable
insight into the role of attention in visual processing and
conscious perception. Progression of the search path in
patients with Balint’s syndrome is extremely incremental
— infrequent, tiny saccades with long periods of fixation
between (Fig. 2). Underlying this is an extremely
narrowed attentional field due to an inability to
apportion attention to the periphery of vision. Difficul-
ties in target detection may also result from a deficiency
of perceptually ‘binding’, in space, aspects of the target’s
features sufficient for its identification (simultagnosia)
[65-68]. Whether detection of salient targets, in parallel,
across the visual field is spared, despite the constricted
attentional field, is not clear, preservation being reported
in some cases but not in others [49].

Hemianopia and compensation strategy

Though, at each fixation, patients with damage to the
visual pathways posterior to the optic chiasm are unable
to see, in part or completely, the contralateral visual field
(hemianopia), they are nonetheless able to completely
search across a visual search field, such as a cancellation
task (provided they do not have coexistent hemispatial
neglect). The search path is distinguished by frequent
exploratory saccades into the blind part of the visual ficld
[60,69,70] (Fig. 3). This distinctive pattern of search
provides confirmation that, where normal attentional

Figure 2. Search paths in a patient with Balint’s syndrome
(due to bilateral occipitoparietal damage)

(@) An example of the saccade path taken during a target-absent trial
whilst searching for the presence of a single poorly discriminable target
(a ‘b’ shape amongst ‘2'-shaped distractors). The search path is
composed of small saccades, slow progression to different areas of the
display and very prolonged fixation durations [49]. (b) The same patient
as (a), but now searching for a highly discriminable target (vertical line
amongst horizontal line distractors). Note that despite the high target
salience, the Balint's patient cannot attend to it until it is brought into
central vision by serial progression of the search path [49]. Normal
people would detect this type of target within a single fixation.

mechanisms are intact, oculomotor strategy can be
adjusted to compile a complete picture of the search
field, even though each fixation provides an incomplete
view [71]. There is some evidence that actively
encouraging patients to make this strategic adaptation
can speed up their rehabilitation [72,73], but still
considerable scope exists for refining the types of
therapy used and identifying the patient types most
likely to benefit.

Effects of focal cortical lesions
"The involvement of posterior parietal and frontal cortical
areas in visual search has been demonstrated by



Figure 3. Search path in a patient with left hemianopic field loss
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Figure 4. An example of a disorganized search strategy

Exploratory saccades are made into the (left) blind field which are of
unusually low amplitude (but which generally increase in amplitude as
behavioural adaptation to the deficit is learned over time). The
hemianopia does not prevent the patient from finding a target situated
on the left side of the display.

functional imaging studies [74-78]. Much less is known
about which areas have roles essential to normal search
performance. Indeed, despite the prospect of insight
from patients with focal cortical lesions, the few studies
of search in these patients (excluding those with
hemispatial neglect) have largely not found strong
alterations in behaviour [79-81]. This discrepancy
between involvement and necessity of cortical areas in
search may reflect significant functional reserve and
plasticity within the cortical network as a whole. There
have, however, been two important recent contributions.

Impaired search strategy, resulting in a disorganized
search path, has been associated recently with orbito-
frontal cortical damage [82], adding to a previous
observation in prefrontal lesion patients [81] that
prefrontal cortex may contribute to normal elaboration
of search strategy (Fig. 4).

Observations from parietal damage have usually been
strongly influenced by coexistent neglect. Transient,
focal magnetic disruption of cortical function, however,
has linked parietal areas to the detection of relevant
targets in search paradigms [83].

Conclusion

Using simple search displays, significant steps have been
made in understanding the mechanism of visual search
in humans. Functional imaging confirms the involve-
ment of a broad frontoparietal cortical network. Oculo-
graphic techniques have established that neurological

This search strategy (searching for a target ‘5’ shape amongst ‘2'-
shaped distractors) was demonstrated by a patient with bilateral
orbitofrontal cortical damage (reproduced with permission from [82]).
Note the search path shows little systematicity and frequently criss-
crosses itself.

conditions that disturb normal spatial attention, such as
hemispatial neglect, not only impair saccadic exploration
during search, but may also impair trans-saccadic
memory for previously search locations. Attempts to
unravel the role of the prefrontal cortex in visual search
and, in particular, its contribution to the strategic control
of attentional and oculomotor parameters, is likely to be
one of the richest seams for further exploration in this
field.
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